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Renin–Angiotensin System Inhibitors
and the Risks of Severe COVID-19
and Mortality in COVID-19 Patients
With Hypertension: A Meta-Analysis
of Observational Studies
Xiao-Ce Dai 1*†, Zhuo-Yu An 2†, Zi-Yang Wang 2, Zi-Zhen Wang 3 and Yi-Ren Wang 2

1Department of Cardiology, Affiliated Hospital of Jiaxing University, Zhejiang, China, 2 Peking University People’s Hospital,
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Angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers

(ARBs) share a target receptor with severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2). The use of ACEIs/ARBs may cause angiotensin-converting enzyme

2 receptor upregulation, facilitating the entry of SARS-CoV-2 into host cells. There is

concern that the use of ACEIs/ARBs could increase the risks of severe COVID-19 and

mortality. The impact of discontinuing these drugs in patients with COVID-19 remains

uncertain. We aimed to assess the association between the use of ACEIs/ARBs and

the risks of mortality and severe disease in patients with COVID-19. A systematic

search was performed in PubMed, EMBASE, Cochrane Library, and MedRxiv.org from

December 1, 2019, to June 20, 2020. We also identified additional citations by manually

searching the reference lists of eligible articles. Forty-two observational studies including

63,893 participants were included. We found that the use of ACEIs/ARBs was not

significantly associated with a reduction in the relative risk of all-cause mortality [odds

ratio (OR) = 0.87, 95% confidence interval (95% CI) = 0.75–1.00; I2 = 57%, p = 0.05].

We found no significant reduction in the risk of severe disease in the ACEI subgroup

(OR = 0.95, 95% CI = 0.88–1.02, I2 = 50%, p = 0.18), the ARB subgroup (OR = 1.03,

95% CI = 0.94–1.13, I2 = 62%, p = 0.48), or the ACEI/ARB subgroup (OR = 0.83,

95% CI = 0.65–1.08, I2 = 67%, p = 0.16). Moreover, seven studies showed no

significant difference in the duration of hospitalization between the two groups (mean

difference = 0.33, 95% CI = −1.75 to 2.40, p = 0.76). In conclusion, the use of

ACEIs/ARBs appears to not have a significant effect on mortality, disease severity, or

duration of hospitalization in COVID-19 patients. On the basis of the findings of this

meta-analysis, there is no support for the cessation of treatment with ACEIs or ARBs

in patients with COVID-19.

Keywords: angiotensin receptor blockers, angiotensin converting enzyme inhibitors, coronavirus disease 2019,

hypertension, death
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Dai et al. Renin-Angiotensin System Inhibitors for COVID-2019

INTRODUCTION

Coronavirus disease 2019 (COVID-19), which is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has initiated a global epidemic. SARS-CoV-2 uses the receptor
angiotensin-converting enzyme 2 (ACE2) to gain entry into
target cells (1–3). ACE2 is part of the renin–angiotensin system
(RAS). Because RAS inhibitors, such as angiotensin-converting
enzyme inhibitors (ACEIs) and angiotensin receptor blockers
(ARBs), increase the levels of ACE2, the protein that facilitates
the entry of SARS-CoV-2 into cells, there are concerns that
these drugs could increase the risks of severe COVID-19 and
mortality (4). Evidence that ACEIs and ARBs might upregulate
ACE2 in several organs, including the lungs and heart (5),
supported the hypothesis widely reported by the press that their
use might increase susceptibility to infection with SARS-CoV-2
and that their discontinuation might therefore be an appropriate
preventive measure (6). Based on these facts and observations,
the hypothesis has been developed that their use may affect
human susceptibility to infection with SARS-CoV-2.

However, in animal models, ACEIs and ARBs are protective
against acute lung injury, and pretreatment with ACEIs or ARBs
may reduce the extent of experimentally induced lung injury
and improve outcomes, an effect mediated by inhibition of
the RAS (7).

Activation of the RAS can cause widespread endothelial
dysfunction and varying degrees of injury to multiple
organs (heart, kidney, and lung) (8). Thus, researchers have
hypothesized that ACEIs/ARBs could theoretically be beneficial
and reduce the risk of severe disease in patients with COVID-19.

These possibilities pose a dilemma for cardiologists in terms
of whether they should recommend discontinuing treatment
with ACEIs/ARBs. Therefore, we performed a large-scale meta-
analysis to estimate the associations between ACEIs/ARBs use
and the risk of severe COVID-19 and prolonged hospitalization
due to COVID-19 (9).

METHODS

Literature Search
The present analysis was conducted in accordance with published
PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) and MOOSE (Meta-Analysis of Observational
Studies in Epidemiology) guidelines (10). The meta-analysis
was registered with the International Prospective Register of
Systematic Reviews (PROSPERO identifier: CRD42020183921).
Electronic searches were conducted in PubMed, EMBASE,
Cochrane Library, and MedRxiv.org from December 1, 2019,
to June 20, 2020. As of the date the searches were performed,
no randomized controlled clinical trials had been published;
therefore, only observational studies were included. We also
identified additional citations by manually searching the
reference lists of eligible studies.

We used the following medical subject headings and
keywords to search for articles related to COVID-19: COVID-19,
severe acute respiratory syndrome coronavirus 2, 2019-nCoV,
and SARS-CoV-2; and the following search terms related

to ACEIs/ARBs: renin–angiotensin system, angiotensin-
converting enzyme inhibitor, and angiotensin II receptor
blockers (Supplementary Table 1).

Eligibility Criteria
Two of the authors (ZA and ZW) independently analyzed the
titles and abstracts of all articles retrieved from these searches
to ascertain whether they met the inclusion criteria. We assessed
the full texts of the initially eligible articles based on the PICOTS
(Population, Intervention, Comparator, Outcome, Timing and
Setting) framework, and articles were selected according to the
following criteria: (1) articles reporting observational studies,
including cohort studies and case-control studies; (2) articles
that analyzed the effects of ACEIs/ARBs on COVID-19 in
adult patients with hypertension; (3) articles that contained data
on mortality, disease severity, and hospitalization durations in
COVID-19 patients; and (4) articles that enrolled at least 50
patients (Figure 1).

Data Extraction
Two investigators (ZA and ZW) independently extracted
the relevant data with a predetermined data collection
table. Any discrepancies were settled by consensus or
consultation with a third investigator (DXC). All the
included data were aggregate data, and no patient-level
data were available.

Quality Assessment
Study quality was assessed with the Newcastle–Ottawa Scale
(NOS, maximum 9 points), which rates studies based on
three parameters: the selection of groups, the comparability,
and the ascertainment of outcome and exposure. The NOS
can be used to evaluate the overall risk of bias in non-
randomized studies.

Outcomes of Interest
Data for all-cause mortality, severity, and hospitalization
duration in COVID patients were collected. Severe cases
of COVID-19 were generally characterized by dyspnea, a
respiratory rate>30 breaths/min, a blood oxygen saturation level
<93% on room air, a PaO2/FIO2 ratio <300, and/or infiltration
of >50% of the lung within 24–48 h, or according to the criteria

defined in each included study (11).

Statistical Analysis
The adjusted odds ratios (ORs) and hazard ratios for all-cause
mortality, severe disease, and prolonged hospitalization duration
in COVID patients were reported in these studies. Both adjusted
and unadjusted ORs were initially considered in the analysis. We
pooled the adjusted ORs, which were derived from multivariate
analyses. We used the I2 statistic to assess the heterogeneity
of the summary estimates, and a value >50% was considered
evidence of significant heterogeneity (12). A random-effects
model was used because the I2 statistic was >50%. To assess
publication bias, we constructed a funnel plot and adopted the
Begg rank correlation method (p < 0.05 indicated significant
bias). We used Stata version 14.0 (Stata Corp., College Station,
TX, USA) for all calculations. We used RevMan 5.3 (Nordic
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FIGURE 1 | Flowchart of article selection process.

Cochrane Centre, Cochrane Collaboration) to generate forest
plots to show the results for the individual studies and the
pooled analysis.

RESULTS

Characteristics and Quality of Included
Studies
Among the 42 studies included, 14 were performed in Europe,
7 in the United States, 4 in Korea, 1 in Iran, and 16 in China.

All studies were published within the past 6 months, and all
were observational studies. We confirmed that all observational
studies had adequate inclusion and exclusion criteria and an
appropriate justification for the selection of the cohort. We
collected and sorted the data on intervention measures and
examination results obtained from the electronic medical records
in all studies.

We summarized the baseline characteristics in each study
in Table 1 (8, 13–43, 45–48, 50, 52–56). The identified studies
included 63,893 patients with COVID-19. Of these, 20,686 were
taking ACEIs/ARBs. Thirty-five studies adjusted their analyses
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TABLE 1 | Baseline characteristics of patients assessed in the studies included in the meta-analysis.

Study authors, year of

publication, location

Total ACEI/ Characteristics of controls Confounding factors

adjusted for in the

analyses

NOS score

(max = 9)

Number Deaths,

n (%)

Age, mean ± SD

or (range)

Gender

(male, %)

Comorbidities,

n (%)

ARB, n

Andrea et al. (13), Italy 191 42 (28) NA 68.6 CAD: 14.7%

Heart Failure:

4.7%

DM: 14.7%

COPD: 5.2%

CKD: 26.2%

69 Patients with hypertension and

COVID-19 that were taking other

anti-hypertension drugs.

Age, Heart failure, CKD. 7

Ashraf et al. (14), Iran 100 12 58 (48–68) 64% DM: 26%

CAD: 19%

19 Patients with hypertension and

COVID-19 that were taking other

anti-hypertension drugs.

The analyses were not

adjusted for multiple

comparisons.

6

Baker et al. (15), UK 316 81 75 (60–83) 55% DM: 27%

CAD: 21%

CKD: 24%

311 Patients with hypertension and

COVID-19 that were taking other

anti-hypertension drugs.

The analyses were not

adjusted for multiple

comparisons.

6

Bean et al. (16), UK 205 53 (25.9%) 63 ± 20 52% DM: 62 (30.2%)

CVD: 30 (14.6%)

46 Patients with hypertension and

COVID-19 that were taking other

anti-hypertension drugs.

Age, gender, comorbidities

(hypertension, DM, IHD, and

heart failure)

7

Benelli et al. (17), Italy 411 72 66.8 ± 16.4 87% DM: 16%

CAD: 23%

135 Patients with hypertension and

COVID-19 that were taking other

anti-hypertension drugs.

Bonferroni correction was

used to adjust for multiple

testing.

8

Bravi et al. (18), Italy 543 129 (very

severe/lethal)

NA NA NA 450 Patients with hypertension and

COVID-19 that were taking other

anti-hypertension drugs.

All estimates have been

adjusted for age, gender,

diabetes, major

cardiovascular diseases,

COPD, cancer. and renal

diseases.

8

Chen et al. (19), China 123 31 57.7 ± 12.7 43% DM: 11% CAD:

(12%)

11 Patients with hypertension and

COVID-19 that were taking other

anti-hypertension drugs.

The analyses were not

adjusted for multiple

comparisons.

7

Choi et al. (20), Korea 1,585 192 66.5 ± 14 42.80% DM: 44.9%

Chronic lung

diseases: 19.5%

892 Propensity score-matched

hospitalized patients with

COVID-19 that were taking other

anti-hypertension drugs.

Adjusted for age, sex,

region of hospitals,

comorbidities (diabetes,

chronic lung disease, and

major neurologic diseases),

Charlson comorbidity index,

and treatment modalities.

7

(Continued)
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TABLE 1 | Continued

Study authors, year of

publication, location

Total ACEI/ Characteristics of controls Confounding factors

adjusted for in the

analyses

NOS score

(max = 9)

Number Deaths,

n (%)

Age, mean ± SD

or (range)

Gender

(male, %)

Comorbidities,

n (%)

ARB, n

Dauchet et al. (21), France 288 NA NA 62% DM: 40 (13.89%)

CVD: 48 (16.67%)

Pulmonary

disease: 31

(10.76%) CKD: 9

(3.13%)

62 NA Age, gender, weight,

comorbidities (DM,

pulmonary disease, kidney

diseases, CVD)

7

De Spiegeleer et al. (22),

Belgium

154 NA 86 ± 7 33% DM: 18% 30 Residents at two elderly care

homes with COVID-19 that were

taking other anti-hypertension

drugs.

Age, sex, functional status,

diabetes mellitus,

hypertension

7

Felice et al. (23), Italy 133 33 72.8 ± 12.3 64.70% DM: 25.6% CAD:

42.1% COPD:

10.5%

82 Hospitalized patients with

COVID-19 that were taking other

anti-hypertension drugs.

Adjusted for age, gender,

body mass index, days with

symptoms prior to

admission, previous

cardiovascular events,

diabetes, and cancer.

9

Feng et al. (24), China 476 38 53.0 (40.0–64.0) 56.90% DM: 49 (10.29%)

CVD: 38 (7.98%)

Pulmonary

disease: 22

(4.62%) CKD: 4

(0.84%)

35 Patients with hypertension

hospitalized with COVID-19 that

were taking other

anti-hypertension drugs matched

to the experimental group

according to disease severity.

Age, sex, smoking, alcohol

consumption

7

Fosbøl et al. (25), Denmark 4,480 478 54.7 (40.9–72.0) 47.90% DM: 411 Heart

Failure: 243

COPD: 634 CKD:

172

895 Hospitalized patients with

COVID-19 with hypertension that

were taking other

anti-hypertension drugs.

Fully adjusted model

includes the following

covariates: age; sex; highest

obtained educational level;

medical history of

myocardial infarction, heart

failure, kidney disease,

stroke, peripheral artery

disease, atrial fibrillation,

diabetes, chronic

obstructive pulmonary

disease, and malignancy;

and use of the following

concomitant medications:

other antihypertensive

drugs, lipid-lowering drugs,

and anticoagulation.

8

(Continued)
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TABLE 1 | Continued

Study authors, year of

publication, location

Total ACEI/ Characteristics of controls Confounding factors

adjusted for in the

analyses

NOS score

(max = 9)

Number Deaths,

n (%)

Age, mean ± SD

or (range)

Gender

(male, %)

Comorbidities,

n (%)

ARB, n

Gao et al. (26), China 850 34 64.24 (11.2) 52.10% DM: 26.8% CAD:

16.7%

183 Hospitalized patients with

COVID-19 with hypertension that

were taking other

anti-hypertension drugs.

Adjusted for age, sex,

medical history of diabetes,

insulin-treated diabetes,

myocardial infarction,

underwent PCI/CABG, renal

failure, stroke, heart failure,

and COPD.

9

Giorgi et al. (27), Italy 2,653 217 63.2 50% DM: 12% CAD:

7%

818 Symptomatic patients with

COVID-19 that were taking other

anti-hypertension drugs.

Adjused for age and

comorbidities.

9

Guo et al. (28), China 187 43 58.5 ± 14.6 49% DM: 15% CAD:

11.2%

19 (10%) Patients with COVID-19

symptoms that required

hospitalization that were taking

other anti-hypertension drugs.

NA 8

Huang et al. (29), China 50 2 61.7 ± 12.9 54% DM: 8% CAD: 2% 20 Patients with COVID-19 with

hypertension that were taking

other anti-hypertension drugs.

Unadjusted comparisons 8

Ip et al. (30). USA 1,129 399 NA NA NA 460 Patients with COVID-19 with

hypertension that were taking

other anti-hypertension drugs.

Adjusted for age, the effect

of hypertension on mortality

was greatly diminished, with

a reduction in odds-ratio by

over half; and completely

disappeared when adjusted

for other major covariates.

7

Jung et al. (31), Korea 5,179 84 44.6 ± 18 44% DM: 17% CAD:

1% CKD: 5%

762 Patients with COVID-19 with

hypertension that were taking

other anti-hypertension drugs.

Adjusted for age, sex,

Charlson Comorbidity

Index, immunosuppression,

and hospital type.

7

Jurado et al. (32), Spain 290 NA NA NA NA 190 Patients with COVID-19 with

hypertension that were not

exposed to ACEI or ARB.

NA 7

Khera et al. (33), USA 10,196 1,128 NA 54% DM: 48% CAD:

5% CKD: 27%

6,040 Patients with COVID-19 with

hypertension that were not

exposed to ACEI or ARB.

Pairwise comparisons from

propensity score matched

cohorts. In hospital patient and

outpatient were compared.

NA 7

(Continued)
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TABLE 1 | Continued

Study authors, year of

publication, location

Total ACEI/ Characteristics of controls Confounding factors

adjusted for in the

analyses

NOS score

(max = 9)

Number Deaths,

n (%)

Age, mean ± SD

or (range)

Gender

(male, %)

Comorbidities,

n (%)

ARB, n

Kim et al. (34), USA 2,491 420 62 (50–75) 53% DM: 33% CAD:

14% CKD: 16%

573 Patients with COVID-19 with

hypertension that were not

exposed to ACEI or ARB

Adjusting for age group,

sex, and race/ethnicity and

underlying conditions.

8

Lee et al. (35), Korea 8,266 112 44.4 ± 19.1 38% DM: 17% CAD:

6%

977 Hospitalized patients with

COVID-19 with hypertension that

were not exposed to ACEI or

ARB

Adjusted for age, sex, the

history of comorbidities

(hypertension, diabetes

mellitus, cancer, COPD,

stroke, coronary artery

disease, heart failure, and

chronic kidney disease)

before diagnosis of

SARS-CoV-2.

7

Li et al. (36), China 362 77 66.0 (59.0–73.0) 52.20% DM: 127 (35.1%)

CVD: 62 (17.13%)

CKD: 35 (9.67%)

118 Patients with hypertension

hospitalized with COVID-19 that

were taking other

anti-hypertension drugs.

Age, gender, comorbidities

(DM, cerebrovascular

disease, coronary heart

disease, digestive disorders,

respiratory disease,

neurological disease, solid

tumor, CKD)

6

Liabeuf et al. (37), France 268 63 73 (61–84) 58% DM: 21% CAD:

61% COPD: 10%

CKD:7%

Restrictive lung

disease: 6%

96 Hospitalized patients with

COVID-19 with hypertension that

were not exposed to ACEI or

ARB

Adjustment for age, sex,

coronary heart disease,

BMI.

8

Liu et al. (38), China 78 NA 65.2 ± 10.7 55% NA 12 Patients with COVID-19 with

hypertension that were not

exposed to ACEI or ARB.

Adjustment was by

multivariable logistic

regression modeling with

sex variable

7

Mancia et al. (39), Italy 6,272 NA 68 ± 13 63% CVD: 1,891

(30.1%) CKD: 651

(10.4%)

2,896 30,759 beneficiaries of the

Regional Health Service,

matched to the experimental

group according to sex, age, and

municipality of residence

Drugs (antihypertensive

drugs, oral antidiabetic

drugs), comorbidities (CVD,

respiratory disease, kidney

disease, cancer), and

chronic related conditions

7

Mehta et al. (40), USA 1,735 NA NA 57% DM: 46% CAD:

22%

214 Patients with COVID-19 with

hypertension that were not

exposed to ACEI or ARB.

Unadjusted comparisons 7

(Continued)
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TABLE 1 | Continued

Study authors, year of

publication, location

Total ACEI/ Characteristics of controls Confounding factors

adjusted for in the

analyses

NOS score

(max = 9)

Number Deaths,

n (%)

Age, mean ± SD

or (range)

Gender

(male, %)

Comorbidities,

n (%)

ARB, n

Meng et al. (41), China 417 NA 64.50

(55.80–69.00)

57.10% DM: 5 (11.9%)

CVD: 8 (19.0%)

Pulmonary

disease: 225

(8.5%)

17 Patients with COVID-19 that had

hypertension comorbidity, based

on treatment, but were taking

non-ACEI/ARB anti-hypertension

drugs.

Age, sex, symptoms, and

signs

8

Peng et al. (42), China 112 17 62 (55–67) 47% DM: 20% CAD:

(55%)

22 Patients with COVID-19

symptoms that required

hospitalization that have

hypertension taking other

anti-hypertension drugs.

NA 6

Rentsch et al. (43), USA 585 17 66.1 (60.4–71) 52% DM: 30% CAD:

15%

263 Patients with symptoms that

required hospitalization with

COVID-19 that were taking other

anti-hypertension drugs

Age, sex, race/ethnicity,

residence type

7

Reynolds et al. (44), USA 5894 NA NA NA NA 1,692 Patients with COVID-19 that had

hypertension comorbidity, based

on treatment, but were taking

non-ACEI/ARB anti-hypertension

drugs

Age, sex, race, ethnic

group, BMI, smoking

history, history of

hypertension, myocardial

infarction, heart failure, DM,

CKD, obstructive lung

disease, and other classes

of medication

9

Rhee et al. (45), Korea 832 34 NA 53% DM: 100% CAD:

27% CKD: 19%

327 Patients with COVID-19 that

were taking non-ACEI/ARB

anti-hypertension drugs

Adjustment for age, sex,

comorbidity, and medication

8

Richardson et al. (46), USA 1,366 NA 63 (52–75) 60% NA 456 Patients with COVID-19 with

hypertension that were taking

non-ACEI/ARB anti-hypertension

drugs

Unadjusted comparisons 7

Tan et al. (8), China 100 11 NA 51% DM: 28%

CAD:(18%) CKD:

(9%)

31 Patients with COVID-19 with

hypertension that were taking

non-ACEI/ARB anti-hypertension

drugs.

Unadjusted comparisons 7

Tedeschi et al. (47), Italy 311 131 76 (67–83) 72% CVD: 131 (42%)

DM: 74 (24%)

COPD: 49 (16%)

175 Patients with COVID-19 with

hypertension that were taking

non-ACEI/ARB anti-hypertension

drugs.

Adjusted for age, gender,

presence of CV

comorbidities and COPD

8

(Continued)
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TABLE 1 | Continued

Study authors, year of

publication, location

Total ACEI/ Characteristics of controls Confounding factors

adjusted for in the

analyses

NOS score

(max = 9)

Number Deaths,

n (%)

Age, mean ± SD

or (range)

Gender

(male, %)

Comorbidities,

n (%)

ARB, n

Yan et al. (48), China 610 4 48.75 (±14.19) 51.10% DM: 9.84% CVD:

2.62%

58 48,667 population-based

controls from Zheijang, China

with COVID-19 and hypertension

that were taking non-ACEI/ARB

anti-hypertension drugs.

Age, sex, BMI, and relevant

comorbidities

8

Yang et al. (49), China 251 21 66.0 (60.0–73.0) 49% DM: 55 (21.91%)

CVD: 35 (13.94%)

Pulmonary

disease: 12

(4.78%) CKD: 4

(1.59%)

43 Patients with COVID-19 with

hypertension that were taking

non-ACEI/ARB anti-hypertension

drugs.

Age, sex, BMI,

complications (DM,

pulmonary disease, hepatic

disease, cardiopathy,

neurological disease,

immune diseases), other

treatments (glucocorticoid,

antiviral, antibiotic,

immunoglobulin), and

symptoms

8

Zeng et al. (50), China 274 21 NA 55% DM: 42 (15%)

CVD: 31 (11%)

28 Patients with COVID-19 with

hypertension that were taking

non-ACEI/ARB anti-hypertension

drugs.

Age, sex, weight, BMI,

comorbidities (obstructive

pulmonary disease, CKD,

CVD, DM, cerebrovascular

disease, chronic liver

disease, cancer), signs, and

symptoms

7

Zhang et al. (51), China 522 NA 64 (56–69) 55.75% DM: 126 (11.83%)

CVD: 70 (13.41%)

Pulmonary

disease: 2 (0.38%)

CKD: 18 (3.45%)

174 Patients with COVID-19 with

hypertension that were taking

non-ACEI/ARB anti-hypertension

drugs.

Adjusted for age, gender,

comorbidities (DM, coronary

heart disease,

cerebrovascular disease,

and CKD), medication

(antiviral drug and lipid

lowering drug), symptoms,

and signs.

9

Zhou et al. (52), China 36 7 (19.4%) 64.8 ± 10.1 53% DM: 9 (25.0%)

CAD:7 (19.4%)

15 Patients with COVID-19 with

hypertension that were n taking

non-ACEI/ARB anti-hypertension

drugs.

age, sex, hospitalization

time, time from onset to

hospital admission

8

Zhou et al. (53), China 3,572 NA 66 (58–72) 51.10% NA 989 Hospitalized patients with

COVID-19 that were taking

non-ACEI/ARB anti-hypertension

drugs.

Adjustment for age, gender,

disease severity,

comorbidities, and CCB

medication

7

BMI, body mass index; CKD, chronic kidney disease; CVD, cardiovascular disease; DM, diabetes mellitus; IHD, ischaemic heart disease; NOS, Newcastle-Ottawa Scale.
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for comorbidities (including diabetes mellitus, cardiovascular
disease, and chronic kidney disease). Seven studies did not
describe the controls; however, the remaining studies described
the controls as patients who had COVID-19 but had not
been exposed to ACEIs/ARBs. Seven studies compared the
hospitalization durations (days) between the ACEI/ARB and
non-ACEI/ARB groups. Twenty-nine studies (69.04%) described
mortality in the study populations.

We carefully evaluated the quality of each study with
the NOS. Thirty-eight studies (90.5%) had 7 points or
more, and the remaining four studies had 6 points.
Supplementary Table 2 shows the NOS scores of the
included studies.

Outcome Measures
Effects of ACEIs/ARBs on All-Cause Mortality in

Patients With COVID-19
Twenty-nine studies discussed the relationship between the
use of ACEIs/ARBs and all-cause mortality in patients with
COVID-19 (Figure 2). The use of ACEIs/ARBs was not
significantly associated with a reduction in the relative risk of
all-cause mortality [OR = 0.87, 95% confidence interval (95%
CI) = 0.75–1.00; I2 = 57%, p = 0.05]. The control groups
generally included patients with COVID-19 who had taken
other antihypertensive treatments. Most studies calculated the
OR after adjusting for age, sex, and other factors to reduce
the influence of confounding factors. To determine whether
there was a difference between data from articles published in
peer-reviewed journals and those posted on preprint servers,
a subgroup analysis was conducted. There was no significant
difference in the results for all-cause mortality between the
two subgroups.

Effects of ACEIs and ARBs on the Severity of

COVID-19
Twenty-five retrospective studies evaluated the effects of ACEIs
and ARBs on the severity of COVID-19 (Figure 3). We found
no significant reduction in disease severity in the ACEI subgroup
(OR = 0.95, 95% CI = 0.88–1.02, I2 = 50%, p = 0.18), in the
ARB subgroup (OR = 1.03, 95% CI = 0.94–1.13, I2 = 62%, p
= 0.48), or in the ACEI/ARB subgroup (OR = 0.83, 95% CI =
0.65–1.08, I2 = 67%, p= 0.16). Our meta-analysis demonstrated
that there was no significant reduction in disease severity in
patients taking ACEIs/ARBs (OR = 0.97, 95% CI = 0.92–1.03,
I2 = 58%, p = 0.38). These findings indicate that ACEIs and
ARBs might not have either a protective or adverse effect on
disease severity.

Effect of ACEIs/ARBs on the Duration of

Hospitalization for COVID-19 Treatment
Seven included studies discussed the effects of ACEIs/ARBs
on the duration of hospitalization required for the treatment
of COVID-19. A meta-analysis of these studies showed that
ACEIs/ARBs had no obvious effect on hospitalization duration
(mean difference = 0.33, 95% CI = −1.75 to 2.40, p = 0.76).
Because of the obvious limitation of the small number of
included studies, we described these results qualitatively. In

general, ACEIs/ARBs did not significantly shorten or prolong the
hospitalization duration for patients with COVID-19 (Figure 4).

Sensitivity Analysis and Publication Bias
We performed a sensitivity analysis on the overall meta-analysis
results. We performed sensitivity analyses for the effects of
ACEIs/ARBs on the risks of mortality and severe disease by
sequentially omitting one study at a time and investigating any
changes in the findings. The results for all-cause mortality did
not change significantly after excluding studies with low NOS
scores, such as Li et al. (36). This finding indicated that the results
were robust and reliable. Similarly, the pooled ORs for severe
disease did not significantly change when we omitted studies one
at a time.

We also evaluated publication bias with funnel
plots. A visual inspection did not reveal any clear
asymmetry (Supplementary Figures 1–3). Therefore, no
significant publication bias was found among the included
observational studies.

DISCUSSION

In the present meta-analysis, we found no significant association
between the use of ACEIs/ARBs and the risks of mortality and
severe disease in patients with COVID-19 after adjusting for
baseline demographics and comorbidities (16, 36, 41, 44, 49, 57–
59).

The concerns about the use of ACEIs or ARBs in patients
with COVID-19 have mainly stemmed from arguments based
on biologic plausibility, particularly the observation that ACEIs
and ARBs have the potential to upregulate ACE2 receptors
(which seem to be the mediators of the entry of SARS-
CoV-2 into host cells) (60). However, it is also biologically
plausible that ARBs may have beneficial effects in patients with
COVID-19, although the findings have not been consistent
across animal and human models (7). Therefore, ACE2 may
act as a double-edged sword, depending on the phase of
the disease. On the one hand, increased baseline ACE2
expression could potentially increase susceptibility of infection,
making ACEI/ARB use a modifiable risk factor. On the other
hand, once infected, the downregulation of ACE2 may be a
hallmark of COVID-19 progression. Consequently, upregulation
by preferentially blocking the RAS and replacing ACE2 in
the acute respiratory syndrome phase may be beneficial.
Our analysis supports that in the context of the current
COVID-19 epidemic, the use of ACEIs/ARBs should not
be restricted.

Several researchers found that the use of ACEIs/ARBs could
worsen the prognosis of COVID-19 among patients with
hypertension by promoting the expression of ACE2 (2–4, 61).
These observational studies accounted for confounding factors,
which is important because the factors that might indicate
treatment with ACEIs or ARBs, such as comorbid cardiovascular
conditions or diabetes, might also contribute to the development
of severe COVID-19. We suspect that most of the patients taking
RAS inhibitors had multiple comorbidities and cardiovascular
risk factors, leading to a worse prognosis. Additionally, some
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FIGURE 2 | Forest plot showing the effects of ACEIs/ARBs on all-cause mortality in patients with COVID-19. SE, standard error; IV, inverse variance; df, degrees of

freedom.

of these studies’ analyses were crude estimates that were not
adjusted for confounding factors associated with hypertension,
such as older age and cardiovascular disease. The adjustment
of analyses is crucial for controlling for confounding factors,
reducing bias, and increasing the reliability of the conclusions.

There have been three previous systematic reviews examining
the effects of ACEI/ARB use in COVID-19 patients. Zhang et al.
(51) found that ACEI/ARB exposure was not associated with
a higher risk of severe disease or mortality. However, only 12
studies with unadjusted estimates were considered. Guo et al.
(62) showed that ACEI/ARB use was associated with lower
mortality in COVID-19 patients, although only six studies were

included. Mackey et al. (63) conducted a narrative synthesis

of 14 studies and concluded that there was no evidence of an
association between ACEI/ARB use and severe COVID-19. In
addition, Calderia et al. (64) and Barochiner and Martínez (65)
drew similar conclusions, indicating that the use of ACEIs/ARBs
does not increase the risk of severe COVID-19 or mortality;
indeed, they suggested that the use of ACEIs/ARBs may have a
protective effect. Our analysis included 48 studies and evaluated
three outcomes. Additionally, to our knowledge, our review is
the first to pool 35 adjusted effect estimates for mortality and
severe COVID-19.

The results of the latest clinical trial, BRACE CORONA,
have shown that the discontinuation of ACEIs/ARBs had

no significant impact on the average survival duration or
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FIGURE 3 | Forest plot showing the effects of ACEIs and ARBs on the severity of COVID-19. SE, standard error; IV, inverse variance; df, degrees of freedom.

hospitalization duration (66). Currently, the European Society
of Hypertension recommends continuing treatment with
ACEIs/ARBs in patients with hypertension and COVID-19.
These conclusions are consistent with those of our meta-analysis
(67). We believe that the benefits of continuing treatment
with ACEIs/ARBs outweigh the potential risks. Future well-
designed randomized controlled trials and studies exploring
the underlying mechanisms are needed to improve the level of
evidence and determine whether the use of ACEIs/ARBs has an
effect on the prognosis of patients with COVID-19.

LIMITATION

First, althoughmost of the available studies included in this meta-
analyses reported adjusted estimates, some of the studies did
not adjust the models, leading to an increased risk of bias in
the pooled effect measures. Second, the majority of the included
studies were observational in nature; thus, causality cannot be
concluded because of the methodological limitations of this
design. Third, heterogeneity was high in most of the evaluated
outcomes. Possible reasons for the heterogeneity were the
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FIGURE 4 | Forest plot showing the effects of ACEIs/ARBs on hospitalization duration in patients with COVID-19. SE, standard error; IV, inverse variance; df, degrees

of freedom.

sample sizes, differences in outcome definitions, heterogeneous
population, etc. Finally, the inconsistency of reporting the
discontinuation of ACEIs or ARBs during hospitalization across
studies could have influenced the pooled estimates.

CONCLUSION

This meta-analysis suggested that ACEI/ARB use was not
significantly associated with all-cause mortality in patients
with hypertension who contracted COVID-19. In addition,
ACEIs/ARBs had no significant effect on disease severity
or the duration of hospitalization in COVID-19 patients
with hypertension. This study provides additional evidence in
favor of continuing antihypertension therapy after contracting
COVID-19 unless the drugs cannot be tolerated because of
hemodynamic instability.
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Background: The COVID-19 (coronavirus disease 2019) pandemic is reducing health

care accessibility to non–life-threatening diseases, thus hiding their real incidence.

Moreover, the incidence of potentially fatal conditions such as acute type A aortic

dissection seems to have decreased since the pandemic began, whereas the number

of cases of chronic ascending aortic dissections dramatically increased. We present two

patients whose management has been affected by the exceptional sanitary situation we

are dealing with.

Case report: A 70-year-old man with chest pain and an aortic regurgitation murmur

had his cardiac workup delayed (4 months) because of sanitary restrictions. He

was then diagnosed with chronic type A aortic dissection and underwent urgent

replacement of ascending aorta and aortic root. The delay in surgical treatment made

the intervention technically challenging because the ascending aorta grew up to 80mm

inducing strong adhesions and chronic inflammation. The second case report concerns

a 68-year-old woman with right lower-limb pain who was diagnosed with deep vein

thrombosis. However, a CT scan to exclude a pulmonary embolism could not be

realized until 5 months later because of sanitary restrictions. When she eventually got

the CT scan, it fortuitously showed a chronic dissection of the ascending aorta. She

underwent urgent surgery, and the intervention was challenging because of adhesions

and severe inflammation.

Conclusion: Delayed treatment due to sanitary restrictions related to COVID-19

pandemic is having a significant impact on the management of potentially life-threatening

conditions including type A aortic dissection. We should remain careful to avoid

COVID-19 also hitting patients who are not infected with the virus.

Keywords: ascending aorta, chronic aortic dissection, COVID−19, aortic surgery, delayed management
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BACKGROUND

Acute Stanford type A aortic dissections (ATAADs) constitute
critical emergencies that require immediate surgical treatment.
This is due to the high risk of fatal complications, such as aortic
rupture, severe aortic regurgitation, pericardial tamponade, and
cerebral and coronary malperfusion (1), which are responsible
for 33% mortality after 24 h and 50% mortality after 48 h (2).
However, a very limited number of patients remain stable, with
only mild to absent symptoms, and may thus survive the acute
phase (1). After a 14-day period, the aortic dissection is defined
as chronic (1). The global incidence of aortic dissection is 5
to 30 cases per 1 million people per year (3). We recently
published our experience with ATAADs from 2014 to 2019.
During the considered period, we treated 117 ATAADs in our
center, which represents 3 to 5 ATAAD cases per month and had
no chronic cases (4). However, between February and May 2020,
the COVID-19 (coronavirus disease 2019) pandemic temporarily
reduced health care accessibility. As such, these statistics were
noticeably altered, with only three confirmed ATAADs, which
represented a decrease of ¾, compared to the usual volume.
Nevertheless, we experienced two cases of chronic type A aortic
dissection (CTAAD) in July 2020, which is a pathology we usually
see only once every 5 years (4).

This report illustrates the clinical implications of CTAAD
that occurred in two patients shortly after the peak phase of the
COVID-19 pandemic in our country.

FIRST CASE PRESENTATION

In February 2020, a 70-year-old man with a previously treated
arterial hypertension consulted his general practitioner (GP)

FIGURE 1 | (A) Contrast medium thoracic CT scan showing a CTAAD with a thick intimal tear (7mm) and an enlarged ascending aorta (82 × 87mm). The false lumen

is partially thrombosed. (B) Chest X-ray showing an aortic aneurysm with a widening of the mediastinal silhouette, an enlargement of the aortic knob, and a

displacement of the trachea from the midline. CT, computed tomography; CTAAD, chronic type A aortic dissection.

because of mild chest pain, without any other symptoms. The
physical examination revealed a diastolic heart murmur that
predominated in the aortic area. The patient’s electrocardiogram
(ECG) was normal, and the GP asked for cardiology advice.
However, because of the sanitary restrictions due to the COVID-
19 pandemic, the cardiologist examined the patient only 4
months later. The echocardiography revealed an aneurysm of
the ascending aorta with signs of aortic dissection and severe
aortic regurgitation.

A contrast medium thoracic computed tomography (CT) scan
was immediately performed, which demonstrated an 82× 87mm
aneurysm of the ascending aorta with a longitudinal tear of
the intima that originated in a partially thrombosed circulating
false lumen. The lesion began just above the ostium of the right
coronary artery and extended up to the middle of the aortic
arch with a 2.2-cm opening that was compatible with a Stanford
type A aortic dissection. A 17-mm pericardial effusion was also
identified (Figures 1A,B).

The patient underwent replacement of the ascending
aorta and aortic root (Bentall procedure with a 25-
mm Carpentier–Edwards biological valve mounted on
a Valsalva-type 28-mm Dacron tube). The intervention
was technically difficult, as the heart was totally displaced
into the left chest, and there were strong adhesions due
to chronic inflammatory reactions (Figures 2A,B). The
perioperative echocardiography showed a thickened dissection
flap localized just above the origin of the right coronary
artery (Figure 3). The right coronary reimplantation was
therefore challenging because the ostium was fragilized by
the dissection.

The post-operative period was uneventful, and the patient
quickly recovered.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 April 2021 | Volume 8 | Article 64513526

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Lyon et al. Case Report: Chronic Aortic Dissection and COVID

FIGURE 2 | (A) Surgical view of the mediastinum after sternotomy. The huge aneurysm of the ascending aorta (82 × 87mm) filled the whole cavity, displacing the

heart into the left chest. The yellow arrow indicates the right atrium, and the green arrow indicates the aortic arch. (B) The ascending aorta has been replaced by the

Dacron tube, leaving a free space that was previously filled by the aneurysm. The orange arrow indicates the reimplantation of the right coronary ostium.

SECOND CASE PRESENTATION

A 68-year-old female active smoker with known
hypercholesterolemia, who had been treated for arterial
hypertension and had a history of stroke in 2010 and pulmonary
embolism in 2016, consulted her GP on February 25, 2020.
She complained about the spontaneous onset of acute right
lower-limb pain. The patient did not present any chest pain
or dyspnea. The clinical examination revealed a painful but
mild pretibial edema on the left lower limb, whereas no heart
murmur was documented. D-Dimer levels were 570 mg/L
(reference, <500 mg/L). On the same day, the patient was
referred to the angiology department where a diagnosis of
unprovoked deep vein thrombosis (DVT) of the left lower
limb was established. Her arterial pressure was 131/86mm
Hg in the right arm and 134/87mm Hg in the left arm,
and all peripheral pulses were palpable. The patient was
discharged with a therapeutic anticoagulation treatment
(rivaroxaban 20mg, once daily), with a 3-month follow-up
examination scheduled for May. The follow-up found a favorable
development, so the rivaroxaban was stopped and replaced by
cardioprotective aspirin.

In July, the patient’s GP completed the diagnostic workup
of her DVT with a CT scan. This examination unexpectedly
showed an aneurysm of the ascending aorta (53 × 54mm) with
a chronic aortic dissection (Figures 4A,B). ECG was normal, and
echocardiography found a ventricular function of 65% and amild
aortic insufficiency.

Based on the results of the CT scan, we performed an urgent
repair of the dissected ascending aorta. We used a Gelweave
26-mm straight tube to replace the ascending aorta, just above
the coronary ostia. The intervention was technically challenging,
due to adhesions, but was ultimately uneventful, and the patient
quickly recovered.

FIGURE 3 | Perioperative midesophageal long-axis view showing a thickened

(5mm) dissection flap localized in the proximal ascending aorta, immediately

after the origin of the right coronary artery (blue arrow). The maximal diameter

of the ascending aorta was 74mm.

DISCUSSION

Delayed treatment of non–COVID-related diseases due to
the COVID-19 pandemic is having a significant impact on
patient safety even in developed countries such as Switzerland.
Thousands of patients experience delayed management of
potentially life-threatening conditions including type A aortic
dissection. This is mainly due to a saturation of hospital capacity
and patients’ fear about becoming infected by the coronavirus in
the hospital environment. We noticed a decrease in the number
of ATAADs that were referred to our emergency department
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FIGURE 4 | (A) Contrast medium CT scan showing an aneurysm of the ascending aorta (53 × 54mm) with a tear of the intima, creating a thick false lumen (4mm),

which is indicated by the purple arrow. (B) Sagittal section of the contrast medium CT scan, which also shows the aneurysm and thick tear of the intima. CT,

computed tomography.

during the peak phase of the pandemic. This decrease of acute
aortic syndromes was also highlighted by El-Hamamsy et al. who
found the volume of ATAADs to be 76.5% lower than usual
in New York City between March and April 2020 (5). Similar
observations concerning myocardial infarctions and emergency
department visits in general have also been reported (6, 7). Both
of our patients exhibited atypical presentations with no specific
symptoms or signs of ATAAD. We speculate that this played
a role in their missed or delayed diagnoses. This may relate
to the unexpected rise in CTAAD cases during the phase that
followed the first peak of the pandemic. The absence of specific
ATAAD symptoms in these patients was central to these delayed
diagnoses. This phenomenon was reinforced by the pandemic,
as patients altered their thresholds of symptoms that would
normally compel them to seek medical advice. They waited
longer before consulting a doctor than they would have before
the pandemic.

CONCLUSION

The apparent decrease in acute aortic dissections during the
COVID-19 pandemic does not appear to be real, and it only relied
on many patients not consulting, and remaining unnoticed, thus
preventing them to get the medical care they deserved. Most of
these patients probably passed away due to the complications
of their aortic dissections, while the acute aortic dissections of
those with mild or atypical symptoms who survived may have
evolved into a chronic state that was only discovered when
normal accessibility to health care services resumed.

The surgical treatment of CTAADs is more challenging with
respect to acute dissection because it is associated to strong
adhesions and consistent inflammatory reaction, significantly
increasing the surgical mortality and morbidity. Therefore,
delayed diagnosis also impacts the prognosis of patients with
mild to absent symptoms (8).

The example of aortic dissections also illustrates the fact
that patients affected by a wide range of diseases are directly

impacted by the sanitary restrictions related to the COVID-19
pandemic. We thus conclude that more attention should be paid
to avoid COVID-19 also hitting patients who are not infected
with the virus.

Limitations
Our case report is an observational study on a limited number of
patients aimed at highlighting one of the possible consequences
of the sanitary restrictions imposed by the authorities during
the COVID-19 pandemic on the natural history of aortic
dissection. By being a case report, it is not intended to clearly
prove or bring statistical evidence of an association between
the pandemic and an apparent increase of chronic aortic
dissection cases. However, it shows a tendency in our center,
which we believe is worth sharing with the medical community
and which should be further investigated in a future larger
epidemiological study.
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Background: In the absence of SARS-CoV-2 specific antiviral treatments, various

repurposed pharmaceutical approaches are under investigation for the treatment of

COVID-19. Antiviral drugs considered for this condition include atazanavir, remdesivir,

lopinavir-ritonavir, and favipiravir. Whilst the combination of lopinavir and ritonavir has

been previously linked to prolongation of the QTc interval on the ECG and risk of torsades

de pointes arrhythmia, less is known in this regard about atazanavir, remdesivir, and

favipiravir. Unwanted abnormalities of drug-induced QTc prolongation by diverse drugs

are commonly mediated by a single cardiac anti-target, the hERG potassium channel.

This computational modeling study was undertaken in order to explore the ability of these

five drugs to interact with known determinants of drug binding to the hERG channel pore.

Methods: Atazanavir, remdesivir, ritonavir, lopinavir and favipiravir were docked to in

silico models of the pore domain of hERG, derived from cryo-EM structures of hERG

and the closely related EAG channel.

Results: Atazanavir was readily accommodated in the open hERG channel pore in

proximity to the S6 Y652 and F656 residues, consistent with published experimental

data implicating these aromatic residues in atazanavir binding to the channel. Lopinavir,

ritonavir, and remdesivir were also accommodated in the open channel, making contacts

in a model-dependent fashion with S6 aromatic residues and with residues at the

base of the selectivity filter/pore helix. The ability of remdesivir (at 30µM) to inhibit the

channel was confirmed using patch-clamp recording. None of these four drugs could

be accommodated in the closed channel structure. Favipiravir, a much smaller molecule,

was able to fit within the closed channel and could adopt multiple binding poses in the

open channel, but with few simultaneous interactions with key binding residues. Only

favipiravir and remdesivir showed the potential to interact with lateral pockets below the

selectivity filter of the channel.
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Conclusions: All the antiviral drugs studied here can, in principle, interact with

components of the hERG potassium channel canonical binding site, but are likely to

differ in their ability to access lateral binding pockets. Favipiravir’s small size and relatively

paucity of simultaneous interactions may confer reduced hERG liability compared to

the other drugs. Experimental structure-function studies are now warranted to validate

these observations.

Keywords: hERG, human ether-à-go-go–related gene, antiviral, atazanavir, lopinavir-ritonavir, remdesivir,

favipiravir

INTRODUCTION

The coronavirus disease of 2019 (COVID-19), caused by

the SARS-CoV-2 virus, poses an unprecedented challenge to

modern healthcare systems. Although vaccines are now emerging
[e.g., (1–4)], logistical challenges in production and global

administration of billions of vaccine doses and the potential for
incomplete vaccine take-up and efficacy mean that therapeutic
treatments are also needed. Since the emergence of SARS-CoV-
2, considerable effort has been invested to identify existing drugs
that may be successfully repurposed for treatment of the illness.
The antimalarial agents chloroquine and hydroxychloroquine
were initially reported to be effective against SARS-CoV-2
in vitro (5, 6). However, whilst some studies have reported
potential clinical benefit of these drugs [e.g., (7–9)], others
are inconsistent with benefit [e.g., (10–12)] and there is a
risk of QT interval prolongation and ventricular arrhythmia,
particularly at higher concentrations (12–14). Other potential
Covid-19 repurposed treatments include antivirals originally
developed for other conditions (15, 16). The use of an in silico
drug target deep-learning model has suggested a number of
antiviral agents to be able to inhibit the 3C-like proteinase
of SARS-CoV-2, including the antiretrovirals atazanavir and
lopinavir and the broad spectrum antiviral agent remdesivir (17).
Lopinavir is used in combination with ritonavir (which increases
lopinavir half-life through inhibition of cytochrome P450) to
treat human immunodeficiency virus and there is some evidence
of efficacy against SARS-CoV-1 and MERS-CoV (15, 16). Initial
randomized control trial data have not provided evidence
for a benefit of the lopinavir-ritonavir combination beyond
standard care, in patients hospitalized with severe COVID-19
(18). Remdesivir is a broad spectrum antiviral that has been
found to be effective against diverse types of β coronaviruses
(19). Intravenous remdesivir is undergoing clinical investigation
in patients hospitalized with COVID-19 and initial trial data
have shown a trend toward a reduction in time to clinical
improvement (20, 21), warranting further study. Favipiravir is a
broad spectrum antiviral agent shown to inhibit replication of
a substantial number of RNA viruses (22). Favipiravir’s efficacy
against SARS-Cov-2 has been demonstrated pre-clinically in a
Syrian Hamster model in which the drug reduced lung viral titers
and alleviated disease (23). A recent open label study of its use
in COVID-19 has reported an association between favipiravir
and a shorter viral clearance time and, following adjustment
for confounders, improved chest imaging (24). Whilst further

study is needed, a recent scoping review has concluded that
both remdesivir and favipiravir may be promising treatments for
COVID-19 (25).

A proportion of COVID-19 patients have cardiac damage
and concerns have been expressed regarding the risk of
proarrhythmic effects of potential COVID-19 treatments,
particularly in relation to producing prolongation of the rate
corrected QT (QTc) interval and associated torsades de pointes
(TdP) arrhythmia (26–28). Whilst the emerging clinical data
clearly support such a risk for chloroquine/hydroxychloroquine
(12–14), it may also occur for some antivirals. TdP requiring
resuscitation has been reported for a critically ill COVID-19
patient treated with remdesivir (29). Lopinavir/ritonavir and
atazanavir have previously been associated with QT prolongation
and TdP in the absence of COVID-19 (30–32). Favipiravir has
been reported not to affect the QT/QTc interval in healthy
adults (33), although mild QTc interval prolongation has been
reported in a patient infected by Ebola-virus (34). Nearly all drugs
associated with QTc interval prolongation and TdP inhibit the
cardiac hERG (human Ether-à-go-go Related Gene) potassium
channel, which mediates the rapid delayed rectifier K+ current,
IKr; IKr is a key determinant of ventricular repolarisation (35,
36). The association between TdP/QTc interval prolongation
and pharmacological inhibition of hERG channels is sufficiently
strong that testing for pharmacological inhibition of hERG
channels is a key component of safety testing of candidate
pharmaceuticals (36, 37). The consequences of pharmacological
blockade of hERG may be exacerbated in hyperinflammatory
states, since interleukin-6 can inhibit IKr/hERG via the Janus
Kinase pathway (38) and the risk of arrhythmia may increase
with severity of infection/inflammation (27). Lopinavir, ritonavir,
and atazanvir have been reported to be able to inhibit hERG
channel current (30, 39). However, at the time of writing,
there are no peer reviewed studies of the ability of remdesivir
or favipiravir to interact with the hERG channel. Whilst such
information would be valuable, the SARS-CoV-2 pandemic has
interfered withmuch laboratory-based experimental activity. The
recent availability of a cryo-EM structure of the hERG channel
(40) provides a means to investigate in silico the ability of
drugs to interact with known molecular determinants of drug
binding to the channel (41). Accordingly, this computational
modeling study was undertaken to probe interactions between
each of atazanavir, ritonavir, lopinavir, remdesivir, favipiravir, and
constituents of the canonical drug binding site within the hERG
channel pore. Our findings suggest that all of these agents can,
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in principle, interact with components of the hERG potassium
channel canonical binding site, but with some drug-specific
differences in the observed interactions.

MATERIALS AND METHODS

Docking simulations used the recent Cryo-EM structure of the
open pore state of hERG channel (40), PDB: 5VA2 and two
closely related open pore models. These models were developed
to predict more favorable hERG pore conformations for drug
binding using molecular dynamics (MD) simulations starting
from the available Cryo-EM hERG structure with the aim
of presenting important F656 side chains into a pore-facing
conformation to interact with drugs. The F656 residue is well-
known to be an important determinant of drug-hERG channel
interactions and its position relative to pore varies between
models (41). The published Dickson model was obtained from
MD simulations in the presence of hERG inhibitors (42). The
in-house model was obtained from a short MD simulation in
which the F656 side chain of one of the four hERG subunits
was found to reorient toward the pore—this subunit was then
replicated around all four pore subunits to produce a model with
all four F656 side chains facing the pore. Molecular dynamics
simulation of the hERG membrane domain, which underpinned
the in-house model, was conducted using the cryoEM structure
of hERG (PDB:5VA2) with several extracellular loops of missing
atom density modeled into the structure using Modeler 9.17
(43) and the N- and C-terminal cytoplasmic domains removed.
Unrestrained MD of the hERG membrane domain model was
run in a POPC bilayer patch (385 lipids: 127 × 133 angstroms)
with water layers (150mMNaCl) above and below themembrane
resulting in a total depth of the periodic boundary system of
120 angstroms. MD simulations were carried out at 310K as
described in (44), using Gromacs 5.1.4 with the amber99sb-
ildn force field for protein and the SLipids force field for POPC
(45, 46). The use of twoMD-based open hERGmodels along with
the Cryo EM structure was anticipated to give the opportunity
to explore antiviral binding in different conformations of the
canonical binding site (and in particular the position of the F656
with respect to the pore). A series of docking simulations was
also performed with a hERG closed pore model based on rat
EAG closed pore cryo-EM structure as described previously (47).
Antiviral structures were converted from SMILE representation
(obtained from PubChem database) to 3D structures and
then hydrogens added and energy minimized using Molecular
Operating Environment (MOE).

Antiviral molecules were docked in each of the hERG
structures and models using GOLD (version v2020.1; Cambridge
Crystallographic Data Centre, Cambridge, UK). The central pore
cavity was chosen as a binding site where a radius of 10 angstrom
extended from the centre of the cavity and in a level with amiddle
point between the canonical aromatic residues F656 and Y652.
The side chains of these aromatic residues were allowed to be
freely flexible during docking simulations. The antiviral ligands
were also fully flexible during the molecular docking studies.
Rotamer sampling was maximally set to 300,000 generations.

Docking was scored by Goldscore and rescored with ChemScore
scoring function. Two-hundred docking runs were made in each
case and the low-energy-score poses were retained and inspected.
Antiviral molecules were also docked within a side pocket under
the selectivity filter in the open pore F656-rotated hERG model.
This binding pocket was centred above the β-carbon of Y652 and
encompassed a volume having a radius of 7 angstroms. Amino
acid side chains that comprise the putative canonical binding
site and binding pocket were allowed to rotate freely during
docking runs to accommodate the drug. Thus, the side chains
for the following residues from chain A were allowed to rotate
freely: F557, L622, T623, S624, L650, M651, Y652, I655. F656
from chains A and B were also allowed to rotate. Similar settings
and parameters were used as above where also 200 docking
repeats for each drug were generated and low energy poses
were considered.

A further independent set of docking simulations was
performed using MOE suite using the Cryo-EM structure
and the two open pore models. Fifty docking repeats were
performed for each potential antiviral compound in the
central cavity binding site. The hERG channel structures were
prepared and 3D-protonated followed by performing tethered
energy minimization prior to commencement of docking.
Docking regions were biased by selection of key residues in
the canonical and lateral binding site (namely F656, Y652,
T623, S624; and additionally, the following residues: F557,
M651) with a further nine angstroms from selection. Energy-
minimized (using an all-atom forcefield combining Amber12
and parameterized for small molecules using 2D Extended-
Hückel-Theory method). Antiviral ligands were then docked in
each of three hERG structures. The GBVI/WSA 1G scoring
function was used which is a forcefield-based scoring function
that estimates the free energy of binding of the ligand from a
given pose.

The results are visualized using PyMOL Molecular Graphics
System, Version 2.0 Schrödinger, LLC.

Functional hERG channels are comprised of four
identical protein subunits (designated here A, B, C, D; see
Supplementary Figure 1). As some drug-channel interactions
involved residues from different subunits in places the results
text refers to the Chain ID when identifying amino acid and
in such cases, the subunit ID is given before the residue ID,
(e.g., C:F557). Details of the interactions are described in
Supplementary Figure 1 (see online supplement).

Patch clamp experiments to investigate remdesivir inhibition
of hERG ionic current (IhERG) were performed on HEK
293 cells stably expressing WT hERG. Remdesivir (purchased
from Medkoo Biosciences) was dissolved in dimethyl sulfoxide
(DMSO) to produce a stock solution of 30mM and was applied
at a 1/1,000 dilution (30µM) in Tyrode’s solution. Recordings
were made at 37◦C (whole cell patch clamp) using an Axopatch
200B amplifier (Molecular Devices) with a CV-4/100 headstage
and data acquisition via a Digidata 1320 interface (Molecular
Devices). The extracellular superfusate was a standard Tyrode’s
solution containing (in mM): 140 NaCl, 4 KCl, 2.5 CaCl2, 1
MgCl2, 10 glucose, and 5 HEPES (titrated to pH 7.4 with NaOH)
(48–50). Patch pipettes (AM-systems Inc, USA) had resistances
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FIGURE 1 | Location of the assigned binding site of atazanavir in the hERG cryo-EM structure and the closely related Dickson et al. model with the drug docked in the

configuration shown in the methods section. The complete structure in (A) and (B) illustrates the location of segment 6 (S6) lining the pore where key residues such as

Y652 and F656 are located and the outer S5 segment where F557, a major residue of the side pocket, is located. The selectivity filter region (SF) is also annotated

where T623 and S624 sit at the base of the pore helix attached to it. Atazanavir is represented as a space-filling structure in which carbon atoms are represented in

yellow, nitrogen in blue, oxygen in red. Major amino acid constituents of the binding sites were shown as sticks. In all structure figures, the hERG pore amino acid side

(Continued)
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FIGURE 1 | chains are colored as follows: Phe-557, gray; Thr-623 and Ser-624, green; Tyr-652, pink; and Phe-656, blue. Atazanavir is shown in yellow. (A,B) show

low-energy-score pose for atazanavir docked into the hERG pore with docking biased to promote occupation of canonical binding site. Annotations (dotted lines)

define potential interactions between drug and amino acid side chains, distances in angstroms between the drug molecule and key residues were written adjacent to

each dotted line. (A) shows the atazanavir docking in the hERG cryo-EM structure. (B), shows the atazanavir docking in the Dickson et al. model based on hERG

cryo-EM structure. This run in the Dickson et al. model is particularly important since rotamers of at least one of Phe-656 side chains was selected to orient the side

chain Cα-Cβ bond toward the pore.

of 2–4 MΩ and were filled with a solution containing (in
mM): 130 KCl, 1 MgCl2, 5 EGTA, 5 MgATP, and 10 HEPES
(titrated to pH 7.2 with KOH) (48–50). Series resistance was
typically compensated 60–80%. Currents were filtered at 2 kHz
and were digitized at 10 kHz. Data are presented as mean ±

SEM of the number of independent experiments indicated (n)
after analysis.

RESULTS

Atazanavir
Atazanavir could readily be accommodated in the canonical
central cavity binding site in hERG open pore structure
(Figure 1); however, due to its size, it did not fit in hERG closed
pore model in which the central cavity became significantly
smaller compared to that in the open state. Docking the
drug to both the cryo EM structure and the closely related
MD-based model of hERG by Dickson et al. suggested that
direct binding interactions occur between the molecule and the
channel (Figure 1). In low energy poses, atazanavir was found in
proximity to canonical aromatic residues F656 and Y652 in both
models (Figure 1B) illustrates this for the Dickson et al. model.
This is in good agreement with experimental observations for
atazanavir (39). The drug also approached T623 and S624 near
the base of the selectivity filter/pore helix. Atazanavir was also
able to contact a serine residue (S660) one turn lower than F656
toward the cytoplasmic opening of the channel. Further details of
predicted interactions are described in Supplementary Figure 2.

Lopinavir and Ritonavir
Lopinavir could be accommodated in the central cavity of the
hERG open pore structure and models (Figure 2). The drug
interacted with the channel mainly via hydrophobic interactions.
F656 and Y652 in S6 were able to interact with the drug in the low
energy poses in the cryo-EM structure and in the open pore in-
house model. However, docking the drug molecule to the open
channel model by Dickson et al. showed the possibility that a
part of the drug molecule extended toward the side pocket and
interact with F557 in S5 (Figure 2B). Despite the ability of part
of the drug molecule to stretch further to the side pocket, it
was still able to contact key residues in the canonical binding
site (Supplementary Figure 3). The docking also showed the
possibility of the drug to form strong hydrogen bonds, mainly
with S624, F656, and Y652 residues (Supplementary Figure 2).

Ritonavir was also readily accommodated in the canonical
binding site of hERG when docked to the Cryo-EM structure
or the Dickson et al. model, both representing the open pore
state of the channel (Figure 3). Docking ritonavir to the cryo-
EM structure resulted in association with several central cavity

residues including Y652, S660 in S6 and S624 in the pore helix
(details are presented in Supplementary Figure 4). Docking the
drug in the Dickson et al. model revealed slightly different pose
with a part of the drug molecule able to advance near the
peripheral residue 557 in S5 like lopinavir. In this pose, Y652 was
also able to interact with ritonavir. T623, S624 in the pore helix
and F656 in S6 could also interact with the drug via hydrogen
bonds. Both binding models indicated the ability of Y652 to
interact with the sulfur atom in a thiazole group within the
ritonavir molecule.

Neither lopinavir nor ritonavir could be docked to the closed
pore model of hERG. Attempts were also made to dock each
of the two drugs to a side pocket under the selectivity filter in
the in-house open pore model but could not be accommodated.
However, as introduced, small part of these structures could
advance to this binding pocket while the majority parts of the
molecules were still in the canonical binding site. Collectively,
the docking simulations suggest that both lopinavir and ritonavir
can be accommodated in the central cavity of hERG and directly
binding to the channel via hydrogen bonds and hydrophobic
interactions. The dockings also revealed the possibility that a
phenyl group from any of the two drugs might enter a pocket
under the selectivity filter and bind to F557.

Remdesivir
Remdesivir could fit into both the canonical site in the central
cavity and the side binding pocket in open channel hERG
models (Figure 4). Docking the drug into the hERG cavity
revealed potential binding of the drug to the channel protein
via several hydrogen bonds and some hydrophobic interactions.
The three docking runs in the channel open conformation
(Cryo-EM structure, Dickson et al. and the in-house models)
showed the drug can reside in the central cavity and mainly
interact with Y652 in S6, L622, and S624 residues near the
selectivity filter. The details of docking remdesivir in the
cavity of either the open hERG represented by Dickson et al.
model or the cryo EM structure are largely similar (details
are in Supplementary Figure 5). However, distinct from the
EM structure, docking to the Dickson et al. model showed
the possibility of F656 in S6 interacting with remdesivir. More
importantly, docking to the Dickson model showed the potential
that part of the remdesivir molecule can advance toward the side
pocket and interact with F557 (S5) andM651 (S6) and L622 from
the pore helix. These residues are key amino acids in the side
pocket (details are shown in Supplementary Figure 5.

Remdesivir was also docked to the in-house made open hERG
model. When docked to the central cavity binding site, the
molecule -as the above- described could be fitted in the cavity.
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FIGURE 2 | Location of the assigned pore binding site of lopinavir in the hERG cryo-EM structure and the closely related Dickson et al. model with the drug docked in

the configuration shown in the methods section. The complete structure in (A,B) shows the location of segment 6 (S6) lining the pore where key residues such as

(Continued)
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FIGURE 2 | Y652 and F656 are located and the outer S5 segment where F557, a major residue of the side pocket, is located. The selectivity SF was also annotated

where T623 and S624 sit at the base of the pore helix attached to it. Lopinavir is represented as a space-filling structure. Major amino acid constituents of the binding

sites were shown as sticks. Binding residues and atoms of the drug molecule colored as for Figure 1. (A,B) show low-energy-score pose for lopinavir docked into the

hERG pore with docking biased to promote occupation of the canonical binding site. (A) shows the lopinavir docking in the hERG cryo-EM structure. (B) shows the

lopinavir docking in the Dickson et al. model based on hERG cryo-EM structure. Annotations (dotted lines) define potential interactions between drug and amino acid

side chains, distances in (A) between the drug molecule and key residues were written adjacent to each dotted line. This run in the Dickson et al. model is particularly

important since rotamers of at least one of F656 side chains was selected to orient the side chain Cα-Cβ bond toward the pore.

Interestingly, remdesivir was successfully docked in the side
pocket in the in-house open model of hERG. The major aromatic
parts of the structure which in previously described runs were
residing in the cavity could access the binding pocket in this
docking setting and able to interact with F557, L622, and
Y652 (further details are in Supplementary Figure 6). This pose
showed the possibility for remdesivir to be accommodated in
and make interactions with the side pocket binding site while
the other above three dockings to the open pore structure and
models showed the potential interactions of remdesivir with
key binding determinant in the central cavity. Like atazanavir,
lopinavir, and ritonavir, remdesivir could not be accommodated
in the closed hERG channel. In the period following initial
submission/review of this report an independent study was
published in which an acute inhibitory effect of remdesivir on
hERG channels was reported to be absent (51). Therefore, a
limited experimental series was conducted here to evaluate the
effect of acute application of remdesivir on IhERG. The response to
remdesivir wasmeasured using the protocol shown in Figure 4D.
This was comprised of a 2 s depolarization from−80 to +20mV,
followed by repolarization to −40mV, at which the resurgent
tail current that is typical of hERG was observed (52). IhERG tail
magnitude was measured as described previously (48–50, 52).
Exemplar traces are shown in Figure 4D. 30µM remdesivir
inhibited hERG current by 38± 2% (n= 6).

Favipiravir
Favipiravir is a very small molecule (MW of 157 g/mol)
compared to the other antivirals studied. Due to its small size,
favipiravir was readily accommodated within the central cavity
of open pore structure and models of hERG and the closed
model of the channel (Figure 5). It could also fit to the side
pocket of the in-house open pore model of hERG. However,
favipiravir could only make relatively few binding contacts with
the channel in all these dockings. The molecule also appeared
relatively distant from key residues (Supplementary Figure 6).
The residues involved in different poses include T623, S624, and
Y652. The binding was slightly improved when docked to the side
pocket which involved interaction with F557 (further details are
in Supplementary Figure 7). Favipiravir also interacted weakly

with the channel when docked in the closed model of hERG with
the potential to interact with Y652, T623 and S624 residues (see
also Supplementary Figure 7).

DISCUSSION

Implications of the Findings of This Study
The results of this in silico study demonstrate that despite
their comparatively large size, atazanavir, lopinavir, ritonavir,

and remdesivir can interact with the canonical binding
site on the hERG potassium channel. At present there
are no in vitro mutagenesis data available for lopinavir,
ritonavir, and remdesivir to verify that these drugs interact
predominantly or solely with the pore binding site on hERG.
However, the fact that our simulation data for atazanavir are
consistent with experimental data that implicate the aromatic
Y652 and F656 residues in hERG channel current (IhERG)
blockade (39) provides confidence in the approach adopted
here. Furthermore, to ensure the docking performance was
consistent across software platforms, we also ran the docking
procedure in the MOE suite (with a similar setting to
Gold) where we found the docking energy and poses of
the top poses were correlated with those in Gold (results
not shown).

Our in silico data enable predictions to be made that

can be addressed in future experimental studies. First, the

inability of atazanavir, lopinavir, ritonavir, and remdesivir
to interact with pore binding determinants in the closed

channel state is consistent with a requirement for gating
to occur for these agents to be able to interact with

aromatic binding residues. Atazanavir has been reported

not to alter voltage dependent activation or inactivation
of wild-type (WT) hERG current (IhERG), but protocols to

interrogate a requirement for channel opening were not
applied (39). Similarly, detailed interrogation of the kinetics of

lopinavir/ritonavir inhibition was not conducted (30). The results

of our docking simulations suggest that it is likely that, with

the potential exception of favipiravir, the drugs studied here can
only access key binding determinants on channel gating; this

should manifest in a measurable time-dependence of inhibition
on channel opening.

The reported hERG current IC50 for atazanavir inhibition of

IhERG is 5.7µM (39), whilst those for lopinavir and ritonavir are

similar, being, respectively, 8.6 and 6.2µM (30). In documents

considered by the European Medicines Agency (EMA) early
during the Covid-19 pandemic, for the compassionate licensing

of remdesivir, its hERG IC50 is given as 28.9µM, which is 26-
fold the estimated free drug concentration (Cmax) of 1.1µM

at the proposed maximal clinical dose (53). However, after

submission of this study, an independent report was published
claiming that remdesivir does not produce an acute inhibition
of IhERG at 10 or 50µM (51). In the same study, chronic
application of remdesivir led to increased hERG expression and
IhERG amplitude, consistent with a potential for the drug to
promote hERG channel trafficking (51). The ability of drugs
to rescue misprocessed mutant hERG channels has previously
been linked to hydrophobic interactions within the pore-cavity
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FIGURE 3 | Location of the assigned pore binding site of ritonavir in the hERG cryo-EM structure and the closely related Dickson et al. model with the drug docked in

the configuration shown in the methods section. The complete structure in (A,B) shows the location of segment 6 (S6) lining the pore where key residues such as

Y652 and F656 are located and the outer S5 segment where F557, a major residue of the side pocket, is located. The selectivity SF was also annotated where T623

and S624 sit at the base of the pore helix attached to it. Ritonavir is represented as a space-filling yellow surface. Major amino acid constituents of the binding sites

were shown as sticks in the box. Binding residues and atoms of drug molecule colored as for Figure 1. (A,B) show low-energy-score pose for ritonavir docked into

the hERG pore with docking biased to promote occupation of canonical binding site. Annotations (dotted lines) define potential interactions between drug and amino

(Continued)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 May 2021 | Volume 8 | Article 64517237

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Al-Moubarak et al. Antivirals and the hERG Potassium Channel

FIGURE 3 | acid side chains, distances in (A) between the drug molecule and key residues were written adjacent to each dotted line. (A) Shows the ritonavir docking

in the hERG cryo-EM structure. B Shows the ritonavir docking in the Dickson et al. model based on hERG cryo-EM structure. This run in the Dickson et al. model is

particularly important since rotamers of at least one of F656 side chains was selected to orient the side chain Cα-Cβ bond toward the pore.

(54); thus, trafficking promotion by remdesivir without an
ability to produce acute block would be highly notable. In our
experiments, we observed 38% inhibition of IhERG by 30µM
remdesivir, which is in fair agreement with the inhibitory potency
in documents submitted to the EMA (53) and is inconsistent
with a lack of acute IhERG inhibition reported in (51). IhERG
inhibitory potencies of drugs can vary significantly depending
on experimental temperature and stimulus waveform [e.g., (55,
56)]. Our measurements were made at 37◦C, whilst those
in (51) were made at room temperature, although whether
or not this may account for the differences in respect of
remdesivir is unclear. On the basis of comparison of IhERG
IC50 values and therapeutic Cmax values of a broad range
of drugs in relation to TdP risk, Redfern et al. proposed
in 2003 a 30-fold safety margin for drugs undergoing clinical
evaluation (57). A recent re-evaluation of the hERG safety
margin for QTc prolongation suggested an optimal margin of
50-fold (58). The safety margin for remdesivir may not exceed
this value.

The single Ebola patient who experienced mild QT interval

prolongation on favipiravir received multiple other drug

treatments and experienced cardiac effusion (34); the factors
that may have sensitized this patient to QT prolongation

following favipiravir administration are unclear. In adult healthy

volunteers, subjects oral dosing with 1,200 or 2,400mg of
favipiravir did not affect QT or QTc intervals (33). There are

currently no peer reviewed, published data on IhERG inhibition

by favipiravir. However, publicly available information at the
Japanese Pharmaceuticals and Medical Devices Agency (PDMA)

suggests no inhibitory effects of favipiravir on IhERG at 40
or 200µM and only an ∼8% reduction at 1,000µM (which

concentration was described as ∼3 times the human Cmax)

(59). Although no experimental details are available for this

information, it is suggestive of a low propensity of favipiravir
to produce a pharmacological block of hERG channels, which
is borne out by the docking simulation results in the present
study. Drug size has previously been observed to be a significant
determinant of inhibitory potency when comparing drugs of
different sizes that share structural similarity. Thus, in a direct
comparison, the IhERG IC50 value of the antianginal and
antiarrhythmic agent ranolazine was ∼16 fold lower than that
of structurally similar, but smaller lidocaine (48); the difference
was attributable to the fact that ranolazine was able to form
a greater range of interactions with hERG pore residue side
chains than was lidocaine (48). Whilst it is important that
the effects of favipiravir on IhERG are established under a
known, standardized set of conditions and compared with
other candidate antivirals, it seems likely that the small size of
favipiravir may be advantageous in conferring comparatively low
hERG liability.

Relevance to Interrogation of Interactions
of Drug Molecules With the hERG Pore
Structure Determined With Cryo-EM
The publication of the cryo-EM structure revealed two
unexpected structural features of the hERG channel: first, the
central pore cavity of the channel was found to have a smaller
volume compared to that assumed from homology modeling;
second, four deep hydrophobic pockets surrounding the cavity
were identified that could provide drug interaction sites (40, 41,
60). However, the cryo-EM structure represents a single, fixed
hERG conformation and, at least for some drug molecules it has
been difficult to recapitulate aspects of experimental mutagenesis
data using the original cryo-EM structure (47, 61). For example,
high potency IhERG inhibition by the minimally structured hERG
inhibitor “Cavalli-2” showed a strong sensitivity to mutation of
F566, but in the cryo-EM structure the aromatic side chain of this
residue was oriented away from the cavity (47). Reconciliation
of docking with mutagenesis results required a small clockwise
rotation of the S6 helix to optimize F656 residue orientations
compatible with high affinity inhibition block (47). Here we
employed both the original and modified cryo-EM structures.
The use of different models produced a common outcome in that
they all supported the ability of the antivirals studied to interact
with the pore binding site; however, some drug- and model-
specific observations were made. For example, of the larger
antiviral molecules studied only remdesivir showed a propensity
to interact with the lateral binding pockets surrounding the
central cavity and there was a marked difference between
interactions with residues in this region observed using the MD
based Dickson model (42) and the original cryo-EM structure
(40). For ritonavir, the use of the Dickson model allowed the
drug to be in close proximity to F557 [a residue implicated
in binding of a number of drugs (47, 62–64)]. The future
experimental investigation of pore cavity and lateral binding
pocket residue mutants should be able to identify which of the
different binding modes predicted here most accurately describes
drug-channel interactions and whether or not any particular
channel structure is used for the docking here outperforms the
others in matching experimental observations. Moreover, the
inability of atazanavir, lopinavir, and ritonavir to reside in the
lateral pockets of the cryo-EM structure, should make these
drugs valuable for comprehensive (alanine-scanning) mapping of
binding to the channel pore, with a general lack of responsiveness
to mutation of residues predicted to line the lateral pockets.

Limitations and Conclusions
This study was conducted almost entirely in silico and was
designed to investigate potential interactions between the
selected drugs and hERG only with the canonical drug binding
site and lateral pockets that can inform future experimental
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FIGURE 4 | Location of the assigned pore binding site of remdesivir in the hERG cryo-EM structure and the closely related Dickson et al. model and the house MD

model with the drug docked in the configuration shown in the methods section. The complete structure in (A) shows the location of segment 6 (S6) lining the pore

(Continued)
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FIGURE 4 | where key residues such as Y652 and F656 are located and the outer S5 segment where F557, a major residue of the side pocket, is located. The

selectivity SF was also annotated where T623 and S624 sit at the base of the pore helix attached to it. Remdesivir is represented as a space-filling yellow surface.

Major amino acid constituents of the binding sites were shown as sticks. Binding residues and atoms of drug molecule colored as for Figure 1. (A,B) show

low-energy-score pose for remdesivir docked into the hERG pore with docking biased to promote occupation of canonical binding site. Annotations (dotted lines)

define potential interactions between drug and amino acid side chains, distances in A between the drug molecule and key residues were written adjacent to each

dotted line. (C) shows the low-energy-score pose for remdesivir docked into the hERG pore with docking biased to promote occupation of the side pocket. (A)

Shows the remdesivir docking in the hERG cryo-EM structure. (B) shows the remdesivir docking in the Dickson et al. model based on hERG cryo-EM structure. This

run in the Dickson et al. model is particularly important since rotamers of at least one of Phe-656 side chains was selected to orient the side chain Cα-Cβ bond toward

the pore. (C) shows the remdesivir docking in the in house MD hERG model where the drug was docked in the region of the side pocket. (D) IhERG during superfusion

with control (Tyrode’s) solution and during application of 30µM of remdesivir. IhERG was elicited by a voltage protocol shown as lower traces, comprised of a 2 s

depolarizing pulse to +20mV, followed by repolarization to −40mV. Thirty micomolar remdesivir inhibited IhERG tails, producing a fractional block 0.38 ± 0.02, (i.e., a

mean tail current amplitude reduction of 38%; n = 6).

FIGURE 5 | Location of the assigned binding site of favipiravir in the hERG cryo-EM structure. The complete structure shows the location of segment 6 (S6) lining the

pore where key residues such as Y652 and F656 are located and the outer S5 segment where F557, a major residue of the side pocket, is located. The selectivity SF

was also annotated where T623 and S624 sit at the base of the pore helix attached to it. Favipiravir is represented as a space-filling surface. Major amino acid

constituents of the binding sites were shown as sticks in the box. Binding residues and atoms of drug molecule colored as for Figure 1. The figure shows a

low-energy-score pose for favipiravir docked into the hERG pore with docking biased to promote occupation of canonical binding site. Annotations (dotted lines) define

potential interactions between drug and amino acid side chains, distances in A between the drug molecule and key residues were written adjacent to each dotted line.

studies. Given the comparatively large size of most of the
drugs studied, we cannot preclude the potential for (additional)
interactions outside the channel pore, as may occur for macrolide
antibiotics (65).

hERG liability is a very important consideration but not the
only one in the evaluation of pro-arrhythmic risk with clinically
used drugs. Potential drug effects on other channels that might
mitigate the effects of hERG block need to be considered for
an overall evaluation of cardiac risk (36, 37, 66). Whilst it is
important to acknowledge these limitations, the strengths of the
present study are that it: (i) highlights the potential for all the
drugs studied here to interact with hERG; (ii) provides specific
observations that can form the basis for experimental hypothesis
formation and testing; and consequently (iii) provides a valuable
basis fromwhich future experimental investigation of both hERG

inhibition and overall cardiac arrhythmia liability can be tested.
This may be particularly important for remdesivir and favipiravir,
given their potential as COVID-19 treatments. Indeed, the
present study usefully complements a recent independent
investigation that has used a combination of predictive indices
for drug-induced LQTS (though not structural modeling as
conducted here) to evaluate risks with potential COVID-19
treatments, on the basis of which it has recommended close
monitoring of QT/QTc intervals in patients receiving both drugs
(67). On the basis of our observations, we suggest that a direct
in vitro experimental comparison would be informative of IhERG
inhibitory potency between remdesivir, atazanavir, lopinavir, and
ritonavir and favipiravir under a standardized set of conditions;
this would aid further evaluation of likely IhERG safety margin.
Those data could usefully be combined with further acute and
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chronic channel assays employing additional key ventricular ion
channels and action potential repolarization measurements to
arrive at an integrated preclinical risk evaluation. Finally, it
should be noted that whilst the motivation for this study arose
from ongoing efforts toward the repurposing of the drugs studied
here for COVID-19, any implications for cardiac safety also have
wider relevance for the use of these agents in the treatment of
other infectious conditions.
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Covid-19 infection may be associated with a higher incidence developing cardiovascular

complications, however, the underlying mechanisms contributing to cardiovascular

complications are largely unknown, while endothelial cell damage may be present.

We want to report a 24-year-old woman with Covid-19 infection who had undergone

measurements of vascular reactivity and arterial stiffness, including flow-mediated

dilation (FMD), nitroglycerin-mediated dilation (NMD), aortic pulse wave velocity (PWV),

augmentation index and carotid intima-media-thickness (cIMT) at the time when

Covid-19 was diagnosed. Reduced FMD of 0.0% and NMD of 15.5% were observed,

while PWV (5.9 m/s), Aix (27%) and cIMT with 0.4mm of both common carotid arteries

were unremarkable. Repeated measurements of FMD, NMD, PWV, Aix, and cIMT 6

weeks after Covid-19 infection revealed persistently reduced FMD (0.0%), while NMD

(17.24%), PWV (5.6 m/s) and augmentation index (13%) ameliorated. This case suggests

potential impact of Covid-19 infection on endothelial function, also in young Covid-19

patients without any co-morbidity.

Keywords: Covid-19, endothelial dysfunction, vascular reactivity, arterial stiffness, vasculopathy

INTRODUCTION

Covid-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) affecting
primarily the respiratory system. Patients with cardiovascular comorbidities have an increased
risk of in-hospital death and Covid-19 infection may lead to a higher risk of cardiovascular
complications like heart failure, venous thromboembolism or stroke (1–4). Although prior data
suggested a direct viral infection of the endothelial cell and diffuse endothelial inflammation which
may promote to cardiovascular changes in Covid-19, a recent study assumed that direct endothelial
infection by SARS-CoV-2 via angiotensin-converting enzyme 2 (ACE2) receptors is unlikely as
there is a lack of ACE2 in human endothelial cells (5, 6). Furthermore, other pathways have been
suggested contributing also to endothelial changes in Covid-19 (7–9). We report a 24-year-old
woman with Covid-19 infection who had undergone measurements of vascular reactivity and
arterial stiffness on the day of proven Covid-19 infection and 6 weeks after infection.

CASE REPORT

A 24-year-old woman underwent measurements of flow-mediated dilation (FMD),
nitroglycerin-mediated dilation (NMD), pulse wave velocity (PWV), and carotid

44

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.671669
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.671669&domain=pdf&date_stamp=2021-05-12
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:philipp.jud@medunigraz.at
https://doi.org/10.3389/fcvm.2021.671669
https://www.frontiersin.org/articles/10.3389/fcvm.2021.671669/full


Jud et al. Case Report: Impaired Vascular Reactivity in Covid-19

intima-media-thickness (cIMT) due to a preventive medical
check-up at the beginning of December 2020. She was otherwise
healthy, had a body-mass-index of 23.8 kg/m² without any
known atherosclerotic risk factor and worked as a secretary for
a medical office in a hospital. Additionally, she was a non-smoker
without a family history of cardiovascular disease and did not
take any medications. Due to governmental initiated shutdown
in Austria fromNovember 3rd, 2020 to December 23rd, 2020, the
patient refrained from sports activities during that shutdown, but
she was active with regular sport activity of 30min three times a
week prior to that shutdown.

Measurements of FMD, NMD, cIMT, and pulse-wave analysis
were performed in the morning between 7:00 a.m. and 9:00 a.m.
after overnight fasting in a temperature-controlled (22–24◦C)
and quiet room by one trained technician. At the beginning of the
FMDmeasurement, a blood pressure cuff was placed on the right
forearm below the antecubital fossa and the baseline diameter
of the right brachial artery was examined in a longitudinal
plane between 2 and 7 centimeters proximal to the antecubital
fossa in the patient. Three end-diastolic diameters between
two intimal layers were measured ECG-gated during image
acquisition in a one-centimeter-long segment of the brachial
artery. Subsequently, the cuff was inflated >50 mmHg above
the resting systolic pressure for 5min, then deflated and 60 s
after cuff release, the post-ischemic diameter of the brachial
artery was measured. During a rest of 15min, pulse-wave analysis
including measurement of the aortic PWV and augmentation
index was performed on the left arm and calculated via
the oscillometric device Mobil-O-Graph R© (I.E.M. Mobil-O-
Graph, I.E.M., Cockerillstr., Stolberg, Germany) by an automated
analysis. A size-adjusted cuffwas placed on the patient’s left upper
arm about 2-4 centimeters above the antecubital fossa in supine
position and subsequent pulse-wave analysis was performed,
while the patient did not to speak or move over the whole pulse-
wave analysis. Also, during the same rest of 15min, the patient
underwent measurement of the cIMT of both common carotid
artery in supine position using a high-resolution linear array
probe with 8–13 MHz (Siemens ACUSON S2000TM, Siemens
Healthcare Corp., Henkelstr., Erlangen, Germany). The thickness
of the intimal and medial layers of the common carotid wall

FIGURE 1 | Timeline of patient’s Covid-19 infection with symptoms and performance of laboratory and clinical measurements.

was measured on frozen longitudinal images in at least one-
centimeter-long segment of the artery. After that rest of 15min,
the diameter of the right brachial artery was recorded similar
to the technique described for FMD before and 5min after
sublingual administration of 0.4mg glyceryl trinitrate spray.
FMD and NMD measurements were performed with an 8–13
MHz linear array transducer using a conventional ultrasound
scanner (Siemens ACUSON S2000TM, Siemens Healthcare Corp.,
Henkelstr., Erlangen, Germany). Most recommendations for the
measurement of FMD and NMD were fulfilled according to
recent guidelines (10). The measurements revealed a reduced
FMD of 0.0% and a reduced NMD of 15.5% according to
proposed reference values (11). Pulse-wave analysis revealed a
PWV of 5.9 m/s and an augmentation index of 27% while
ultrasonography revealed a cIMT of 0.4mm of both common
carotid arteries.

The patient was asymptomatic at the time of the respective
measurements without potential symptoms of Covid-19
infection or any other infection. One hour after the respective
measurements, testing for Covid-19 by polymerase chain
reaction (PCR) was performed in that patient due to a routine
testing for hospital staff which confirmed an acute Covid-19
infection with a cycle threshold of 22. The initial physical
examination including auscultation was unremarkable with a
body temperature of 36.6◦C and a blood pressure of 127/88
mmHg. Measurement of oxygen level and chest x-ray were not
performed as the patient was asymptomatic without respiratory
symptoms. There was only a slightly elevated C-reactive protein
(8.4 mg/L, reference value 0–5 mg/L) without lymphopenia and
lipid parameters were also normal. The patient was subsequently
home-isolated and was advised to monitor her health. During
home-quarantine, the patient developed headache and myalgia
within the first 3 days, which were treated by acetaminophen on
demand and resolved afterwards, followed by loss of taste and
smell as well as by mild dyspnea on exertion after the fifth and
seventh day of home quarantine, respectively. On the tenth day
of quarantine, Covid-19 PCR was performed again with a cycle
threshold of 26. The patient was asymptomatic after 20 days of
initial Covid-19 PCR and repeated PCR testing for Covid-19 was
negative on the 21st day after initial Covid-19 PCR. A timeline
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of patient’s Covid-19 infection with symptoms and performance
of Covid-19 PCR and clinical measurements are shown
in Figure 1.

Six weeks after initial Covid-19 testing, measurements
for FMD, NMD, cIMT, and pulse-wave analysis were
repeated by the same measurement methods as describes
above evaluating changes of the respective parameters.
FMD remained unchanged with 0.0% while NMD
ameliorated to 17.24%. Furthermore, also PWV with 5.6%
and augmentation index with 13% decreased while cIMT
was unchanged.

DISCUSSION

We demonstrated with our case a potential impact of Covid-
19 infection on endothelial dysfunction. Prior investigations of
endothelial changes in Covid-19 infection have demonstrated
direct viral infection of endothelial cells and endothelial
inflammation with microthrombi and microangiopathy (5, 12).
As the vascular endothelium is essential for the maintenance
of vascular homoeostasis, dysfunction of the endothelium may
result in cardiovascular changes. So far, there are only limited
data about the pathophysiological mechanisms how SARS-
CoV-2 contributes to endothelial dysfunction. While potential
interactions of SARS-CoV-2 with ACE2 receptors have been
suggested initially, recent data indicate that there is lacking
evidence of ACE2 receptors expression on human endothelial
cells assuming thus that direct infection of endothelial cells
by SARS-CoV-2 is unlikely (5, 6, 13). Besides potential
microvascular damage, also macrovascular damage may be
promoted by Covid-19 infection since low values of FMD
and NMD of the brachial artery were present in our patient.
Additionally, amelioration of NMD, aortic PWV and Aix
were observed after Covid-19 infection which indicates that
Covid-19 infection may influence vascular homeostasis also
in large arteries. Brachial FMD and NMD as well as aortic
PWV are proven predictors of cardiovascular events and
mortality and changes of those parameters are also associated
cardiovascular events and mortality (14, 15). So far, data
evaluating vascular reactivity or arterial stiffness in Covid-
19 infection are very limited. Only one study investigated
FMD and PWV in young adults 4 weeks after positive
testing for SARS-CoV-2 revealing significantly lower values
of FMD and higher values of PWV in the group of
subjects with a suffered SARS-CoV-2 (16). However, data
about vascular reactivity and arterial stiffness in acute Covid-
19 infection are still lacking and follow-up changes of
these parameters during a Covid-19 infection have not been
investigated yet.

Underlying pathways by which SARS-CoV-2 may contribute
to endothelial dysfunction are yet unknown. Our case and
previous data suggest that both, direct cytotoxicity and indirect
endothelial injury promote to endothelial dysfunction. Besides
a potential but unlikely pathway of SARS-CoV-2 with ACE2
receptors, other pathways promoted by inflammatory mediators

including interleukin-6 and prothrombotic mediators, like von
Willebrand factor and neutrophil extracellular traps, may
result in widespread inflammation and also in endothelial
dysfunction (5–8, 13, 17, 18). As acetaminophen has only a weak
anti-inflammatory effect, potential interaction of acetaminophen
on inflammatory mediators which may affect endothelial
dysfunction can be excluded (19). Additionally, as FMD and
NMD indicates bioavailability of nitric oxide and PWV and
augmentation index are parameters of arterial elasticity, we
hypothesize that SARS-CoV-2 exhibits also an influence on
nitric oxide metabolism and morphological changes of the
arterial wall.

One limitation of our measurements was that we did
not fulfill all recent recommendations for the assessment
of FMD and NMD according to recent guidelines (10).
Recommendations regarding subject preparation, operator-
dependent factors and protocol were fulfilled, except for the
recommended dose of sublingual glyceryl trinitrate. In our case,
0.4mg glyceryl trinitrate was used instead of recommended 25
µg glyceryl trinitrate. Additionally, all other recommendations
for technique and analysis were fulfilled, except for continuous
measurement of velocity and diameter using simultaneous
live duplex ultrasound, the use of continuous edge-detection
and wall tracking software and calculating peak diameter and
shear rate stimulus, since such a software was not available.
Instead, offline analysis by a blinded observer was performed.
Other limitations are that we conducted measurements of
vascular reactivity and arterial stiffness only in one patient
with Covid-19 infection and the lacking comparison of
the results to a potential healthy, sex- and age-matched
control subject.

Our case demonstrated that endothelial dysfunction may be
present at a very early stage of Covid-19 infection and seems
to be partly persistent even if SARS-CoV-2 is not detectable
anymore. Our patient was asymptomatic at the time of verified
Covid-19 infection when measurements of vascular reactivity
and arterial stiffness were performed and symptoms occurred
a few days later. It needs to be elucidated if parameters
differ between asymptomatic and symptomatic patients as well
as between patients with a different severity of symptoms.
Furthermore, it needs to be elucidated if parameters of vascular
reactivity and arterial stiffness remain altered as a long-term
consequence of Covid-19 or if these changes may be present
only in the acute phase of this infection. Moreover, studies
evaluating parameters of vascular reactivity and arterial stiffness
as potential predictors for cardiovascular events and mortality
need to be performed.

In conclusion, we could demonstrate that infection
by SARS-CoV-2 may alter different parameters of
vascular reactivity and arterial stiffness probably by
causing direct and indirectly endothelial dysfunction,
which may promote to cardiovascular complications
in patients with Covid-19 infection. Further studies
evaluating parameters of endothelial dysfunction are
urgently needed.
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Pandemic: Insights From an Internet
Search for Protocols
Justin Haloot 1, Omar Sheikh 1, Fatima Dollar 1, Heta Javeri 2, Hendre Jeannetta Fichardt 1,
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TX, United States, 2Division of Infectious Disease, Department of Medicine, The University of Texas Health Science Center at
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Background: Due to the ongoing coronavirus disease 2019 (COVID-19) pandemic,

a need for precise donning and doffing protocols for personal protective equipment

(PPE) among healthcare infrastructures is paramount. Procedures involving the cardiac

catheterization laboratory (CCL) are routinely non-aerosolizing but have the potential for

rapid patient deterioration, creating the need for aerosolizing generating procedures.

Multiple societal and governmental guidelines on the use of PPE during medical

procedures are available on Internet websites; however, there is limited literature available

in peer-reviewed formats in this context. This study aims to provide an overview of current

PPE donning and doffing protocols specific to the catheterization laboratory.

Methods: A series of internet searches regarding donning and doffing of PPE in the

CCL including published articles and internet protocols were compiled and compared

using Pubmed.gov, Google.com, www.twitter.com, and www.youtube.com.

Results: Most institutions used N95 masks, shoe covers, at least one head covering,

face shield or goggles, two pairs of gloves, and inner and outer gowns. Doffing variation

was greater than donning. Doffing has the potential to contaminate the healthcare worker

(HCW), and therefore, this step of PPE management requires further study. Common

steps in temporal priority included cleaning of gloved hands, removal of outer (or only)

gown, removal of outer gloves, repeat gloved hand cleaning, removal of facial PPE last,

and a final non-gloved hand cleaning.

Conclusions: This analysis provides a summary of commonly used practices that may

be considered when designing CCL-specific PPE protocols. Analysis of consistent steps

from the literature led the authors to formulate a suggested protocol for CCL HCWs when

performing procedures on patients with confirmed or suspected/unknown COVID-19.

Keywords: COVID-19, personal protective equipment, cardiac cath lab, donning and doffing process, protocol
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INTRODUCTION

As the coronavirus disease 2019 (COVID-19) pandemic
continues to evolve, there is an increased need for healthcare
systems to manage personal protective equipment (PPE)
resources (1). In addition, the highly contagious nature of the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
virus requires healthcare workers (HCWs) to follow protocol
driven use and removal of PPE. Although present for many
years in the medical lexicon, “donning” and “doffing” have now
entered more commonly into daily use with the COVID-19
pandemic. The terms “don” and “doff” are combinations of the
English words “do” “on” and “do” “off” and trace their origins
to the fourteenth century. Proper donning and doffing of PPE
is paramount to reducing HCW exposure to the SARS-CoV-2
virus. Current data suggest that person-to-person transmission
via respiratory droplets is the most common mode of infection.
Surface contamination is also a concern with this virus. Several
studies have now linked infections in HCWs to hospital-based
exposure (2, 3). Data from a hospital experience in China found
that inadequate use of hand washing and PPE was the most likely
cause of nosocomial HCW infection (4).

The intersection of COVID-19 and cardiovascular disease
is multifaceted, and these interactions have been outlined
previously (5). HCWs in the cardiac catheterization laboratory
(CCL) are at possible risk of viral exposure. Although routine
cardiac catheterization is a non-aerosolizing procedure, the
potential for clinical deterioration in critically ill patients
makes this environment important to consider for level
of recommended PPE use. Cardiopulmonary instability with
need for non-invasive mechanical ventilation, intubation, or
cardiopulmonary resuscitation (all aerosolizing treatments) can
occur in patients with acute coronary syndromes—particularly
with ST segment elevation myocardial infarction or cardiogenic
shock. In these scenarios, time delays are suboptimal, making
viral test results unavailable prior to arrival to the CCL.

Multiple societal guidelines and governmental agencies such
as the Centers for Disease Control and Prevention in the
United States have recommended the use of PPE when
performing medical procedures. Hospital systems are commonly
left to develop their own individual set of guidelines—often
based on resource availability. These institutional protocols are
generally not published in peer-reviewed formats but rather
viewable or disseminated on Internet-based sites. The purpose
of this study was to perform an Internet-based search for PPE
protocols relevant to the protection of HCWs in the CCL and to
provide a descriptive overview of current practices.

METHODS

Both published articles and protocols available on the
Internet were included in the present study. For published
papers, PubMed was utilized using the following terms
in combinations: “cardiac catheterization,” “personal
protective equipment,” and “COVID-19.” For the broader
Internet search, these terms were inputted into Google.com,
www.twitter.com, and www.youtube.com. The search date
range for PubMed/LITCOVID was for relevant articles from

January 1, 2020 through July 15, 2020, and the Internet searches
were performed on October 20, 2020. Relevant articles were
screened through initial PubMed review of the title, abstract,
and, as needed, the full manuscript. For protocols obtained
through the Internet searches, the retrieved documents were
included if they contained information about both donning and
doffing with associated PPE equipment delineated. The outline
of the data collection searches is shown in Figure 1. The full
description of each protocol from the initial web search is listed
in Supplementary Table 1.

RESULTS

The search revealed 5 relevant articles from PubMed, 12 from
Google.com searches, 1 from www.twitter.com, and 6 from
www.youtube.com. Seven protocols were from individuals, and
17 were from institutions/hospitals.

PPE Equipment
Of the protocols listed above, 24 provided granular details on
equipment use, donning, and doffing. These protocols included
the Society of Cardiovascular Angiography and Interventions
(SCAI), Italian Society of Interventional Cardiology (GISE),
European Society of Cardiology (6), Stellenbosch University
and Tygerberg Academic Hospital, Indiana Chapter of ACC,
Spanish Society of Cardiology, New York University (NYU),
and University Health System in San Antonio, TX (UHS).
We began our data analysis by looking at the equipment
recommended by these protocols. The results are seen in Table 1.
All protocols recommended the use of standard lead apron
protection, N95 mask or equivalent, goggles and/or face shield,
and two pairs of sterile gloves. One hundred percent of all
protocols recommended the use of at least one head covering,
with 18 (75%) recommending one head covering and 6 (20.8%)
of protocols recommending two head coverings. Eight (33%) of
the protocols recommended use of a surgical mask in addition to
an N95.

Donning
Figure 2 demonstrates the most common steps involved in the
donning of PPE before a procedure in the CCL. The particular
sequence of steps in the donning process was variable among
the listed protocols; therefore, instead of including a sequence,
we instead constructed a figure demonstrating the most common
steps involved. The x-axis shows the various steps in donning,
and the y-axis demonstrates the percentage (%) of protocols that
included that specific step. If a protocol required only one gown,
the step was counted in the “outer gown” since there is no other
gown. Similarly, if only one head covering was required in the
protocol, it was counted in the “outer head cover” category.
In the donning process, only 25% of protocols had a designed
donning area for PPE, which is a stark difference compared to
the doffing process. Seventy-four percent of protocols designated
steps inside the CCL lab and outside CCL (Supplementary Table

2). In comparison, the majority of the doffing process occurs in
the CCL with a few remaining steps outside the CCL.
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FIGURE 1 | Study retrieval flow diagram.

TABLE 1 | Most recommended equipment for doffing/donning PPE in cardiac

cath lab.

Equipment % Recommended (%)

Lead protection 100

N95 mask or equivalent (FFP2) 100

Goggles/face shield 100

2 pairs of sterile gloves 100

Shoe covers 83.3

1 head covering 75

2 gowns 65.2

Designated donning area 41.2

1 gown 37.5

Surgical mask (in addition to N95) 33.3

2 head coverings 20.8

1 pair of sterile gloves 0

The majority of the steps involved includes hand washing,
placement of the outer gown, placement of N95 or equivalent,
placement of goggles and/or face shield, placement of an outer

head cover, and placement of an inner and outer pair of gloves.
Forty-one percent of protocols recommended patients wear
surgical masks. The remaining 59% of protocols did not specify
if patients should wear masks or not; notably, no institution
recommended against the patient wearing a mask. Protocols
had various recommendations regarding patients getting tested,
including depending on specific indications, i.e., testing in non-
critical situations. The details of each protocol are specified in
Supplementary Table 3.

Doffing
Doffing of PPE carries a higher risk of exposure of SARS-
CoV-2 to healthcare workers after interactions with COVID-
19 patients. The first four steps of the doffing process were
determined to be the most crucial and noted that these
steps had the most consistency (Figure 3). Across institutions,
it was found that donning protocols were generally more
homogeneous in regard to equipment used, whereas greater
variation existed among doffing protocols. Our search indicated
that hand washing was the first step in 60% of the protocols
included, followed by removing outer gown (50%) as the
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FIGURE 2 | Most commonly involved steps in donning PPE.

FIGURE 3 | Pie chart of the first four steps recommended for doffing of PPE. Wuhan Asia Heart Hospital did not provide a doffing protocol, so the number of donning

protocols = 24, and the number of doffing protocols = 23.
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second step. The SCAI Emerging Leader Mentorship (ELM)
protocol gave a specification to use a soap and water hand
wash, while the UHS protocol gave a specification of hand
sanitizer (Supplementary Table 4). Other protocols did not
appear to designate a specific type of hand wash. The Spanish
Society of Cardiology and UHS recommended at least two hand
washings—one after the removal of the outer gloves and one
after the removal of the other PPE. The protocol(s) of NYU and
Stellenbosch University and Tygerberg Academic Hospital had
seven steps of hand washing that was done after the removal of
each individual PPE (i.e., hand wash after the removal of the
outer gown, hand wash after removal of the goggles/face mask,
etc.). Variations began to arise starting the third step and beyond
where removal of outer glove (39%), hand washing (18%), outer
gown (13%), placement of a new glove (9%), and removal of
the outer head cover/face shield (9%) were considered the third
step. Likewise, the fourth step was also heterogeneous among
institutions with removal of lead googles (44%), removal of inner
glove (13%), removal of outer gown (9%), hand wash (9%),
removal of face shield (9%), and placement of a new glove (4%).
Variations continued to exist in the subsequent steps; however,
100% of protocols indicated removal of the lead apron to be the
second to last step and additional hand washing to be the final
step. Seventy-five percent of the protocols have designated steps
inside the CCL and steps outside the CCL (Table 2).

DISCUSSION

There has been no established, unified CCL protocol based
on evidence-based medicine to protect against transmission
of SARS-CoV-2. Even prior to the COVID-19 pandemic,
recommendations for sterile techniques within the CCL are not
supported by robust prospective clinical trials (7). Our main
objective was to examine the variation in PPE used and the
donning and doffing protocols available through formal and
informal published sources.

General PPE use as described by the CDC first begins with
proper hand hygiene before patient contact for all healthcare
workers. It is recommended to use an alcohol-based hand rub
with 60–95% alcohol or to wash hands with soap and water for
at least 20 s, the latter being the preferred method. Following
that, the isolation gown, filtering facepiece respirator or higher,
face shield or goggles, and reperforming hand hygiene before
putting on gloves is performed in that order. The appropriate
sequence for donning and doffing PPE can be found on the CDC
website: (https://www.cdc.gov/hai/pdfs/ppe/ppe-sequence.pdf).

PPE and Infection Control Specific to the
CCL
The CCL requires the use of additional radiation-specific PPE
including a one- or two-piece lead/lead equivalent apron, thyroid
collar, and often goggles. As noted earlier, many of the patients
coming to the CCL may be unstable or may become unstable due
to cardiopulmonary compromise. Conversion from contact and
droplet-only PPE to aerosol protection may be impractical while

managing patients in extremis. The CCL environment often
includes multiple HCWs interacting with the patient including
physicians, nurses, technologists, and respiratory therapists.
Having optimally protective PPE for each staff member at the
outset of the case is therefore helpful when dealing with suspected
and confirmed COVID-19 patients.

Furthermore, although not specifically addressed in the
present analysis, the risk of aerosol-mediated contamination of
CCL surfaces is a concern. For this possibility, we have developed
a number of interventions at our own institution that can be
considered. These include using a COVID-19-specific room for
procedures, minimizing extraneous equipment or supplies in the
room, covering equipment with protective drapes if they cannot
be relocated, decreasing unnecessary traffic into or out of the
room, wiping off lead aprons with disinfectant wipes at the end
of the case, use of lead PPE specific for COVID-19/potential
cases, use of ultraviolet-light-based cleaning robots (Xenex, San
Antonio, Texas), and a full terminal cleaning of the room.
CCLs are typical divided into two primary sections: the actual
procedural room and a control room. The infection control
protocols described in the literature focus largely on the actual
procedure room. Given that air flow is generally in continuity
between the two rooms, droplet protection at a minimum with
surgical masks is reasonable while in the control room. Factors
such as proximity of theHCWs in the control room to the patient,
airflow patterns/handling, and aerosol status of the patient may
dictate the use of more protective masks (N95 respirators). The
cleaning of non-disposable PPE, procedure and control rooms,
and other equipment was not consistently reported in the sources
from our survey. Although beyond the scope of the present
analysis, HCW to HCW spread in the CCL is also a concern.
Use of general hand washing, face covering, and social distancing
is advised. This latter component is particularly important in
break rooms where masks might be removed during mealtimes.
Staggering breaks and finding additional locations for meals are
often required in this context.

Summary Recommendations
It should be emphasized that the efficacy and validity of
many of the interventions described in this paper remain to
be confirmed from a microbiological standpoint. The specific
protocols used by individual hospitals are generally based on local
infection control departments with reference to published CDC
recommendations. The present analysis provides a summary of
commonly used practices across multiple institutions that should
be considered when designing a CCL PPE protocol. The majority
of institutions used N95 masks, shoe covers, at least one head
covering, face shield or goggles, two pairs of gloves, and inner and
outer gowns. Doffing variation was greater than donning. Doffing
has the potential to contaminate the HCW, and therefore, this
step of PPE management requires further study. Common steps
in temporal priority included cleaning of gloved hands, removal
of outer (or only) gown, removal of outer gloves, repeat gloved
hand cleaning, removal of facial PPE last, and a final non-gloved
hand cleaning.
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TABLE 2 | Suggested donning/doffing protocol.

Donning:

Step 1: Apply shoe cover

Step 2: First hand wash

Step 3: Wear head cover

Step 4: Wear surgical mask

Step 5: Wear goggles

Step 6: Wear face shield

Step 7: Wear lead apron

Step 8: Sterile hand wash/solution

Step 9: Wear sterile gown

Step 10: Wear inner gloves

Step 11: Wear outer gloves

Doffing:

Step 1: Hand wash with solution

Step 2: Remove outer glove

Step 3: Remove gown with inner gloves and then remove

inner gloves

Step 4: Wear non-sterile gloves

Step 5: Remove lead

Step 6: Remove goggles and face shield

Step 7: Remove shoe covers

Step 8: Dispose of gloves

The following occurs in COVID-19 free area

Step 9: Hand wash

Step 10: Wear non-sterile gloves

Step 11: Remove head cover

Step 12: Remove mask and dispose or recycle

Step 13: Hand wash

Using many consistent items and steps from the literature,
a suggested protocol by the authors can be found in Table 2.
Of note, after initially using two sets of gowns—outer sterile
and an inner non-sterile “bunny suit”—we have adopted a
single sterile outer gown strategy. This modification was done
after consultation with our local infection control team due
to concerns that removal of the inner full body gown would
increase doffing contamination risk. In our institution, the
protocol we describe is invoked for patients with COVID-
19, suspected COVID-19, or those who have an unknown
status of infection (suspected or not suspected). Provided
that adequate PPE supplies remain, this approach affords
defined protection for our CCL HCWs. We further augment
our safety with universal testing of outpatients prior to
catheterization procedures. Inpatients also are universally tested;
however, urgent cases are done with PPE protection even
if results are not available. In addition, we recommend
involved HCWs to undergo simulation training per their
institution’s protocol to avoid or minimize exposure to
infectious material.

With this study, we present a review of the current methods
utilized for donning and doffing of PPE in the CCL. To date,
there has been no established study formally examining the best
method of donning and doffing of PPE in the CCL for the

protection of HCW. This study provides an initial analysis and
evidence of current practices.

LIMITATIONS

One major limitation of this study is the utilization of atypical
research methods. COVID-19 is a rapidly growing entity creating
a need for rapid development of guidelines and protocols
for the treatment of these patients. Our research depended
on protocols published by the various institutions in multiple
platforms on the Internet including YouTube and Twitter. The
amount of information is dependent on the amount shared
by each institution, which makes it difficult to compare. It
was noted that some institutions also promoted similarly used
content. For example, cardiovascular innovations utilized similar
material from GISE. We counted the protocol as a protocol for
cardiovascular innovations, as this was what they recommended
publicly. Therefore, there may be some duplicate protocols due
to being similar to other published information.

Currently, there is a lack of randomized studies to determine
which specific protocol would provide the best protection
for healthcare workers. Our study is mainly descriptive in
nature. This is largely in part due to the diverse nature of
the protocols utilized at the different institutions. This would
make it difficult to allow for comparison. We recommend
that institutions develop a trial to study their specific protocol
and examine the rate of COVID-19 transmission to HCWs
in the CCL and compare their results with other institutions
with the ultimate goal of identifying practices that decrease
COVID-19 transmission.

Despite these limitations, media outlets have allowed for
greater communication of protocols between institutions. Rather
than waiting for a unified guideline, institutions can share their
experiences in real time. Shared information has allowed for the
formation of more formal statements/guidelines as seen by SCAI,
GISE, European Society of Cardiology (ESC), and the Spanish
Society of Cardiology.

The fight against COVID-19 and PPE continues to evolve,
which provides a temporal limitation to our study. As the
pandemic continues, the medical community innovates in
PPE utilization. One current new method is the use of
antibacterial and antiviral agents for the reuse of PPE. The most
promising methods include ultraviolet germicidal irradiation,
vaporous hydrogen peroxide, and moist heat. The CDC
recommends utilization of these methods mainly when there
is a shortage of PPE or filtering facepiece respiratory (FFR)
(8). More studies will be needed to determine the efficacy of
these methods.

CONCLUSIONS

As the COVID-19 pandemic evolves, the protection of
healthcare workers has become crucial. HCWs can significantly
reduce their risk of acquiring the virus by adhering to
society/guideline recommendations, specifically during the
donning and doffing of PPE. The steps involved in the donning
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and doffing vary across institutions. From our analysis, we
found 24 protocols from multiple databases including PubMed,
Google.com, www.twitter.com, and www.youtube.com, listing
the number of steps involved and the amount of PPE used per
protocol. We have a suggested protocol that we developed at
our home institution, University Health System, San Antonio.
With time and more analysis, our hope is that a unified protocol
that carries the lowest risk of contamination for HCWs can be
adopted among many institutions.
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Background: Accumulating evidence has revealed that coronavirus disease 2019

(COVID-19) patients may be complicated with myocardial injury during hospitalization.

However, data regarding persistent cardiac involvement in patients who recovered from

COVID-19 are limited. Our goal is to further explore the sustained impact of COVID-19

during follow-up, focusing on the cardiac involvement in the recovered patients.

Methods: In this prospective observational follow-up study, we enrolled a total of 40

COVID-19 patients (20 with and 20 without cardiac injury during hospitalization) who

were discharged from Zhongnan Hospital of Wuhan University for more than 6 months,

and 27 patients (13 with and 14 without cardiac injury during hospitalization) were

finally included in the analysis. Clinical information including self-reported symptoms,

medications, laboratory findings, Short Form 36-item scores, 6-min walk test, clinical

events, electrocardiogram assessment, echocardiography measurement, and cardiac

magnetic resonance imaging was collected and analyzed.

Results: Among 27 patients finally included, none of patients reported any

obvious cardiopulmonary symptoms at the 6-month follow-up. There were no

statistically significant differences in terms of the quality of life and exercise

capacity between the patients with and without cardiac injury. No significant

abnormalities were detected in electrocardiogram manifestations in both groups,

except for nonspecific ST-T changes, premature beats, sinus tachycardia/bradycardia,

PR interval prolongation, and bundle-branch block. All patients showed normal

cardiac structure and function, without any statistical differences between patients

with and without cardiac injury by echocardiography. Compared with patients

without cardiac injury, patients with cardiac injury exhibited a significantly higher

positive proportion in late gadolinium enhancement sequences [7/13 (53.8%) vs.

1/14 (7.1%), p = 0.013], accompanied by the elevation of circulating ST2 level

[median (interquartile range) = 16.6 (12.1, 22.5) vs. 12.5 (9.5, 16.7); p = 0.044].
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Patients with cardiac injury presented higher levels of aspartate aminotransferase,

creatinine, high-sensitivity troponin I, lactate dehydrogenase, and N-terminal pro–B-type

natriuretic peptide than those without cardiac injury, although these indexes were

within the normal range for all recovered patients at the 6-month follow-up. Among

patients with cardiac injury, patients with positive late gadolinium enhancement

presented higher cardiac biomarker (high-sensitivity troponin I) and inflammatory

factor (high-sensitivity C-reactive protein) on admission than the late gadolinium

enhancement–negative subgroup.

Conclusions: Our preliminary 6-month follow-up study with a limited number of patients

revealed persistent cardiac involvement in 29.6% (8/27) of recovered patients from

COVID-19 after discharge. Patients with cardiac injury during hospitalization were more

prone to develop cardiac fibrosis during their recovery. Among patients with cardiac injury,

those with relatively higher cardiac biomarkers and inflammatory factors on admission

appeared more likely to have cardiac involvement in the convalescence phase.

Keywords: cardiac magnetic resonance imaging, fibrosis, follow-up, cardiac injury, COVID-19

INTRODUCTION

The novel coronavirus disease 2019 (COVID-19) caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) infection has developed into an unprecedented global
pandemic (1). To date, more than 140 million confirmed
cases have been identified in more than 200 countries around
the world, according to the latest data from the World
Health Organization. The clinical presentation of COVID-
19 is mostly characterized by respiratory symptoms, and
the lung is the major organ involved, causing complications
related to pneumonia and acute respiratory distress syndrome
(2). Accumulating evidence has revealed that COVID-19
affects multiple organs including the cardiovascular system

(3–6). In our previous report, we have demonstrated that
myocardial injury with troponin elevation is significantly
associated with fatal outcomes of COVID-19 patients, which
has been confirmed by other studies (7–12). However, it
is unknown whether patients with cardiac injury during
hospitalization suffer from a sustained myocardial impairment,
cardiac sequelae during their convalescence, and the implications
of persistent cardiac involvement on the consequence are
not clear.

Recent follow-up studies have demonstrated that patients
in the early convalescence may suffer from impairment of
pulmonary function, symptoms of fatigue, and physical and
psychological damage after their discharge for 1 month (13–16).
Some studies have also reported short-term cardiac involvement
in convalescent patients (17, 18). Nevertheless, longer follow-
up studies are needed to fully evaluate the long-term cardiac
impact of COVID-19. In this study, the patients with COVID-
19 who were discharged from our hospital for more than 6
months were enrolled and analyzed. The purpose of our study
was to further observe the persistent impact of COVID-19
during follow-up, focusing on the cardiac involvement in the
recovered patients.

METHODS

Study Design and Participants
A prospective observational study was designed to investigate
the long-term prognosis of COVID-19 patients with or without
cardiac injury during hospitalization. The study protocol was
approved by the ethics committees of Zhongnan Hospital
of Wuhan University and conducted in accordance with the
Declaration of Helsinki and the International Conference on
Harmonization Guidelines for Good Clinical Practice. Written
informed consent was obtained from all participants.

The participants were consecutively recruited at Zhongnan
Hospital of Wuhan University from March 1 to April 1, 2020.
Initially, 32 patients with cardiac injury during hospitalization
were screened for eligibility. The enrolled patients had to
meet the following eligibility requirements: (1) patients were
older than 18 years old; (2) patients were diagnosed as
COVID-19 based on a positive real-time polymerase chain
reaction (RT-PCR) for SARS-CoV-2 in association with clinical
symptoms according to the diagnosis and treatment guideline
published by the National Health Commission of China
during hospitalization; (3) patients had cardiac injury during
hospitalization. Cardiac troponin I (cTnI) was measured using
a high-sensitivity cTnI (hs-cTnI) assay (Abbott ARCHITECT).
The assay’s limit of detection is 1.9 pg/mL, the 99th percentile
upper reference limit (URL) is 26.2 pg/mL, and the coefficient
of variation at 26.2 pg/mL is <5%. Cardiac injury was defined
as at least one cTn concentration is above the 99th percentile
URL (>26.2 pg/mL); (4) patients who recovered from SARS-
CoV-2 infection and discharged from the hospital for more than
6 months at follow-up; (5) patients consented to participate in
the follow-up study. Patients were discharged if a combination
of the following criteria was satisfied according to the guideline
of the Chinese Center for Disease Control and Prevention:
the absence of fever for at least 3 days, clinical remission
of respiratory symptoms, substantial improvement in acute
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exudative lesions on chest computed tomography scan, and two
consecutive throat swabs negative RT-PCR test results for SARS-
CoV-2 RNA obtained at least 24 h apart. The baseline clinical
information, including demographic characteristics, coexisting
diseases, laboratory findings, and clinical treatments during
hospitalization, was collected using a standardized case report
form at the time of patients’ enrollment via electronic medical
charts. Besides, the patients with the following conditions were
excluded from this study: (1) patients had contraindications
to the examination of cardiac magnetic resonance (CMR)
imaging; (2) patients had a history of coronary heart disease or
cardiomyopathy before admission; (3) patients had a malignant
tumor for which life expectancy was <6 months; (4) liver
or kidney dysfunction unrelated to COVID-19 [aspartate
aminotransferase (AST) or alanine aminotransferase (ALT) is 2
times higher than the upper threshold; creatinine >90 µmol/L].
Finally, 20 patients with cardiac injury were included in the
schedule for routine follow-up appointments in the outpatient
clinic 6 months after discharge. For comparisons, 20 age- and
gender-matched COVID-19 patients without cardiac injury were
included as controls in this prospective study. Their inclusion
and exclusion criteria were consistent with that in patients with
cardiac injury, except for the requirements of elevated hs-cTnI
level during hospitalization.

The Clinical Follow-Up
Investigators were instructed to contact patients and perform
face-to-face interviews at predesignated times after discharge,
to collect relevant clinical information. The information
included self-reported symptoms, medications, laboratory
findings (biomarkers for liver and renal function, coagulation,
inflammation, and myocardial injury), quality-of-life scores
[Short Form 36-item questionnaire (SF-36)], 6-min walk test,
clinical events, electrocardiogram (ECG), echocardiography,
and CMR imaging. Also, the serum level of soluble ST2 was
quantified using a commercial enzyme-linked immunosorbent
assay kit (R&D Systems, DST200). The observation window of
follow-up was defined as the interval range from the date of
discharge to the date of the last contact. If a patient was only
contacted by physicians via telephone follow-up and refused to
undergo laboratory and imaging examinations, the patient was
then not included in the analysis. The last follow-up date was
October 17, 2020.

Quality-of-Life Assessment
The quality of life of the patients at follow-up was evaluated by
the SF-36 survey. The SF-36 scale was composed of 36 items,
which can be divided into eight dimensions, including physical
functioning, role limitation due to physical problems (role
physical), bodily pain, general health, vitality, social functioning,
and role limitation due to emotional health problems (role
emotional). Each dimension was scored separately from 0 to 100,
with high values representing better functional status.

Exercise Tolerance Test
Exercise endurance of patients was performed by a 6-min walk
test without supplemental oxygen. Measurements of heart rate

(HR), systolic/diastolic blood pressure, and percutaneous oxygen
saturation (SpO2) were measured. Rating of perceived exertion
with Borg scale in patients was also scored after the 6-min
walk test.

Transthoracic Echocardiography
The cardiac structure and function of patients were evaluated
by sequential transthoracic echocardiography scans using a
P4-2S ultrasound scanner (Mindray; Shenzhen, China). From
the parasternal long-axis view, we obtained the systolic and
diastolic measurements, including left atrial (LA) dimension, left
ventricular (LV) dimension, right atrial (RA) dimension, right
ventricular (RV) dimension, interventricular septum thickness
(IVS), and LV posterior wall thickness (LVPW). Tricuspid
annular plane systolic excursion (TAPSE) was measured as the
systolic displacement of the tricuspid lateral annulus on M-mode
imaging. We used M-mode echocardiography to calculate LV
ejection fraction (LVEF).

CMR Imaging
A 3.0-T MR scanner (Prisma, Siemens Healthcare, Germany)
was applied to obtain CMR imaging in all patients. The data
were collected through an 18-channel phased-array body coil
combined with 12 channels from the spine coil. Patients with

a HR higher than 75 beats/min were administered with β-
blocker (metoprolol, 25–50mg). We first used the conventional
CMR scan protocol, including long- and short-axis cine and
late gadolinium enhancement (LGE) to obtain images, and
then native T1 mapping and extracellular volume (ECV) were
quantitatively evaluated. T1 myocardial mapping was collected
in three locations covering the base, midventricle, and apex of
the short-axis LV by a modified Look-Locker inversion recovery
pulse sequence before contrast administration. After patients
were administered with 0.10–0.15/kg gadoterate meglumine
(Dotarem; Guerbet AG, Paris, France), LGE sequences were
obtained approximately for 10–15min. Postcontrast T1 mapping
was obtained approximately for 15–20min after gadoterate
meglumine administration, and postcontrast T1 mapping was
collected using the same imaging plane as the pre-contrast
T1 mapping. Two experienced radiologists blindly analyzed all
CMR images using a commercial software cvi 42, v.5.3 (Circle
Cardiovascular Imaging, Calgary, Alberta, Canada). If there are
any discrepancies between the two radiologists, another senior
radiologist adjudicated the CMR imaging.

Statistical Analysis
Patients were divided into two groups based on hs-cTnI level
throughout hospitalization, and their baseline characteristics
and follow-up findings were then compared. The continuous
data were presented as median [interquartile range (IQR)], and
their comparisons between groups were performed by Mann–
Whitney U tests. For categorical variables, data were expressed
as frequency (percentage) and compared by Fisher exact test. R
version 3.4.0 (Vienna, Austria) was used to perform statistical
analysis. All comparisons were two-sided, and a p < 0.05 was
considered statistically significant.
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FIGURE 1 | A flowchart of patient recruitment.

RESULTS

Patient Characteristics
A flowchart for patient recruitment is illustrated in Figure 1.
Based on the inclusion and exclusion criteria, 40 consecutive
patients admitted to our hospital from March 1 to April 1,
2020, were initially followed up. No patients were readmitted
for cardiopulmonary reasons or died during follow-up. Five
patients could not complete the examination of CMR for
allergic reaction to contrast media (two patients), claustrophobia
(one patient), unwillingness (one patient), and presence of
metal implants during follow-up (one patient). One patient
had severe liver dysfunction for acute viral hepatitis. One
patient suffered from pneumothorax caused by thoracic trauma.
Two patients dropped out of the study because of withdrawal
of consent. Four patients refused to return to the hospital
for reexamination because of fearing reinfection. At last,
a total of 27 patients who recovered from COVID-19 for
at least 6 months were enrolled for analysis, of which
myocardial injury with positive troponin (hs-TnI >26.2 pg/mL)
throughout hospitalization was confirmed in 13 patients
(exclusion of acute coronary syndrome), and 14 age- and
gender-matched patients without cardiac injury were included
as controls.

The details of baseline characteristics are presented in Table 1.
The median ages were 63 years (IQR = 59–70 years) in

patients with cardiac injury and 63 years (IQR = 57–70
years) in those without cardiac injury, respectively. Of the
27 patients, 16 were diagnosed with moderate-type COVID-
19, 8 with severe-type, and 3 with critical type, according to
the Diagnosis and Treatment Protocol of Novel Coronavirus
issued by the National Health Commission of the People’s
Republic of China (fifth version). Patients with cardiac injury
were tended to be identified with more severe and critical
types (8/13 vs. 3/14; Table 1). The median duration of hospital
stay was 11 days (IQR = 8–18 days). Comorbidities were
presented in nine patients, with a history of diabetes in five
patients (18.5%) and hypertension in four patients (14.8%).
During COVID-19 hospitalization, 81.5% of patients underwent
antiviral therapy (19/27), antibiotics (12/27), corticosteroids
(5/27), immunoglobulin (1/27), oxygen inhalation (16/27), and
mechanical ventilation (2/27). Angiotensin-converting enzyme
inhibitor (1/27), β-blocker (2/27), calcium-channel blocker
(4/27), and statin (2/27) were applied in these patients after
discharge. There were no statistical differences in age, gender,
underlying commodities, therapeutic history, and medication
after discharge between the patients with and without cardiac
injury. For the laboratory values on admission, patients with
cardiac injury showed significantly higher levels of lactate
dehydrogenase (LDH), creatinine, and N-terminal pro–B-type
natriuretic peptide (NT-proBNP) compared with those without
(all p < 0.05). However, the elevation of hs-cTnI was marginally
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TABLE 1 | Baseline characteristics of study subjects.

Characteristics Overall Patients with cardiac injury Patients without cardiac injury p

(n = 27) (n = 13) (n = 14)

Age (years) 63 [58, 70] 63 [59, 70] 63 [57, 70] 0.697

Male n (%) 8 (29.6) 4 (30.8) 4 (28.6) 0.999

Illness classification n (%) 0.054

Mild 16 (59.3) 5 (38.5) 11 (78.6)

Severe/critical 11 (40.7) 8 (61.5) 3 (21.4)

Length of hospital stay (days) 11 [8, 18] 11 [9, 24] 10 [8, 13] 0.205

Presence of comorbidities

History of hypertension n (%) 4 (14.8) 1 (7.7) 3 (21.4) 0.596

History of diabetes mellitus n (%) 5 (18.5) 2 (15.4) 3 (21.4) 0.999

History of coronary heart disease n (%) 0 (0.0) 0 (0.0) 0 (0.0) –

History of heart failure n (%) 0 (0.0) 0 (0.0) 0 (0.0) –

History of atrial fibrillation n (%) 0 (0.0) 0 (0.0) 0 (0.0) –

History of cardiomyopathy n (%) 0 (0.0) 0 (0.0) 0 (0.0) –

Laboratory values on admission

WBC (109/L) 5.7 [4.6, 6.7] 5.9 [4.5, 8.1] 5.5 [4.7, 6.6] 0.607

Hb (1012/L) 121 [114, 130] 123 [112, 129] 120 [115, 130] 0.797

PLT (109/L) 203 [169, 253] 192 [178, 238] 216 [165, 253] 0.738

ALT (U/L) 32 [20, 45] 32 [24, 42] 28 [17, 45] 0.425

AST (U/L) 27 [19, 35] 32 [24, 48] 22 [16, 30] 0.057

LDH (U/L) 258 [171, 338] 332 [227, 422] 185 [156, 274] 0.046

Creatinine (umol/L) 52 [46, 67] 64 [51, 76] 51 [44, 59] 0.027

hs-cTnI (pg/mL) 6.3 [2.2, 14.6] 9.9 [5.6, 20.6] 5.3 [2.0, 6.8] 0.061

NT-proBNP (pg/mL) 278 [121, 388] 390 [324, 530] 123 [116, 274] 0.020

hs-CRP (mg/L) 10.8 [2.6, 74.7] 29.0 [5.5, 81.4] 3.6 [2.3, 33.9] 0.219

IL-6 (pg/mL) 12.6 [4.8, 20.3] 9.2 [5.2, 12.9] 17.4 [8.3, 24.3] 0.418

D-dimer (ng/mL) 337 [292, 847] 332 [313, 912] 346 [222, 749] 0.554

Treatments during hospitalization

Antibiotics n (%) 12 (44.4) 6 (46.2) 6 (42.9) 0.870

Corticosteroids n (%) 5 (18.5) 3 (23.1) 2 (14.3) 0.557

Antiviral drugs n (%) 19 (70.4) 10 (76.9) 9 (64.3) 0.472

Immunoglobulin n (%) 1 (3.7) 0 (0.0) 1 (7.1) 0.326

Oxygen inhalation n (%) 16 (59.3) 9 (69.2) 7 (50.0) 0.310

Mechanical therapy n (%) 2 (7.4) 2 (15.4) 0 (0.0) 0.127

WBC, white blood cell; Hb, hemoglobin; PLT, platelets; ALT, glutamic-pyruvic transaminase; AST, glutamic-oxalacetic transaminease; LDH, lactate dehydrogenase; hs-cTnI,

high-sensitivity cardiac troponin I; NT-proBNP, N-terminal pro-B-type natriuretic peptide; hs-CRP, high-sensitivity C-reactive protein; IL-6, interleukin-6.

significant (p = 0.061) on admission, although hs-cTnI levels
were confirmed to be significantly elevated in all patients with
cardiac injury during their hospitalization.

Quality-of-Life Assessments and Exercise
Capacity Test
At a 6-month follow-up, none of the patients reported any
obvious cardiopulmonary symptoms such as chest distress,
chest pain, palpitation, and anhelation. These patients presented
normal HR and blood pressure, and there were no significant
differences between patients with and without myocardial injury.
The SF-36 questionnaire was performed to assess the quality of
life of the patients. No significant difference was observed in
the SF-36 mean scores for eight specific dimensions between the

patients with cardiac injury and those without, as illustrated in
Table 2. All patients were also instructed to undergo a 6-min walk
test to evaluate the exercise tolerance, except for two with leg
pain. The walk distance median was 334 (IQR = 315–358), and
oxygen saturation did not decrease after exercise. Although two
patients (one in each group) reported obvious fatigue, the blood
pressure and dyspnea on the Borg scale after the test did not show
any abnormity (Table 2). There was no significant difference in
exercise capacity between the patients with and without cardiac
injury (Table 2).

ECG Findings
In patients without cardiac injury, changes of T-wave
morphology and ST segment were the most common ECG
manifestations (7/14, 50%), especially in older patients.
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TABLE 2 | SF-36 questionnaire and 6-min walk test at 6-month follow-up.

Measurements Overall Patients with cardiac injury Patients without cardiac injury p

(n = 27) (n = 13) (n = 14)

SF-36 questionnaire

Physical functioning 85 [73.8, 91.2] 75 [62, 89] 90 [78, 94] 0.193

Role-physical 75 [0, 100] 75 [0, 100] 88 [0, 100] 0.976

Bodily pain 84 [62, 100] 100 [74, 100] 84 [54, 96] 0.161

General health 55 [35, 70] 55 [38, 72] 52 [35, 68] 0.804

Vitality 65 [45, 80] 65 [45, 75] 62 [46, 85] 0.660

Social functioning 63 [25, 63] 62 [50, 75] 62 [25, 62] 0.352

Role-emotional 100 [67, 100] 100 [84, 100] 100 [42, 100] 0.306

Mental health 76 [56, 88] 76 [64, 84] 80 [56, 88] 0.934

Reported health transition 2 [1, 3] 2 [1, 3] 2 [1, 3] 0.908

6-min walk test

Distance (m) 334 [315, 358] 344 [324, 358] 334 [301, 358] 0.624

HR before test (bpm) 75 [68, 85] 75 [69, 88] 75 [67, 84] 0.742

Systolic pressure before test (mmHg) 121 [110, 138] 136 [105, 142] 116 [111, 134] 0.412

Diastolic pressure before test (mmHg) 78 [74, 83] 79 [71, 87] 78 [75, 82] 0.945

Spo2 before test (%) 98 [97, 99] 98 [97, 99] 97 [96, 99] 0.505

HR after test (bpm) 75 [68, 85] 75 [69, 88] 75 [67, 84] 0.742

Systolic pressure after test (mmHg) 129 [122, 143] 130 [115, 144] 127 [122, 143] 0.999

Diastolic pressure after test (mmHg) 79 [73, 86] 80 [71, 86] 79 [73, 86] 0.950

Spo2 after test (%) 99 [98, 100] 99 [98, 100] 98 [98, 99] 0.356

Borg score after test 0.0 [0.0, 0.4] 0.0 [0.0, 0.0] 0.0 [0.0, 0.5] 0.742

HR, heart rate.

Premature beat (1/14, 7.1%) was also observed. In patients with
cardiac injury, ST-segment change (1/13, 7.7%), premature beat
(1/13, 7.7%), sinus tachycardia (1/13, 7.7%), sinus bradycardia
(1/13, 7.7%), prolongation of PR interval (1/13, 7.7%), and
bundle-branch block (2/13, 15.4%) were identified.

Echocardiography Findings
Echocardiographic characteristics of patients who recovered
from COVID-19 are summarized in Table 3. Compared with
reference values, no patients showed abnormalities in cardiac
structure, as indicated by normal LA dimension, LV dimension,
RA dimension, RV dimension, IVS, and LVPW. The functions of
LV and RV were preserved, as evidenced by LVEF and TAPSE,
respectively. All echocardiographic parameters were statistically
comparable between the patients with and without cardiac injury
(Table 3).

CMR Findings
Most of the morphological and functional parameters were
within the reference range, as indicated by LVEF, cardiac output,
cardiac index, end-diastolic volume index, end- systolic volume
index, stroke volume index, and myocardial mass index. There
were no significant differences among these parameters between
the two groups (Table 3). A total of eight patients (8/27, 29.6%)
were observed with positive LGE, indicating the existence of
myocardial fibrosis. The median of the LGE volume to the total

LV myocardium volume ratio was 8.4% (IQR = 7.2%−9.2%;
range from 5.5 to 9.9%). Most LGEs (7/8, 87.5%) were located at
LV septal segments, followed by RV insertion points (4/8, 50%).
Importantly, compared with patients without cardiac injury,
patients with cardiac injury exhibited a much higher positive
proportion in LGE sequences [7/13 (53.8%) vs. 1/14 (7.1%), p =
0.013]. Representative CMR images with LGE positive are shown
in Figure 2. There were no significant differences for native T1
and ECV measurements between the two groups.

Laboratory Findings
Laboratory findings are presented in Table 3. Most of the
serum biochemical indexes were within the normal range for
recovered patients at the time of 6-month follow-up. However,
patients with and without cardiac injury still differed significantly
concerning multiple indexes of organ function including the
liver, kidney, and heart. Patients with cardiac injury showed
significantly higher levels of AST, LDH, creatinine, hs-cTnI,
and NT-proBNP, compared with patients without cardiac injury.
Notably, consistent with CMR findings, ST2, a recommended
indicator of myocardial fibrosis, was higher in patients with
cardiac injury (19, 20). No significant differences were observed
in the levels of inflammatory factors, interleukin 6, and high-
sensitivity C-reactive protein (hs-CRP). The levels of coagulation
index D-dimer were also comparable between the two groups.
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TABLE 3 | Echocardiography, cardiac magnetic resonance imaging and laboratory findings at 6-month follow-up.

Measurements Overall Patients with cardiac injury Patients without cardiac injury p

(n = 27) (n = 13) (n = 14)

ECHO parameters

LA (mm) 34 [30, 38] 31 [30, 34] 35 [34, 38] 0.094

LV (mm) 45 [43, 47] 44 [42, 47] 46 [44, 48] 0.135

RA (mm) 38 [35, 41] 38 [35, 41] 38 [36, 40] 0.897

RV (mm) 25 [21, 29] 23 [20, 29] 26 [22, 29] 0.340

IVS (mm) 10 [9, 11] 10 [9, 10] 11 [9, 11] 0.155

LVPW (mm) 10 [9, 11] 10 [9, 10] 11 [9, 11] 0.134

LVEF (%) 60 [56, 66] 61 [53, 66] 60 [57, 66] 0.700

TAPSE 27 [26, 30] 26 [22, 29] 27 [26, 30] 0.187

CMR parameters

LGE n (%) 8 (29.6) 7 (53.8) 1 (7.1) 0.013

LVEF (%) 56 [54, 59] 55 [53, 58] 57 [54, 59] 0.537

EDV (mL) 94 [89, 106] 93 [88, 100] 95 [90, 109] 0.498

ESV (mL) 43 [37, 49] 42 [34, 46] 43 [39, 50] 0.878

Myo mass (g) 65 [57, 73] 63 [51, 70] 68 [60, 75] 0.230

CO (L/min) 3.5 [3.1, 3.9] 3.2 [2.7, 3.6] 3.8 [3.3, 3.9] 0.196

Cl (L/min/m2 ) 2.1 [1.8, 2.3] 2.1 [1.8, 2.3] 2.0 [1.8, 2.3] 0.805

EDVI (mL/m2) 57 [52, 63] 60 [54, 66] 54 [50, 61] 0.206

ESVI (mL/m2 ) 25 [22, 31] 26 [23, 31] 24 [22, 29] 0.422

SVI (mL/m2 ) 33 [29, 37] 33 [29, 38] 32 [28, 34] 0.371

Myo mass index (g/m2) 38 [35, 43] 40 [33, 43] 38 [35, 42] 0.975

T1 mapping 1211.7 [1185.2, 1247.1] 1242.6 [1202.6, 1265.3] 1205.1 [1179.0, 1236.5] 0.196

ECV 0.28 [0.26, 0.31] 0.28 [0.25, 0.30] 0.29 [0.27, 0.31] 0.618

Laboratory findings

ALT (U/L) 20 [13, 29] 23 [16, 36] 16 [12, 28] 0.152

AST (U/L) 22 [16, 29] 29 [19, 30] 17 [14, 24] 0.004

LDH (U/L) 198 [164, 218] 217 [212, 224] 168 [151, 187] 0.001

Creatinine (umol/L) 58 [50, 68] 65 [57, 78] 52 [47, 60] 0.016

hs-cTnI (pg/mL) 2.9 [2.0, 4.4] 4.3 [2.0, 6.7] 2.5 [1.8, 2.9] 0.041

NT-proBNP (pg/mL) 73 [49, 100] 99 [78, 138] 47 [36, 61] 0.004

hs-CRP (mg/L) 0.9 [0.6, 2.1] 0.8 [0.5, 2.0] 1.5 [0.8, 2.2] 0.356

IL-6 (pg/mL) 1.5 [1.5, 1.9] 1.5 [1.5, 1.5] 1.7 [1.5, 3.0] 0.117

D-dimer (ng/mL) 146 [103, 230] 152 [138, 213] 120 [90, 230] 0.227

ST2 (ng/mL) 14.1 [9.8, 17.9] 16.6 [12.1, 22.5] 12.5 [9.5, 16.7] 0.044

ECHO, echocardiography; CMR, Cardiac Magnetic Resonance; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; IVS, interventricular septum; LVPW, left ventricular

posterior wall; SV, stroke volume; LGE, late gadolinium enhancement; LVEF, left ventricular ejection fraction; TAPSE, tricuspid annular plane systolic excursion; EDV, end-diastolic

volume; ESV, end-systolic volume; CO, cardiac output; CI, cardiac index; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; SVI, stroke volume index; ECV, extracellular

volume; ALT, glutamic-pyruvic transaminase; AST, glutamic-oxalacetic transaminease; LDH, lactate dehydrogenase; hs-cTnI, high-sensitivity cardiac troponin I; NT-proBNP, N-terminal

pro-B-type natriuretic peptide; hs-CRP, high-sensitivity C-reactive protein; IL-6, interleukin-6.

Comparison Between Patients Detected
With and Without Positive LGE
According to the presence or absence of positive LGE, patients
with cardiac injury were further divided into two subgroups
(Table 4). Patients in the LGE-positive group were diagnosed
with more severe and critical types (6/7 vs. 2/6; Table 4), and
more patients were subjected to oxygen inhalation (7/7 vs. 2/6;
Table 4) than those with negative LGE. Although the number of
patients was limited, compared with the LGE-negative patients,
patients with positive LGE presented higher cardiac biomarker

(hs-cTnI, median [IQR]: 20.6 [12.6, 27.8] vs. 3.6 [2.8, 4.3], p =

0.011), and inflammatory factor (hs-CRP, median [IQR]: 84.2
[73.1, 159.8] vs. 5.2 [1.8, 6.3], p = 0.009) on admission. There
were no significant differences in these indexes at the 6-month
follow-up between the two groups.

DISCUSSION

To the best of our knowledge, this is the first prospective study
reporting 6-month follow-up data of patients who recovered
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FIGURE 2 | Representative CMR images with LGE positive in patients who

recovered from COVID-19. (A,B) A 31-year-old male patient with cardiac injury

underwent CMR 6 months after recovery from COVID-19. The short-axis LGE

sequence showed enhancement in the LV septal segment (A, red arrows).

Increased native T1 was shown in the corresponding location of focal LGE (B,

red arrows). (C,D) A 63-year-old female patient with cardiac injury underwent

CMR 6 months after recovery from COVID-19. The short-axis LGE sequence

showed enhancement in the right ventricular insertion point (C, red arrow).

Increased native T1 was shown in the corresponding location of focal LGE (D,

red arrow).

from COVID-19. Of the 27 patients enrolled, no patients
reported any obvious cardiopulmonary symptoms at the 6-
month follow-up, and there were no statistically significant
differences in terms of the quality of life and exercise capacity
between the patients with and without cardiac injury, as
demonstrated by the SF-36 and 6-min walk tests, respectively.
Echocardiography and ECG measurements did not exhibit
any obvious abnormalities in these 27 patients, after their
recovery from COVID-19 for 6 months. However, comparing
the groups of patients with and without cardiac injury, a
much higher proportion of positive LGE was found in patients
with cardiac injury [7 of 13 (53.8%) vs. 1 of 14 (7.1%), p =

0.013], accompanied by the elevation of circulating ST2 level,
a recommended indicator of myocardial fibrosis. Patients with
cardiac injury presented higher levels of AST, LDH, creatinine,
hs-cTnI, and NT-proBNP than those without cardiac injury,
which suggested that COVID-19 patients with cardiac injury
during hospitalization needed a long-term recovery from cardiac
events associated with COVID-19. Nevertheless, these indexes
were within the normal range for all recovered patients at the
6-month follow-up.

Previous studies revealed that impaired RV function was
detected in patients who recovered from COVID-19 who
demonstrated cardiac involvement in the early stage (less than

3 months) of recovery (17, 18). In a recent echocardiographic
study in patients with COVID-19, 39% showed RV dilatation
dysfunction during hospitalization (21). Compared with patients
with normal troponin, patients with elevated troponin presented
no significant difference in LV function, but they were identified
with worse RV function. However, in our study, recovered
patients showed both normal functions of LV and RV, without
significant difference between the patients with and without
myocardial damage. Longer follow-up duration may be a
plausible explanation accounting for this discrepancy. The
median duration between discharge and echocardiographywas as
long as 188 days (IQR= 182–210 days) in our current study. The
cardiac function had returned to normal at the 6-month follow-
up, although these patients may have suffered from cardiac
dysfunction during early convalescence.

An important finding of the CMR assessment is that more
than half of patients (7/13, 53.8%) in the cardiac injury group
were identified with LGE positive, whereas only one patient
(1/14, 7.1%) was observed with LGE positive in patients
without cardiac injury. LGE imaging is currently recognized
as the gold standard for non-invasive assessment of localized
myocardial fibrosis (22). Consistent with the CMR findings,
patients with cardiac injury were also detected with higher
circulating levels of ST2, a recommended indicator of myocardial
fibrosis (19, 20). These results suggest a more frequent existence
of cardiac fibrosis in patients with cardiac injury during
their convalescence from COVID-19. Further analysis indicated
that patients with positive LGE exhibited higher troponin
and hs-CRP on admission, although these biomarkers did
not differ significantly between the LGE-positive and LGE-
negative subgroups in the convalescence stage. These findings
provided important insights into the association of myocardial
injury in hospitalized patients and cardiac involvement during
their recovery from COVID-19. Patients with cardiac injury
appeared to be more prone to develop cardiac fibrosis after their
recovery. Among these patients, it seemed that more attention
should be paid to those with relative higher cardiac biomarkers
and inflammatory factors on admission in their convalescence
phase. Because of the limited number of included patients,
correlation analyses were not conducted. Even so, our results
may suggest a possible predictive value of cardiac biomarkers and
inflammatory factors in cardiac fibrosis in patients who recovered
from COVID-19.

It was reported that cardiac remodeling may occur following
viral infection-induced myocardial damage (23). Consistent
with this, although LVEF was preserved in all patients who
recovered from COVID-19, myocardial fibrosis was detected
using CMR, especially in those with elevated troponin during
hospitalization. Nevertheless, myocardial fibrosis induced by
aging and preexisting cardiac conditions cannot be completely
excluded. In our cohort, we noted that a 31-year-old male
patient without cardiac comorbidities and a family history of
heart disease suffered from myocardial damage followed by
COVID-19 infection and was identified with cardiac fibrosis
at a 6-month follow-up (Figure 2). It is plausible to believe
that cardiac fibrosis may occur in patients during the recovery
phase due to COVID-19–triggered myocardial damage, which
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TABLE 4 | Comparison between patients with and without positive LGE.

Characteristics Patients with positive LGE Patients without positive LGE p

(n = 7) (n = 6)

Age (years) 63 [62, 73] 61 [58, 65] 0.352

Male n (%) 3 (42.9) 1 (16.7) 0.559

Illness classification n (%) 0.103

Mild 1 (14.3) 4 (66.7)

Severe/critical 6 (85.7) 2 (33.3)

Length of hospital stay (days) 11 [11, 19] 16 [8, 24] 0.667

Presence of comorbidities

History of hypertension n (%) 0 (0.0) 1 (16.7) 0.462

History of diabetes mellitus n (%) 2 (28.6) 0 (0.0) 0.462

History of coronary heart disease n (%) 0 (0.0) 0 (0.0) -

History of heart failure n (%) 0 (0.0) 0 (0.0) -

History of arrhythmias n (%) 0 (0.0) 0 (0.0) -

History of cardiomyopathy n (%) 0 (0.0) 0 (0.0) -

Laboratory values on admission

WBC (109/L) 4.9 [4.4, 7.2] 6.6 [6.1, 7.8] 0.372

Hb (1012/L) 122 [112, 128] 124 [115, 130] 0.685

PLT (109/L) 187 [138, 237] 196 [187, 229] 0.515

ALT (U/L) 32 [28, 45] 33 [23, 35] 0.685

AST (U/L) 34 [28, 48] 29 [19, 46] 0.515

LDH (U/L) 377 [303, 422] 246 [208, 335] 0.465

Creatinine (umol/L) 69 [64, 81] 52 [47, 53] 0.062

hs-cTnI (pg/mL) 20.6 [12.6, 27.8] 3.6 [1.9, 5.6] 0.011

NT-proBNP (pg/mL) 492 [390, 820] 252 [197, 308] 0.165

hs-CRP (mg/L) 84.2 [73.1, 159.8] 5.2 [1.8, 6.3] 0.009

IL-6 (pg/mL) 12.6 [11.3, 14.1] 5.6 [4.8, 6.3] 0.180

D-dimer (ng/mL) 339 [312, 955] 326 [314, 708] 0.685

Treatments during hospitalization

Antibiotics n (%) 4 (57.1) 2 (33.3) 0.592

Corticosteroids n (%) 2 (28.6) 1 (16.7) >0.999

Antiviral drugs n (%) 5 (71.4) 5 (83.3) >0.999

Immunoglobulin n (%) 0 (0.0) 0 (0.0) -

Oxygen inhalation n (%) 7 (100.0) 2 (33.3) 0.009

Mechanical therapy n (%) 1 (14.3) 1 (16.7) 0.906

ECHO parameters at 6-month follow-up

LA (mm) 33 [31, 37] 30 [29, 31] 0.113

LV (mm) 44 [44, 47] 43 [41, 46] 0.385

RA (mm) 40 [37, 42] 35 [34, 37] 0.151

RV (mm) 29 [22, 30] 21 [19, 27] 0.195

IVS (mm) 10 [10, 11] 10 [9, 10] 0.289

LVPW (mm) 10 [10, 10] 10 [9, 10] 0.512

LVEF (%) 61 [54, 65] 60 [54, 66] 0.721

TAPSE 26 [24, 30] 25 [22, 29] 0.886

CMR parameters at 6-month follow-up

LVEF (%) 53 [51, 55] 58 [56, 62] 0.059

EDV (mL) 92 [88, 104] 96 [88, 100] 0.85

ESV (mL) 45 [38, 52] 36 [31, 42] 0.257

Myo mass (g) 67 [62, 83] 48 [42, 56] 0.059

CO (L/min) 3.2 [2.6, 3.7] 3.5 [3.3, 3.6] 0.570

Cl (L/min/m2 ) 1.9 [1.7, 2.2] 2.3 [2.1, 2.4] 0.257

EDVI (mL/m2) 55 [54, 62] 64 [59, 68] 0.449

(Continued)
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TABLE 4 | Continued

Characteristics Patients with positive LGE Patients without positive LGE p

(n = 7) (n = 6)

ESVI (ml/m2 ) 26 [25, 32] 26 [21, 30] 0.506

SVI (mL/m2 ) 29 [29, 35] 38 [36, 40] 0.107

Myo mass index (g/m2) 40 [37, 49] 33 [30, 38] 0.086

T1 mapping 1248.5 [1243.8, 1287.0] 1202.6 [1192.5, 1215.1] 0.089

ECV 0.28 [0.27, 0.34] 0.27 [0.24, 0.29] 0.562

Laboratory findings at 6-month follow-up

ALT (U/L) 23 [21, 34] 21 [16, 34] 0.774

AST (U/L) 29 [27, 30] 24 [17, 40] 0.566

LDH (U/L) 212 [212, 231] 218 [196, 223] 0.829

Creatinine (umol/L) 70 [61, 81] 61 [53, 69] 0.199

hs-cTnI (pg/mL) 5.7 [3.8, 9.4] 2.8 [1.9, 4.3] 0.317

NT-proBNP (pg/mL) 92 [84, 131] 100 [73, 136] 0.855

hs-CRP (mg/L) 0.8 [0.5, 4.5] 0.7 [0.5, 0.9] 0.391

IL-6 (pg/mL) 1.5 [1.5, 1.5] 1.5 [1.5, 1.5] 0.562

D-dimer (ng/mL) 171 [144, 290] 146 [135, 163] 0.423

ST2 (ng/mL) 14.1 [10.5, 21.2] 18.5 [16.3, 22.0] 0.475

LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; IVS, interventricular septum; LVPW, left ventricular posterior wall; SV, stroke volume; LVEF, left ventricular ejection

fraction; TAPSE, tricuspid annular plane systolic excursion; EDV, end-diastolic volume; ESV, end-systolic volume; CO, cardiac output; CI, cardiac index; EDVI, end-diastolic volume

index; ESVI, end-systolic volume index; SVI, stroke volume index; LGE, late gadolinium enhanced; ECV, extracellular volume fraction; WBC, white blood cell; Hb, hemoglobin; PLT,

platelets; ALT, glutamic-pyruvic transaminase; AST, glutamic-oxalacetic transaminease; LDH, lactate dehydrogenase; hs-cTnI, high-sensitivity cardiac troponin I; NT-proBNP, N-terminal

pro-B-type natriuretic peptide; hs-CRP, high-sensitivity C-reactive protein; IL-6, interleukin-6.

represents a repair process. Detection of cardiac fibrosis may
indicate that these patients were in a relatively early stage of
cardiac involvement, and whether it would progress to cardiac
dysfunction or electrophysiological disturbance is a potential
concern. Further follow-up will be valuable to confirm the long-
term clinical implication of cardiac fibrosis in these LGE-positive
patients who recovered from COVID-19. Moreover, it would be
important to evaluate whether positive LGE and high plasmatic
concentration of ST2 could be long-term predictors of cardiac
outcomes in a large cohort of recovered COVID-19 patients.

It has been demonstrated that 8–12% of unselected COVID-
19 cases were identified with cardiac injury (24). Studies from
our group and others have demonstrated that cardiac injury
is significantly associated with fatal outcomes of hospitalized
patients with COVID-19 (7–12). In the present study, our
results implied that cardiac fibrosis during convalescence may
be a direct consequence of myocardial damage induced by
COVID-19. However, the exact pathophysiological mechanisms
underlying myocardial injury induced by COVID-19 remain
to be fully elucidated. The possible mechanisms include the
direct damage to cardiomyocytes of SARS-CoV-2 infection
through angiotensin-converting enzyme 2, cytokine storm
precipitated by overactivation of the immune response,
dysregulation of the renin–angiotensin–aldosterone system,
and disturbances of coagulation and microcirculation-induced
hypoxia (3, 5, 25). A previous study revealed a critical role
of SARS-CoV in transforming growth factor β signaling,
which is a predominant regulator of cardiac fibrosis (26).

Given the high homology of the two viruses, SARS-CoV-
2 may share a similar mechanism for the contribution
to cardiac fibrosis. More mechanism studies are needed
to investigate the association between myocardial injury
during hospitalization and cardiac fibrosis at recovery in
COVID-19 patients.

LIMITATIONS

There are several limitations that should be highlighted. First,
in the present study, the sample size of enrolled patients is
limited, possibly due to the strict criteria of inclusion and
exclusion and the early stage of this outbreak. The findings in this
report should be interpreted with caution and warrant further
large-scale prospective studies to validate. However, patients in
our cohort were recruited from the same hospital, which had
detailed clinical data and was confirmed with homogeneity of
diagnosis and treatment. Second, we did not observe any major
cardiovascular events for now, although cardiac fibrosis was
manifested in COVID-19 patients with cardiac injury in our
medium-term follow-up. Long-term observation is still needed
to further investigate the prognosis of those with cardiac injury
after the infection of SARS-CoV-2. Third, pulmonary evaluation
such as chest computed tomography and lung function test was
not performed in the current study. However, all patients enrolled
did not report any pulmonary symptoms at follow-up, and no
patients showed abnormity of oxygen saturation and respiration
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after a 6-min walk test. Finally, even if we have accounted for
variables associated with the prognosis of patients with COVID-
19 as much as possible, undetected factors might still appear.

CONCLUSIONS

In summary, our preliminary follow-up data with a limited
number of patients revealed persistent cardiac involvement in
29.6% (8/27) of recovered patients from COVID-19 up to 6
months after discharge. Patients with cardiac injury during
hospitalization were more prone to develop cardiac fibrosis
during their recovery. Among patients with cardiac injury, it
seemed that those with relatively higher cardiac biomarkers
and inflammatory factors were more likely to have cardiac
involvement in the convalescence phase. More studies are
needed to investigate the association between myocardial injury
during hospitalization and cardiac fibrosis in recovered patients
from COVID-19.
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Objective: Altered coagulation parameters in COVID-19 patients is associated with a

poor prognosis. We tested whether COVID-19 patients on chronic oral anticoagulants

(cOACs) for thromboembolism prophylaxis could receive protection from developing

more severe phenotypes of the disease.

Approach and Results: We searched the database of the SARS-RAS study

(Clinicaltrials.gov: NCT04331574), a cross-sectional observational multicenter

nationwide survey in Italy designed by the Italian Society of Hypertension. The database

counts 2,377 charts of Italian COVID-19 patients in 26 hospitals. We calculated the

Charlson comorbidity index (CCI), which is associated with death in COVID-19 patients.

In our population (n = 2,377, age 68.2 ± 0.4 years, CCI: 3.04 ± 0.04), we confirm

that CCI is associated with increased mortality [OR: 1.756 (1.628-1.894)], admission to

intensive care units [ICU; OR: 1.074 (1.017-1.134)], and combined hard events [CHE;

OR: 1.277 (1.215-1.342)]. One hundred twenty-five patients were on cOACs (age: 79.3

± 0.9 years, CCI: 4.35 ± 0.13); despite the higher CCI, cOACs patients presented

with a lower risk of admissions to the ICU [OR 0.469 (0.250-0.880)] but not of death

[OR: 1.306 (0.78-2.188)] or CHE [OR: 0.843 (0.541-1.312)]. In multivariable logistic

regression, cOACs confirmed their protective effect on ICU admission and CHE. The

CCI remains the most important risk factor for ICU admission, death, and CHE.

Conclusions: Our data support a mechanism for the continuation of cOAC therapy

after hospital admission for those patients who are on chronic treatment. Our preliminary

results suggest the prophylactic use of direct cOACs in patients with elevated

CCI score at the time of the COVID-19 pandemic even in absence of other risks

of thromboembolism.

Keywords: multimorbidity, atrial fibrillation, prophylaxis, death, intensive care admissions, COVID-19 outcomes,

hypertension, thrombosys
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INTRODUCTION

The current epidemic of COVID-19 has put the world population
and health care systems under enormous stress, acting as an
accelerator for death in the older population and anticipating
the failure of hospitalocentric administration of health care
in light of the increased request for hospital admissions. The
scientific community has to, therefore, identify how to protect
the high-risk population from the development of critical
conditions that would increase the request for high-intensity
care. It is now clear from the available literature that older
and multimorbid patients are at risk of worse outcomes of
COVID-19 (1, 2). Emerging evidence, though, proposes that
the more severe outcomes of COVID-19 are also associated
with alteration in coagulation patterns. The evidence that altered
coagulation parameters in COVID-19 patients is associated
with poor prognosis (3, 4) and has led us to hypothesize
that the virus can cause an endothelial disease with systemic
manifestation due to increased thrombosis (5). Low-molecular-
weight heparin anticoagulation in the intensive care unit is
associated with better prognosis in severe COVID-19 patients (6).
Indeed, in this scenario, anticoagulant treatments are indicated
by the majority as pivotal for the management of COVID-
19 (7, 8). We explore the possibility that COVID-19 patients
on chronic oral anticoagulants (cOACs) for a concomitant
condition (i.e., atrial fibrillation, mechanic valvular replacement,
pulmonary thromboembolism prophylaxis) before admission
receive protection from more severe outcomes.

METHODS

We designed a cross-sectional, multicenter, observational study
involving 26 hospitals approached through the Italian Society

TABLE 1 | Clinical Characteristics of study population.

Population cOACs No cOACs Significance

n = 2,377 n = 125 n = 2,252

Age (years) 68.21 ± 0.38 79.35 ± 0.86 67.59 ± 0.39 <0.01

Female 37.3% (888) 45.6% (57) 36.9% (831) <0.05

CCI 3.04 ± 0,04 4.35 ± 0.13 2.97 ± 0.04 <0.01

Hypertension 59% (1,402) 70.4% (88) 57.86% (1,303) <0.01

Diabetes 18% (428) 16.8% (21) 18.29% (412) n.s.

Obesity 7% (166) 4.8% (6) 6.75% (152) n.s.

BPCO 8% (190) 8% (10) 8.48% (191) n.s.

CKD 6% (143) 4% (5) 5.68% (128) n.s.

HF 12% (285) 28.8% (36) 11.14% (251) <0.01

Death 12% (285) 14.4% (18) 11.41% (257) n.s.

ICU 17% (404) 8.8% (11) 17.05% (384) <0.02

Atrial Fibrillation 4.7% (111) 88.8% (111)

Venous Thrombosis 0.5% (14) 11.2% (14)

CCI, Charlson comorbidity index; COPD, chronic obstructive pulmonary disease; CKD,

chronic kidney disease; HF, heart failure; ICU, patients in intensive care unit; cOACS,

chronic oral anticoagulants. Significance refers to cOACs vs. no cOACS; data are

expressed in mean ± SEM or %; in brackets, the absolute numbers; statistical analysis

was conducted using ANOVA for continuous variables and chi-squared for distribution.

of Hypertension network in 14 regions of Italy to achieve a
nationally representative population sample (SARS-RAS Study)
(9). The study is based on an online questionnaire to be filled
in with data collected from the hospital charts of COVID-
19 patients (see Supplementary Material). The patient cohort
included 2,377 patients aged 18-101 years who were referred to
the hospital for symptoms of COVID-19. All patients included
in the questionnaire were diagnosed with COVID-19 according
to World Health Organization interim guidance (10). The
observation period started March 9 and ended May 9, 2020.
The study was performed following article 89 of General Data
Protection and Regulation (https://gdpr-info.eu). The SARS-
RAS study is registered on Clinicaltrials.gov with the accession
number NCT04331574. The online questionnaire was distributed
among the centers to collect reviewed epidemiological, clinical,
and outcomes data from hospital emergency rooms and regular
and intensive care wards. Each center designated one or more
physicians who were tasked with the acquisition and review
of the requested information. Patients were pseudonymized by
assigning a deidentified identification code. The questionnaire

TABLE 2 | Univariate and multivariate analysis.

Wald Sign. Exp(B) 95% CI,

Lower

95% CI,

Upper

Death, univariate analysis

CCI 211.48 0.00 1.76 1.63 1.89

Age 123.16 0.00 1.07 1.05 1.08

Female sex 0.80 0.37 0.89 0.68 1.15

cOACs 1.03 0.31 1.31 0.78 2.19

Death, multivariate analysis

CCI 212.80 0.00 1.76 1.63 1.90

Female sex 1.17 0.28 0.86 0.65 1.14

cOACS 1.08 0.30 1.34 0.77 2.30

ICU admission, univariate analysis

Age 0.64 0.42 1.00 1.00 1.01

Female sex 24.14 0.00 0.55 0.43 0.70

CCI 6.50 0.01 1.07 1.02 1.13

cOACs 5.56 0.02 2.13 1.14 3.99

ICU admission, multivariate analysis

CCI 9.16 0.00 1.09 1.03 1.15

Female sex 23.74 0.00 0.55 0.43 0.70

cOACs 6.48 0.01 2.28 1.21 4.31

Combined hard events, univariate analysis

CCI 92.16 0.00 1.28 1.21 1.34

Age 40.27 0.00 1.02 1.01 1.03

Female sex 22.33 0.00 0.61 0.50 0.75

cOACs 0.57 0.45 1.19 0.76 1.85

Combined hard events, multivariate analysis

CCI 98.16 0.00 1.29 1.23 1.36

Female sex 24.21 0.00 0.59 0.48 0.73

cOACs 3.86 0.05 1.58 1.00 2.48

CCI, Charlson comorbidity index; cOACS, chronic oral anticoagulants; CI,

confidence intervals.

Bold p values indicate statistical significance.
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FIGURE 1 | (A) COVID-19 patients were grouped by age decades to show the impact of the disease according to age. Patient numbers increased by age decades.

(B) Women were stably below 40% of total cases up to the age of 80 years. (C) Death rates increased with age. (D) ICU admissions were stable along all ages. (E)

cOACs were administered increasingly with age. (F) The percentage of patients on cOACs increased with age.
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FIGURE 2 | (A) Death rates in non-cOACs and cOACs COVID-19 patients. (B)

ICU admission rates were lower in non-cOACs than cOACs COVID-19

patients. (C) CHE (death and ICU admission) rates were similar in non-cOACs

and cOACs COVID-19 patients.

collected information regarding the center and the age, sex,
nationality (Italian or other), and city of origin of the patient.
From the anamnesis, we collected whether the patient had
a known diagnosis of hypertension, coronary artery disease
(history of myocardial infarction, PCI, or CABG), heart failure
(based on clinical history), atrial fibrillation, diabetes, chronic
kidney disease (anamnestic estimated glomerular filtration rate
below 60 ml/min/kg), chronic obstructive pulmonary disease
(according to GOLD 2019), obesity (body mass index > 30

kg/m2), history of blood and solid tumors, liver disease, or
other comorbidities; we annotated the presence of prescribed
antihypertensive, anticoagulant, and antidiabetic therapy.

The severity of the disease was classified according to the
Chinese Center for Disease Control (11) into three groups:
asymptomatic or with light symptoms, moderate symptoms, and
severe intensity.

We collected also the outcomes (hospital dismission or
exitus). All patients for which the course of the disease was in
an active state were classified as such (10).

For each patient, we calculated the Charlson comorbidity
index (CCI) based on the available data and according to the
original description of the score (12). Descriptive analyses of
the variables were expressed as mean and standard errors or
frequencies expressed in absolute numbers and percentages.
Continuous variables were analyzed by ANOVA; categorical data
were compared using the χ2 test. Regression analyses, odds ratio,
and confidence intervals were tested on the interest variables
grouped by outcomes; multivariable regression analyses were
performed on the significant and clinically relevant continuous
and categorical variables.

RESULTS

We collected charts of 2,569 patients. We excluded from the
analysis 192 patients for incomplete or discordant data. The
analysis was then performed on 2,377 patients. The clinical
features of our population are indicated in Table 1. Women were
less frequently affected than men, and the mean age indicates
that the disease was prevalent among the senior population
(Figure 1). We counted 285 deaths and more than 400 patients
admitted to intensive care units (ICUs) (Figure 2). We confirm
that CCI is associated with increased mortality [Table 2, OR:
1.756 (1.628-1.894)], admission to ICUs [OR: 1.074 (1.017-
1.134)], and combined hard events [CHE, OR: 1.277 (1.215-
1.342)]. One hundred twenty-five patients were on cOACs for
thromboembolic prevention for atrial fibrillation and venous
thromboembolism for at least 6 months before the diagnosis of
COVID-19. Compared with non-cOACs, cOACs patients were
older, included more women, and had a larger CCI (Table 1).
Despite the larger CCI, cOACs patients were less likely to be
referred to the ICU [Table 2, OR 0.469 (0.250-0.880)], but with
a similar risk of death [OR: 1.306 (0.78-2.188)] or CHE [OR:
0.843 (0.541-1.312)]. To ascertain the role of age, multimorbidity
(combined in the CCI score), sex, and cOACs on the outcome,
we performed a multivariable logistic regression analysis on ICU
admission, death, and CHE. cOACs confirmed the protective
effect on admission to the ICU and CHE (Figures 3A,C) but not
on death (Figure 3B). Sex and CCI remain significant risk factors
for ICU access and CHE in COVID-19 patients (Figures 3A-C).
In particular, CCI represents the most important risk factor for
death in COVID-19 patients.

DISCUSSION

Our study shows that cOACs modify the risk of admission to the
ICU and CHE even independently from the major determinants
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FIGURE 3 | (A) Odds ratio and confidence intervals for admission to intensive

care units; cOACs: T = −0.825, p < 0.01; CCI: T = 0.085, p < 0.003; male

sex: T = 0.602; p < 0.001. (B) Odds ratio and confidence intervals for deaths;

CCI: T = 0.567, p < 0.001. (C) Odds ratio and confidence intervals for

combined hard events (deaths and ICU admissions); cOACs: T = −0.455; p

< 0.05; male sex: T = 0.527; p < 0.001; CCI:T = 0.257; p < 0.001. CCI,

Charlson comorbidity index; cOACs, chronic oral anticoagulants; ICU,

intensive care units.

of outcomes in COVID-19, which are age, comorbidity, and sex.
This result is well in agreement with the proposed empiric use
of anticoagulants for the treatment of severely ill COVID-19

patients (13). So far, this use is basedmainly on evidence gathered
on a small number of patients of the subgroup analysis from
a single retrospective, poorly controlled study (4). The largest
number of patients, the multicenter design, and the possibility to
perform amultivariable statistic approach confer our study larger
statistical soundness.

COVID-19 patients are prone to venous thromboembolism
(3) and present with abnormal coagulation parameters, such
as D-dimer and APTT (7). The underlying mechanisms
include possibly a direct action of the virus on coagulation-
competent tissues and cells, such as endothelium (5) and
platelets as well as the indirect immune activation and
further potentiated hyper-coagulable state, which leads to the
development of thromboembolic complications in patients (14).
In this scenario, cOACS cannot prevent the infection and the
development of COVID-19 but might provide protection toward
the consequences of the hypercoagulability state caused by
the disease.

Our study also proposes oral anticoagulant therapy as a
strategic therapy, in particular, for the early treatment of patients
before they become severely ill, as an alternative to the use of
parental anticoagulants.

Overall, our data support the proposed use of anticoagulant
therapy to prevent a mechanistic approach for the prophylactic
use of direct OACs in patients with elevated CCI score at the time
of the COVID-19 pandemic to reduce the risk of more severe
clinical disease.

In contrast to our findings, a very small study conducted
in the United Kingdom indicates a non-significant death
reduction in patients treated with either warfarin or DOACs with
a paradoxical—although, again, non-significant—increment in
ICU admission in patients on OACs (15). Further, progression to
an acute respiratory distress syndrome was increased by OACs in
192 hospitalized Italian patients (RR = 1.24, 95% CI 0.56–2.08).
However, due to the small sample size, the influence of OACs
on disease severity was again non-significant (p = 0.465) (16).
Thus, our findings seem to represent the only data available in
a large population indicating that preexisting OAC therapy can
reduce ICU admission in hospitalized patients. Further data from
prospective studies could help better our understanding of the
prophylactic strategy to choose between different OACs.

LIMITATIONS

The study has a cross-sectional observational design, which
could affect the results. For this reason, our research was never
intended to be conclusive but rather hypothesis generating.
Finally, we cannot discriminate against the role of different
anticoagulants because we did not collect the names of the
active principles.
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Coronavirus disease 2019 (COVID-19), triggered by the severe acute respiratory

syndrome-coronavirus 2 (SARS-CoV-2), may lead to extrapulmonary manifestations

like diabetes mellitus (DM) and hyperglycemia, both predicting a poor prognosis

and an increased risk of death. SARS-CoV-2 infects the pancreas through

angiotensin-converting enzyme 2 (ACE2), where it is highly expressed compared to other

organs, leading to pancreatic damage with subsequent impairment of insulin secretion

and development of hyperglycemia even in non-DM patients. Thus, this review aims

to provide an overview of the potential link between COVID-19 and hyperglycemia

as a risk factor for DM development in relation to DM pharmacotherapy. For that, a

systematic search was done in the database of MEDLINE through Scopus, Web of

Science, PubMed, Embase, China National Knowledge Infrastructure (CNKI), China

Biology Medicine (CBM), and Wanfang Data. Data obtained underline that SARS-CoV-2

infection in DM patients is more severe and associated with poor clinical outcomes due to

preexistence of comorbidities and inflammation disorders. SARS-CoV-2 infection impairs

glucose homeostasis and metabolism in DM and non-DM patients due to cytokine

storm (CS) development, downregulation of ACE2, and direct injury of pancreatic

β-cells. Therefore, the potent anti-inflammatory effect of diabetic pharmacotherapies

such as metformin, pioglitazone, sodium-glucose co-transporter-2 inhibitors (SGLT2Is),

and dipeptidyl peptidase-4 (DPP4) inhibitors may mitigate COVID-19 severity. In addition,

some antidiabetic agents and also insulin may reduce SARS-CoV-2 infectivity and

severity through the modulation of the ACE2 receptor expression. The findings presented

here illustrate that insulin therapy might seem as more appropriate than other anti-DM

pharmacotherapies in the management of COVID-19 patients with DM due to low risk

of uncontrolled hyperglycemia and diabetic ketoacidosis (DKA). From these findings,

we could not give the final conclusion about the efficacy of diabetic pharmacotherapy in

COVID-19; thus, clinical trial and prospective studies are warranted to confirm this finding

and concern.
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INTRODUCTION

Novel coronavirus disease 2019 (nCov19) or coronavirus disease
2019 (COVID-19) is a recent viral infectious disease that
emerged in December 2019; it was first identified in Wuhan,
Hubei Province, China and presented as clusters of pneumonia,
formally known as a pneumonia cluster of unknown etiology.
COVID-19 is triggered by severe acute respiratory syndrome-
coronavirus 2 (SARS-CoV-2) (1). Some years ago, namely, in
2003 and 2012, respectively, severe acute respiratory syndrome
coronavirus (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV) led to fatal pneumonia, acute lung
injury (ALI), and acute respiratory distress syndrome (ARDS).
SARS-CoV, MERS-CoV, and SARS-CoV-2 are positive-sense,
enveloped single-strand RNA Betacoronaviruses with some
phylogenetic similarities. As a matter of fact, SARS-CoV-2
presents 79% similarity with SARS-CoV and 96% with bat CoV.
In addition, it has been shown that SARS-CoV-2 has a higher
ability of transmission and a lower fatality rate compared to
SARS-CoV and MERS-CoV (2).

Declared on 30 January 2020 as a Public Health Emergency
of International Concern by the World Health Organization
(WHO), COVID-19 was quickly renamed to a pandemic on 11
March 2020, and on 3 November 2020, 47,705,405 confirmed
cases were officially reported in more than 200 countries with
1,217,347 deaths globally (3).

The incubation period of SARS-CoV-2 is 2–14 days; however,
some studies have reported that COVID-19 symptoms are
developed in 97.5% of cases within 4–5 days. SARS-CoV-2 is
mainly transmitted by respiratory droplets up to a distance of
6 ft. This virus remains viable for about 3 h in the aerosols
and can be transmitted in closed environments. Nonetheless,
viable SARS-CoV-2 has also been detected in fecal swabs;
thereby, transmission of SARS-CoV-2 through the fecal-oral
route might be an important route, mainly in patients on drugs
that upregulate intestinal angiotensin receptor type 2 (ACE2)
(4). The age group most affected by COVID-19 is mainly
between 47 and 59 years, where men are more prone to the
disease. Fewer COVID-19 cases have been reported in infants
and children; as disclosed by a large cohort study in China,

only 2% of COVID-19 cases were below the age of 20 (5).
Regarding clinical presentation, the clinical spectrum of COVID-
19 presents mainly as asymptomatic or mild flu-like illness in
85%, mostly in children and adults, although in 10% of cases, a
severe disease state may be present, along with an increased risk
of developing ARDS. In addition, in severe cases, COVID-19may
trigger extrapulmonary manifestations like acute cardiac injury,
arrhythmias, acute kidney injury, acute brain injury, endocrine
failure, multiple organ failure, and even death (6).

Diabetes mellitus (DM) is an endocrine disorder characterized
by hyperglycemia, polyuria, polydipsia, and weight loss due to
a defect in insulin secretion and/or action. DM is commonly
associated with metabolic, macrovascular, and microvascular
complications that increase morbidity and mortality in different
viral infections (7). It has been reported that DM and reactive
hyperglycemia are regarded as predictors of severity in SARS-
CoV and MERS-CoV infected patients (8). However, little is

known about the association between SARS-CoV-2 and DM;
nevertheless, different recent studies observed the link between
hyperglycemia and SARS-CoV-2 even in non-DM patients (9).
Therefore, this review aims to provide an overview of the
potential link between COVID-19 and hyperglycemia as a risk
factor for DM development.

METHOD AND SEARCH STRATEGY

In order to review the report of ethical considerations in these
papers, we proposed a protocol for a systematic review of the
COVID-19 articles. The search criteria proposed for the review
were based on what would be a reasonable search conducted by
a lay member of the public with access to PubMed.gov. It was
proposed to publish the findings of the review as a summary
of the institutional Research Ethics Committee’s response to the
challenges of reviewing and approving clinical research proposals
in times of a pandemic.

To accomplish that, a systematic search in MEDLINE
through Scopus, Web of Science, PubMed, Embase, China
National Knowledge Infrastructure (CNKI), China Biology
Medicine (CBM), and Wanfang Data was done using the
following terms and keywords: [COVID-19] OR [SARS-
CoV-2] OR [2019-nCov] OR [Wuhan virus] AND [DM]
OR [hyperglycemia] OR [Pancreatic injury]. There were no
limitations for language and type of published articles as well as
preprinted data.

COVID-19 AND HYPERGLYCEMIA

It has been stated that COVID-19 is associated with
hyperglycemia, actually considered a direct predictor of the
poor prognosis of the disease and to an increased risk of death
(10). Briefly, the binding site and entry point of SARS-CoV-2
is the ACE2 receptor, which is highly expressed in the lung,
liver, brain, placenta, and pancreas. SARS-CoV-2 infects the
pancreas through ACE2, being highly expressed there when
compared to other organs, leading to pancreatic damage with
subsequent impairment of insulin secretion and development

of hyperglycemia even in non-DM patients. Similarly, SARS-
CoV-2-induced pancreatic injury may worsen a preexistent
DM (11). Previous data have shown that SARS-CoV, which is
closely related to SARS-CoV-2, triggers transient hyperglycemia
and impairment of pancreatic β-cell function during epidemic-
derived pneumonia (12). Moreover, the COVID-19-induced
inflammation and cytokine storm (CS), which are characterized
by profound elevations in the levels of tumor necrosis factor-
alpha (TNF-α) and interleukin (IL)-6, lead to peripheral insulin
resistance (IR) (13). Besides, high TNF-α and IL-6 in CS
impair pancreatic β-cell function and inhibit insulin secretion.
Taken together, both IR and impairment of pancreatic β-cell
function contribute to a vicious cycle in the development and
progression of hyperglycemia in COVID-19 patients (14).
Furthermore, hyperglycemia and induced oxidative stress and
gluco-lipotoxicity contribute to the development of IR and
impairment of pancreatic β-cell function (15). In addition,
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prolonged hyperglycemia could worsen the course of COVID-
19 via glycation of pancreatic ACE2, which facilitates the
SARS-CoV-2 binding and entry at the pancreatic β-cell (16).

Different reports have shown that an abnormal expression of
cell ACE2 receptors in different tissues reduces the protective
effect against viral entry and, consequently, exacerbates the
severity and poor outcomes of SARS-CoV-2 infection (2). On
the other hand, the systemic renin-angiotensin system (RAS)
regulates pancreatic β-cell function, while local RAS of pancreatic
β-cell function controls β-cell apoptosis, cell proliferation, and
oxidative stress (17). Angiotensin II (AngII) through AT1R
leads to DM induction in experimental models, while inhibiting
the glucose-stimulated insulin secretion. Therefore, blockade of
AT1R improves pancreatic β-cell function and increases the
pro-insulin and insulin biosynthesis. Besides, upregulated local
pancreatic AngII induces oxidative stress that triggers β-cell
damage by NADPH oxidase induction (18). Indeed, it has been
shown that hyperglycemia upregulates AT1R leading to β-cell
function impairment and insulin secretion (19).

In COVID-19, ACE2 dysregulation by SARS-CoV-2 leads
to marked elevation of vasoconstrictor AngII with a reduction
in the vasodilator Ang1-7 (Figure 1), which per se leads to
pancreatic β-cell dysfunction, inhibition of insulin secretion,
and hyperglycemia, which might be transient even in non-
DM patients (20). Furthermore, elevated AngII leads to
pulmonary vasoconstriction, ALI, and ARDS with the induction
of inflammation cascade and oxidative stress, which together
participate in the induction of pancreatic β-cell function and
hyperglycemia (21). Then, hyperglycemia in COVID-19 leads
to ALI through the induction of pulmonary sodium-potassium-
chloride co-transporter 1(NKCC1), involved in the regulation of
the transport of water and ions to alveolar cells. Thus, untreated
and long-standing hyperglycemia may lead to ALI through
ischemic-reperfusion injury (22). Also noteworthy is the fact
that hyperglycemia is associated with oxidative stress’ induction
and inflammatory mediators’ overproduction, which together
partake in the development of endothelial dysfunction and
thrombosis due to alterations in both function and generation of
antithrombin III (23). Taken together, these findings reveal that
both COVID-19 and hyperglycemia interact in a vicious cycle
leading to more complications and worse metabolic outcomes.

COVID-19 AND PANCREATIC INJURY

Pancreatic injury (PI) is often presented as acute pancreatitis,
which is rarely reported in COVID-19 and may be misdiagnosed
by the general signs and symptoms of acute viral infections
(24). Different studies reported that COVID-19-induced
PI is diagnosed through detailed medical history, physical
examination, and ultrasonography imaging with elevation in
serum lipase levels. However, in severe cases, abdominal CT
scan imaging is recommended (25). In COVID-19, PI may
occur either by direct invasion of SARS-CoV-2 or indirectly
through the induction of CS (26). Previously, SARS-CoV was
detected in the pancreatic tissue suggesting binding of this virus
to ACE2, highly expressed in the pancreatic tissue mainly in

β-cell and exocrine ducts (27). These findings suggest that the
direct cytopathic effect of SARS-CoV-2 may be linked with the
development of PI.

In SARS-CoV-2, the systemic inflammatory response and CS
may be the cause of PI as part of multiorgan failure. SARS-CoV-
2-induced PI increases the release of pancreatic lipase causing
lipolysis and the release of unsaturated fatty acids that ultimately
trigger pancreatic mitochondrial damage and overproduction of
pro-inflammatory mediators similar to that of CS (24). Recent
reports disclosed that SARS-CoV-2 affects both pancreatic lipase
and peripheral adipose tissue leading to PI and lipotoxicity that
contribute to CS induction (28). Also, postmortem studies in
both SARS-CoV and SARS-CoV-2 patients illustrated a higher
proliferation of these viruses in the pancreatic tissues (29).
Therefore, SARS-CoV-2 may lead to PI directly or indirectly
with subsequent endocrine and exocrine dysfunctions that are
presented as acute pancreatitis and transient hyperglycemia (30,
31) (Figure 2).

Also, IL-6 is regarded as a potential link between ALI and
PI in mice since PI-induced inflammations activate myeloid
cells to secrete IL-6. In COVID-19-induced CS, IL-6 is
the main cytokine involved in ALI and ARDS development
(32). The binding of SARS-CoV-2 to the pancreatic β-cell
ACE2 receptor stimulates A disintegrin and metalloprotease-17
(ADAM-17), which activate the ACE2 receptor shedding and
TNF-α production (33). Therefore, SARS-CoV-2 infection is
linked with the downregulation of ACE2 and the dysregulation
of systemic and local pancreatic β-cell RAS. In this sense,
the administration of recombinant soluble ACE2 neutralizes
SARS-CoV-2 and prevents further viral entry with significant
amelioration of pancreatic function (34).

It has been shown that ACE2 deficiency alters glucose
homeostasis and metabolism since ACE2 knockout mice
illustrated AngII-independent pancreatic β-cells dysfunction,
suggesting a direct protective role of the β-cell ACE2 receptor
(35). Furthermore, overexpression of the β-cell ACE2 receptor
may improve glucose homeostasis and β-cell sensitivity, while
the downregulation of the peripheral ACE2 receptor is linked
to the development of IR through the reduction of glucose
transporter 4 (GLUT4) and Ang1-7, which increases peripheral
insulin sensitivity (36). Liu et al. (37) illustrated that ACE2
polymorphism is associated with the development of type
2 DM. Also, ACE2 receptors have been reported to act as
a compensatory mechanism against hyperglycemia induced-
RAS activation since hyperglycemia activates ADAM-17 and
ACE2 renal shedding that are common in patients with T2DM
and IR. Also, ADAM-17 activation by SARS-CoV-2 leads to
hyperglycemia. These changes augment the action of AngII
on AT1R leading to vasoconstriction, hypertension, endothelial
dysfunction, and hypercoagulation status (38). Previously, SARS-
CoV infection was associated with 50% of acute DM cases due
to a reduction in the pancreatic β-cell ACE2 receptors by direct
viral invasion; nevertheless, only 10% of them developed chronic
DM after 3 years (39). Besides, an augmented ADAM-17 during
SARS-CoV-2 infection activates the release of pro-inflammatory
cytokines, including IL-6 and TNF-α, which are correlated with
a higher risk of ARDS and ALI (40). Hence, a rapid management
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FIGURE 1 | SARS-CoV-2 and renin-angiotensin system (RAS) interaction: SARS-CoV-2 down-regulates ACE2 leading to over-activation of AngII and reduction of Ang

1-7. Ang II through angiotensin receptor type 1 (AT1R) leads to lung injury, inflammation, and vasoconstriction. Ang 1-7 through Mas receptor leads to vasodilation

and lung protection.

of PI in COVID-19 patients may mitigate and attenuate the
associated ALI. Therefore, the interaction between SARS-CoV-
2 and pancreatic ACE2 not only causes PI but also may extend to
cause systemic inflammatory changes (Figure 3).

COVID-19 AND DIABETES MELLITUS

DM accounted for about 20% of the intensive care unit (ICU)
admission due to COVID-19 according to cohort reports (41).
However, data from Italy illustrated that more than two-thirds of
COVID-19 patients who died had DM, with the mortality rate of
DM patients with COVID-19 being similar to that of SARS and
MERS (42).

During the previous SARS-CoV infection, non-DM patients
may develop hyperglycemia on the 3rd day of acute infection
that was reversed within 2 weeks (10% of them developed DM
3 years later). These finding are not observed in other viral
pneumonia, suggesting the involvement of the pancreatic axis in
coronavirus infection (43). In COVID-19, DM patients presented
with preprandial and postprandial hyperglycemia as well as
diabetic ketoacidosis, being higher compared to non-infected
DM patients (44).

It has been accounted that any acute disease, as occurs in
viral diseases, triggers stress and higher inflammatory responses
that augment the sympathetic outflow with the release of
catchecholamines, growth hormones, cortisol, and cytokines
that together increase the frequency and severity of DM
complications. However, in cases of coronavirus infection,
the severity of such complications is also linked with the
development of PI (45). Conversely, hypoglycemia may develop
in SARS-CoV due to hepatic and pancreatic alpha cell injury,
despite the fact that alpha cell dysfunction and lower glucagon
serum levels were not confirmed in COVID-19 patients (46).

On the other hand, it was stated that DM increases the
risk of COVID-19 progression and worsens the outcomes of
other coronaviruses and H1N1 infections. The mortality rate of
DM patients with COVID-19 is about 16% due to associated
comorbidities and hidden presentation of mild disease. In fact,
an underestimation of these signs and symptoms in DM patients
may even worsen the outcomes in suspected SARS-CoV-2
infection (47).

Also, DM is linked to low-grade chronic inflammation, which
may facilitate CS induced by COVID-19 pneumonia. The levels
of IL-6, CRP, and D-dimer appear to be higher in COVID-19
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FIGURE 2 | SARS-CoV-2-induced hyperglycemia in COVID-19 patients.

SARS-CoV-2 leads to hyperglycemia either directly through pancreatic β-cells

injury or indirectly through cytokine storm-induced insulin resistance (IR).

Hyperglycemia increased SARS-CoV-2 entry through glycation of ACE2.

Hyperglycemia may cause acute respiratory distress syndrome (ARDS) and

multiorgan damage (MOD) through the induction of endothelial dysfunction

and coagulopathy.

pneumonia patients with DM. Of note, in DM patients with
COVID-19, IL-6 links to associated metabolic disorders and
cardiovascular complications, so IL-6 antagonist tocilizumab
may attenuate the clinical course and outcomes in DM patients
with COVID-19-induced pneumonia (48).

The interaction between DM and COVID-19 could be
bi-directional, as SARS-CoV-2 infection may potentially
deteriorate the preexisting DM and even predispose to frank
DM in non-DM patients. In addition, pancreatic β-cell
invasion by SARS-CoV-2 triggers β-cell autoimmunity in the
susceptible subjects with subsequent development of type 1 DM
(T1DM) (49).

The potential mechanisms that increase the risk of SARS-
CoV-2 infection in DM patients are related to different metabolic
pathways. It has been shown that DM patients with high
bodymass index, hypertension, andmicrovascular complications
have a higher severity and mortality due to COVID-19-
derived pneumonia (50). Also, hyperglycemia in DM individuals,
independently, or secondarily to the presence of diabetic
complications, increases the risk of SARS-CoV-2 infection in
different ways, including an increased affinity from SARS-CoV-2
to ACE2, reduction of viral clearance, T cell-mediated immunity
dysfunction, and CS induction (51).

In DM, there is a noteworthy disorder in the innate, adaptive,
and acquired immunity with delay in the activation of Th1
cell-mediated immunity and late hyper-inflammation due to
an abnormal cytokine response and alterations in CD4+ T
cell counts. These abnormal immunological responses appear

FIGURE 3 | The interaction between SARS-CoV-2 and pancreatic ACE2.

Binding of SARS-CoV-2 to the pancreatic ACE2 leads to pancreatic injury

(PI)-induced hyperglycemia and activation of A disintegrin and

metalloprotease-17 (ADAM-17), which activate shedding of ACE2 receptors

and production of TNF-α and IL-6. Hyperglycemia activates ADAM-17 and

vice versa. These changes together participate in the development of ALI and

ARDS.

to be responsible for the blunted antiviral response in DM
(52). Moreover, in DM, there is an overexpression of ACE2
in lung, kidney, heart, and pancreas that favors SARS-CoV-
2 binding and entry (52, 53). Besides, the associated anti-DM
pharmacotherapy and other administrated drugs in DM patients
may affect the expression of ACE2 (53). However, insulin therapy
reduces the expression of ACE2, while metformin, glucagon-like
peptide-1 agonist, thiazolidinediones, statins, and ACE inhibitors
upregulate the expressions of ACE2 (54).

Nonetheless, the causal relationship between DM and ALI
in COVID-19 cases, to what concerns to the expression of
ACE2, is not yet clear. However, a recent study confirms
that long-standing DM is linked to an overexpression of
pulmonary ACE2 (55). Also, the susceptibility of DM patients
to SARS-CoV-2 infection is also related to a higher furin
serum level, which is engaged in the S-domain cleaving
of spike protein and increasing the SARS-CoV-2 binding
to the ACE2 receptors (56). Interestingly, the pulmonary
ACE/ACE2 ratio is increased in DM, which favors the
generation of vasoconstrictor AngII, involved in the induction
of ALI. Also, in DM patients, high AngII levels and SARS-
CoV-2 infection interact mutually at a vascular endothelial
bed causing endothelial dysfunction, inhibition of fibrinolytic
system, and activation of coagulation cascades that trigger
thromboembolic disorders (57). Thus, there is a mutual
interaction between DM and SARS-CoV-2 in COVID-19
(Figure 4).

ANTI-COVID-19 MEDICATIONS AND
BLOOD GLUCOSE VARIABILITY

Currently used drugs for COVID-19 treatment may affect
blood glucose variability in both DM and non-DM patients.
For example, chloroquine and hydroxychloroquine have
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FIGURE 4 | The interaction between diabetes mellitus and COVID-19. In

diabetes mellitus (DM), poor immunity, high pro-inflammatory cytokine, low

ACE2, and oxidative stress increase susceptibility for COVID-19. Below,

COVID-19-induced pancreatic injury, insulin resistance (IR), cytokine storm,

and uses of corticosteroids in the management of COVID-19 collectively

participate in the induction of DM.

been shown to be effective in controlling SARS-CoV-2
replications and in modulating COVID-19-induced CS due
to their potent anti-inflammatory and immunomodulating
effects (58). It has been reported that hydroxychloroquine
improves glycemic indices, β-cell function, and insulin
secretion and can be effectively used in the management
of uncontrolled T2DM. Thus, hydroxychloroquine therapy
in COVID-19 may lead to hypoglycemia since this drug
reduces insulin degradation and improves insulin storage
with augmentation of peripheral glucose metabolism
(59). Therefore, cautions should be regarded in the use
of hydroxychloroquine for treating COVID-19 patients
with DM.

Corticosteroids, such as dexamethasone, are approved drugs
since a long time ago that have shown to be effective in
COVID-19 patients, namely, reducing the exaggerated immune
response-induced ALI and ARDS. Despite this beneficial effect,
dexamethasone blocks both viral clearance and immune response
(60). In addition, administration of corticosteroids in COVID-
19 patients is associated with hyperglycemia even in non-
DM patients. In clinical practice, short-term therapy of low-
dose methylprednisolone (30–80 mg/day for 3–5 days) is
ineffective for COVID-19 management; however, a high-dose
methylprednisolone (80–160 mg/day for 7 days) triggers an
effective action in suppressing CS, and this high dose may
aggravate hyperglycemia in DM (61, 62). Therefore, a strict
glucose monitoring is crucial for COVID-19 patients who receive
corticosteroids to prevent hyperglycemia-induced complications.

DIABETIC PHARMACOTHERAPY AND
COVID-19

Diabetes pharmacotherapy may affect the clinical course and
outcomes in DM patients with COVID-19 through modulation
of ACE2 expression and potential anti-inflammatory effects.

Metformin
Metformin improves IR and peripheral glucose uptake
through the activation of AMP-dependent protein kinase.
Also, metformin exerts pleiotropic effects through the
AMP-independent pathway including anti-inflammatory
and immunomodulatory effects (63); it inhibits the synthesis
and release of CRP, IL-1β-induced IL-6, and ferritin from
macrophages, endothelial cells, smooth muscle vascular cells,
and hepatocytes (64). An observational study illustrated that
metformin reduces the mortality rate in DM patients with severe
COVID-19, more evident in women than men, through the
suppression of TNF-α synthesis and release (65). It has been
reported that up to 88% of T2DM patients receive metformin
as first-line therapy, and since COVID-19 is common in DM,
metformin may affect this pandemic (66). Specifically what
concerns COVID-19 is that metformin upregulates ACE2 with
increases in its stability and acts synergistically with ACEIs in the
overexpression of pulmonary ACE2 receptors. As a consequence,
the overexpression of pulmonary ACE2 receptors may attenuate
the deleterious effect of SARS-CoV-2 invasion in alveolar cells
while restoring the RAS balance (67). Metformin also reduces the
binding of SARS-CoV-2 to ACE2 through inducing functional
changes in the transmembrane enzyme by AMP-dependent
phosphorylation (68). In addition, metformin blocks the
mammalian target of rapamycin (mTOR) signaling, which is
an important signaling pathway involved in viral pathogenesis
and replication, such as influenza, SARS, MERS, and SARS-
CoV-2; thus, metformin may attenuate viral replication through
preventing the interaction of the viral protein complex (69). It
has been documented that metformin therapy in DM patients
inhibits the Zika virus replication through the activation of AMP
signaling, which might be applied against SARS-CoV-2 (70).
Add to this the fact that metformin therapy in DM patients with
COVID-19 improves insulin sensitivity, and so it prevents the
IR-induced overexpression of pancreatic ACE2. It is well-known
that IR is linked to the development of cardiometabolic disorders
that favor COVID-19 complications in DM (71).

Different substantial data have shown that metformin leads
to a decrease in the generation of reactive oxygen species (ROS)
through the inhibition of themitochondrial respiratory chain and
3-kinase phosphoinosis (PI3K)-Akt-dependent inflammatory
response in lung tissue (71). Furthermore, it also inhibits
nitric oxide (NO), prostaglandin E2 (PGE-2), and NF-kB in
lung macrophages during SARS and MERS infection. However,
administration of metformin in COVID-19 should be weighed
against the risk of lactic acidosis and kidney impairment, which
are commonly associated with COVID-19 pneumonia (72).
Thus, regardless of its glucose-lowering abilities, metformin
is recommended in COVID-19 pneumonia due to its potent
anti-inflammatory effects. Al-kuraishy et al. (73) observed that
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FIGURE 5 | Metformin inhibits pathogenesis of COVID-19 through inhibition of pro-inflammatory cytokines, inflammatory signaling pathway, and binding to ACE2.

metformin is effective in the reduction of COVID-19 severity
and associated complications, such as ALI and acute ischemic
stroke (AIS), through the modulation of SARS-CoV-2-induced
inflammatory reactions in COVID-19 patients with T2DM.
Nonetheless, its use is contraindicated in COVID-19 patients
with lactic acidosis, multiorgan failure, severe gastrointestinal
disorders, and hypoxia (74). The potential benefit of metformin
therapy in DM patients with COVID-19 is illustrated in Figure 5.

Thiazolidinediones
Thiazolidinediones, such as pioglitazone and rosiglitazone, are
classes of antidiabetic drugs that act through the activation
of peroxisome proliferators-activated receptor-gamma (PPAR-
γ) leading to the reduction of IR, the suppression of lipolysis,
and the activation of lipogenesis with improvement of insulin
sensitivity (75). Exactly, pioglitazone improves the peripheral
glucose uptake and increases the pancreatic β-cell sensitivity,
while also exerting an important anti-inflammatory effect
through the suppression of monocytes and IL-6 release. Besides,
pioglitazone reduces serum ferritin, CRP, and other pro-
inflammatory cytokines in T2DM, thus reducing the likelihood
of CS when COVID-19 is developed (76). Pioglitazone also
reduces the SARS-CoV-2-induced IR and hyperglycemia in
non-DM patients via the attenuation of ACE2 glycation and
the dysregulation of RAS. Therefore, pioglitazone and other
thiazolidinediones may have potential roles in the management
of COVID-19-related complications (77).

Moreover, thiazolidinediones attenuate pulmonary fibrosis
and ALI by suppressing pulmonary myofibroblast differentiation
and TGF-β signaling (78). For this reason, SARS-CoV-2
pathophysiology is related to its interaction with adipocytes

and adipose-like cells that favor the differentiation of
lung lipofibroblasts into myofibroblasts (79). Pioglitazone
also increases ACE2 expression in insulin-sensitive tissues,
normalizing blood glucose and attenuating acute kidney injury
through the amelioration of the expression of renal ADAM17
(80). Therefore, thiazolidinediones can reduce the interaction
between SARS-CoV-2 and adipocytes with subsequent reduction
of COVID-19 severity (Figure 6).

Dipeptidyl Peptidase-4 Inhibitors
Dipeptidyl peptidase-4 (DPP4) is a transmembrane glycoprotein
type II expressed in different tissues and immune cells and plays
an important role in the metabolism of glucagon-like peptide
(GLP-1). DPP4 expression is higher in the visceral adipose
tissue and involved in visceral inflammation and IR progression
through enzymatic cleavage of cytokines and chemokines (81).

DPP4 inhibitors (DPP4Is) are oral hypoglycemic agents used
in the management of T2DM acting through inhibiting the
DPP4 enzyme, thereby increasing the incretin levels, which, in
turn, increase insulin secretion with the reduction of glucagon
secretion and blood glucose. Briefly, DPP4Is enhance the insulin
secretion in a glucose-dependent manner (82).

Different studies have shown that DPP4Is exert anti-
inflammatory and immunoregulatory effects in both
autoimmune and inflammatory diseases (83). Among such
drugs, sitagliptin, linagliptin, and vildagliptin reduce the CRP
markers in T2DM patients within 12 weeks of treatment (76).
However, there are no available data for other types of DPP4Is
regarding their effects on CRP and ferritin serum levels in
T2DM (84).
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FIGURE 6 | Thiazolidinedione attenuates the pathogenesis of COVID-19

through inhibition of IL-6 and ADAM-17 with the modulation of ACE2, as

thiazolidinediones can regulate the AngII-mediated effects.

Concerning the viral infections, it has been confirmed
that the DPP4 receptor is a recognized receptor for MERS-
CoV that induces T-cell-dependent inflammatory reactions.
So, antibodies directed against the DPP4 receptor inhibit
MERS-CoV proliferation (85). In the context of the COVID-19
outbreak, DPP4Is and GLP-1 analog exert anti-adipogenic
and anti-inflammatory effects that may reduce macrophage
polarization and differentiation (86). Mirani et al. (51) showed
that DM patients on DPP4I therapy developed a less severe
pneumonia, with a lower need of mechanical ventilation and
a lower mortality rate when developing COVID-19. For this
reason, DPP4Is reduce COVID-19 virulence through the
suppression of DPP4/CD26-dependent inflammatory signaling
with subsequent inhibition of CS and disease progression. Recent
evidences also suggest that SARS-CoV-2 interacts with both
DPP4/CD26 and ACE2; besides, SARS-CoV-2 interacts with
293T-cells expressing DPP4 (87). Vankadari and Wilce (88)
confirmed that sitagliptin triggers a marked inhibition of SARS-
CoV-2 proliferation through binding to the F357 residue, causing
conformational changes that prevent its binding with DPP4
receptors. These finding suggest that DPP4Is may attenuate
SARS-CoV-2-induced ARDS by suppressing DPP4/CD26
signaling interactions. Therefore, the anti-inflammatory effects
of DPP4Is may mitigate DM and coexisting COVID-19-induced
IR, hyperglycemia, and inflammation (89).

On the other hand, the GLP-1 receptor analog (GLP-
1RA), such as exenatide, has also potent anti-inflammatory and
antiproliferative effects and plays a role in the attenuation of
ALI. Exenatide improves the anti-inflammatory interleukin, IL-
10, and inhibits pro-inflammatory cytokines, TNF-α and IL-
1β, in the macrophage’s/monocyte’s axis (90). Also, the GLP-
1 agonist, such as liraglutide, increases the ACE2 expression
in the lungs and might have a protective role against the
development of ALI in COVID-19-induced pneumonia (91).
However, large prospective studies are recommended to confirm
the potential role of DPP4Is and GLP-1RA in COVID-19.
Therefore, DPP4Is have potential effects against SARS-CoV-2-
induced ARDS through the modulation of anti-inflammatory
and pro-inflammatory cytokines (Figure 7).

Sodium-glucose Co-transporter-2
Inhibitors
Sodium-glucose co-transporter-2 inhibitors (SGLT2Is), also
called gliflozins, which include canagliflozin, dapagliflozin, and
empagliflozin, are a class of anti-DM drugs that inhibit SGLT2 at
renal tubules and prevent glucose reabsorption (92). In addition,
SGLT2Is reduce body weight and blood pressure, and exert anti-
inflammatory effects through the reduction of IL-6, CRP, ferritin,
and oxidative stress, thus being effective in mitigating ALI in
T2DM (76). SGLT2Is play a role in COVID-19 management
through the upregulation of protective ACE2, the attenuation of
CS through the inhibition of IL-6 release, cytoprotective effect
through the improvement of cell oxygenation, and reduction of
lactate formation (93).

On the other hand, an elevated lactate level in COVID-
19 reflects a status of hypoxia and anaerobic metabolism and
is correlated with CS induction and multiorgan injury (94).
Briefly, SARS-CoV-2 can induce anaerobic metabolism via the
disruption of cell oxygenation and the induction of anaerobic
glycolysis (95). As cell pH is controlled by Na+/H+ and
lactate/H+ exchangers and symporters, respectively, high lactate
serum levels in SARS-CoV-2 raise the activity of the lactate/H+

symporter with subsequent cell acidosis (96). Dapagliflozin
inhibits cell Na+/H+ exchangers, thus reducing cell acidosis and
SARS-CoV-2 activation at acidic pH. Similarly, other SGLT2Is
also reduce lactate serum levels through the inhibition of lactate
production and release, and increase urinary lactate excretion
and LDH-dependent lactate formation (97). However, the risk
of euglycemic DM ketoacidosis with SGLT2Is is very low (about
1%), but the risk of this side effect should be counterbalanced
with the beneficial use of SGLT2Is in DM patients with
COVID-19 (98). Hence, the net effect of SGLT2Is in COVID-
19 is mainly related to the maintenance of cell pH with the
reduction of the viral load. Into the bargain, SGLT2Is reduce IR
and hyperglycemia-induced inflammatory reactions and ACE2
glycation, thereby reducing the risk of CS and AngII that are
augmented in COVID-19 (99).

Sulfonylureas
Sulfonylureas (SU), such as glibenclamide, glipizide, and
glimepiride, are a class of anti-DM agents that increase insulin
secretion from pancreatic β-cells (100). SU has potent anti-
inflammatory effects through the inhibition of IL-1β and nod-like
receptor pyrine 3 NLRP3 inflammasome with antiplatelet effects
and the reduction of thromboxane A2 activation (101). Platelets’
aggregation and activation of both IL-1β and inflammasome are
involved in CS generation in COVID-19 patients (102). SU blocks
NLRP3 inflammasome-induced ALI through the suppression
of the K+-ATP channel, K+ outflow block, the inhibition of
Ca2+ entry and of oxidative stress, and the improvement of
endogenous antioxidant capacity (103). However, the use of
glibenclamide in DM patients with COVID-19 has not been
evaluated since most DM patients with COVID-19 are switched
to insulin therapy (104). Nonetheless, glibenclamide therapy in
T2DM patients increases the risk of hypoglycemia, which might
occur in COVID-19 patients (105, 106).
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FIGURE 7 | Potential effects of DPP4 inhibitors on the pathogenesis of COVID-19. Dipeptidyl peptidase-4 inhibitors (DPP4Is) have anti-inflammatory effects through

the activation of anti-inflammatory cytokines, the activation of macrophage polarizations, and the inhibition of pro-inflammatory cytokines. DPP4Is inhibit the entry of

SARS-CoV-2 through blocking of DPP4 receptors. The net effects of DPP4Is are lung protection with improvement in acute lung injury (ALI) and acute respiratory

distress syndrome (ARDS).

Insulin
Recent data have shown that insulin requirements are increased
and correlated with high CRP serum levels and COVID-
19 severity (107). For this reason, COVID-19-induced
hyperglycemia, IR, and associated inflammatory disorders
can increase the pancreatic β-cell burden in DM and non-
DM patients (19). However, at the ICU, insulin requirements
are higher in DM patients compared to controls due to the
preexistence of an inflammatory status and cardiometabolic
comorbidities (108). In COVID-19 patients, the direct
interaction with pancreatic β-cells by SARS-CoV-2 leads to
a significant reduction in insulin release. However, C-peptide
is raised in COVID-19, suggesting that SARS-CoV-2 may cause
transient pancreatic β-cell toxicity (109).

Thus, as hyperglycemia is commonly reported in critical
illness, to ensure a proper control of hyperglycemia through
insulin therapy, it is crucial to prevent the occurrence of
cardiometabolic complications (110); therefore, early insulin
therapy in critical illnesses, as occur in cases of COVID-19-
induced hyperglycemia, may improve the clinical outcomes while
reducing the mortality rate through different ways: (a) insulin
inhibits pro-inflammatory cytokine linked to ARDS (111); (b)
insulin promotes a restoration of pancreatic and renal ACE2 and
ADAM-17 activity, and RAS balance (112); (c) insulin therapy
reduces the risk of hyperglycemia and DKA that are associated
with high mortality rates in COVID-19 patients. In addition,
insulin therapy exerts a protective role against SARS-CoV-2-
induced ALI and ARDS (113). To this effect, any COVID-19
patient should be monitored for blood glucose and HbA1c,
along with a strict blood glucose monitoring, where insulin
therapy should be properly administered. Besides, long-term
evaluation of pancreatic β-cell function is recommended to
ascertain potential β-cell damage and future DM development.

Moreover, higher CRP serum levels and neutrophil count
reveal a humoral immune response in DM patients with COVID-
19 (114). In fact, hyperglycemia affects antibody response
during viral infection through the impairment of lymphocytes,
macrophages, and neutrophil functions, as well as complement
response (115). Therefore, the antibody response for SARS-CoV-
2 vaccine may be impaired in DM due to hyperglycemia and
IR (116). For these reasons, a strict insulin therapy is advisable
to control the cell and humoral immune impairments in DM
patients with COVID-19.

CONCLUSIONS

Data obtained underlined that SARS-CoV-2 infection in

DM patients is more severe and associated with poor

clinical outcomes due to preexistent comorbidities and pro-
inflammatory phenotype. SARS-CoV-2 infection impairs glucose

homeostasis and metabolism in DM and non-DM patients due
to cytokine storm (CS) development, downregulation of ACE2,

and direct injury of pancreatic β-cells. Therefore, the potent
anti-inflammatory effect of diabetic pharmacotherapies such
as metformin, pioglitazone, sodium-glucose co-transporter-
2 inhibitors (SGLT2Is), and dipeptidyl peptidase-4 (DPP4)
inhibitors may mitigate the COVID-19 severity. In addition,

some antidiabetic agents, including insulin, can reduce the SARS-
CoV-2 infectivity and severity by modulating the expression

of ACE2 receptors. Taken together, the data presented here
illustrate that insulin therapy may seem as more appropriate
than other anti-DM pharmacotherapies in the management
of COVID-19 patients with DM due to the lower risk of
uncontrolled hyperglycemia and reduced propensity to develop
diabetic ketoacidosis (DKA). However, based on these findings,
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it is not yet possible to conclude decisively on the efficacy of
diabetic pharmacotherapy in COVID-19, so thorough clinical
trials are warranted.
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Coronavirus disease 2019 (COVID-19) was initially regarded as a disease of the

lungs, which manifests as an acute respiratory illness and pneumonia, although

more recently cardiac complications have been well-characterised. Serological cardiac

biomarkers have been used to define acute myocardial injury, with significant elevation

of high-sensitivity cardiac troponin (hs-cTn) associated with poor prognosis. Accordingly,

20–25% patients with acute myocardial injury (as defined by an elevated hs-cTn greater

than the 99th percentile) have clinical signs of heart failure and increased mortality. An

important outstanding clinical question is how best to determine the extent and nature of

cardiac involvement in COVID-19. Non-invasive cardiac imaging has a well-established

role in assessing cardiac structure and function in a wide range of cardiac diseases.

It offers the potential to differentiate between direct and indirect COVID-19 effects

upon the heart, providing incremental diagnostic and prognostic utility beyond the

information yielded by elevated cardiac biomarkers in isolation. This review will focus

on the non-invasive imaging assessment of cardiac involvement in COVID-19.

Keywords: COVID-19, echocardiography, cardiac MRI, cardiac CT, prognosis

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is caused by the novel RNA beta coronavirus, severe acute
respiratory syndrome-coronavirus-2 (SARS-CoV-2) (1). Initially, lung disease that manifests as an
acute pneumonia was recognised as the dominant feature of this pandemic-causing disease; but in
some cases, potentially due to cytokine storm (2), there is progression to acute respiratory distress
syndrome (ARDS), multi-organ failure and death (3–5). Cardiac sequelae have, however, also been
widely reported in association withmulti-systemic involvement, which can include gastrointestinal,
hepatic and nervous systems (6). Elevation in high-sensitivity cardiac troponin (hs-cTn) greater
than the 99th percentile, whether troponin I (7) or T (8), defines myocardial injury and has been
associated with poor prognosis: up to a third of patients presenting to hospital demonstrate elevated
hs-cTn (7), which confers an increased risk of mortality and incident heart failure (8, 9). In a meta-
analysis of 44 studies including 14,866 patients hospitalised with COVID-19, acute cardiac injury
was present in 15% of patients (10), while a US study from New York reported 36% of hospitalised
patients had acute cardiac injury, with even small elevations of hs-cTn associated with an increased
risk of death (11).
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An increase in hs-cTn may result from one or more of a
wide range of aetiologies (12). An elegant pathophysiological
scheme for COVID-19-related cardiac injury has only recently
been put forward (13) and outlines numerous co-existing
factors: indirect myocardial injury via a cytokine storm; organ
failure due to systemic inflammatory response syndrome (SIRS);
oxygen supply and demand mismatch due to acute respiratory
failure; cardiotoxicity from treatments; coronary thrombosis
due to plaque rupture caused by shear stress; arrhythmia; and
embolic complications due to SIRS. Post-mortem studies have
demonstrated microthrombi within the pulmonary vasculature
(14). In addition, direct myocardial injury may be caused by
inflammation following direct viral entry via ACE-2 receptor
binding and cellular entry. Finally, it is likely that the balance of
effects described in the above paradigm may result in differing
degrees and patterns of cardiac involvement, with respect to the
extent of ventricular dysfunction, left vs. right heart involvement,
and ischaemic vs. non-ischaemic patterns of myocardial injury.

A key question still debated in clinical practise is how best to
define the extent and nature of cardiac involvement in COVID-
19. Non-invasive cardiac imaging has a well-established role
in assessing cardiac structure and function in a wide range of
cardiac diseases. It also offers the potential to elucidate COVID-
19 effects upon the heart, beyond information yielded by elevated
biomarkers per se, whichmay result from indirect as well as direct
myocardial injury.

In this review, our aim is to summarise the available studies
of non-invasive cardiac imaging assessment among patients with
COVID-19. We acknowledge that this is a relatively new disease
and that our understanding will continue to evolve, but a timely
appraisal of the latest literature is important to help inform
current clinical and research strategies.

CARDIAC INVOLVEMENT IN
CORONAVIRUS DISEASE 2019

The cardiac abnormalities reported to date among patients with
COVID-19 are wide ranging and include the following: acute

Abbreviations: AT, acceleration time; BAME, Black, Asian and minority ethnic;

CTA, computed tomography angiography; CMR, cardiac magnetic resonance;

CRP, C-reactive protein; COVID-19, coronavirus disease 2019; D-dimer, fibrin

degradation products; E, early transmitral peak Doppler velocity; e′, early tissue

Doppler peak velocity; ECV, extracellular volume; hs-cTn, high-sensitivity cardiac

troponin; hs-cTnI, high-sensitivity cardiac troponin I; hs-cTnT, high-sensitivity

cardiac troponin T; LA, left atrium; LAA, left atrial appendage; LV, left ventricle;

LVEF, left ventricular ejection fraction; LGE, late gadolinium enhancement;

LVGLS, left ventricular global longitudinal strain; LVSD, left ventricular systolic

dysfunction; RV, right ventricle; RVEF, right ventricular ejection fraction; RVEDA,

right ventricular end-diastolic area; RVESA, right ventricular end-systolic area;

RVEDV, right ventricular end-diastolic volume; RVESV, right ventricular end-

systolic volume; RVFWLS, right ventricular free-wall longitudinal strain; RVGLS,

right ventricular global longitudinal strain; S′, peak systolic tissue Doppler

velocity; STE, speckle tracking echocardiography; PASP, pulmonary artery systolic

pressure; PADP, pulmonary artery diastolic pressure; RVSD, right ventricular

systolic dysfunction; T2 STIR, short tau inversion recovery; TAPSE, tricuspid

annular plane peak systolic excursion; TTE, transthoracic echocardiography;

TOE, transoesophageal echocardiography; TAVI, transcutaneous aortic valve

intervention; TMVR, transcutaneous mitral valve intervention; TR Vmax,

tricuspid regurgitant peak velocity.

coronary syndromes (15), Takotsubo cardiomyopathy (16, 17),
myocarditis (18), right heart dysfunction/acute cor pulmonale
(19–22), left ventricular (LV) dysfunction (23), pericardial
effusion (24), and arrhythmias (25). For all of these sequelae,
the first-line non-invasive cardiac imaging modality of choice
remains to be echocardiography.

ECHOCARDIOGRAPHY

Transthoracic Echocardiography
Transthoracic echocardiography (TTE) is the most widely
available form of cardiac imaging for the assessment of
cardiac structure and function in a range of clinical settings,
indications and pathologies (26). It can be performed with
high-end, high-specification machines, with portable laptop-
type systems or with handheld devices (27). It is relatively
quick, although study durations depend on the extent of
data collected and can be performed on a stable or critically
unwell patient, without any known side effects (thermal heating
is a theoretical concern not encountered in normal clinical
practise). Accordingly, this lends itself to performance in the
outpatient echo laboratory, or by the inpatient bedside (Table 1).
High-quality TTE does, however, require highly trained staff,

whichever modality of echo imaging, analysis or system is
used. Different specifications of systems determine the types
of acquisition and analyses that are possible. For instance,
Doppler imaging, 3-D and speckle tracking deformation
imaging are not available on all devices, especially smaller,
handheld devices. Bedside TTE requires the close proximity
of sonographer and patient, which increases the potential for
coronavirus transmission from patient to staff or vice versa,
whether via surface contact or droplet spread. Appropriate
protection to mitigate this risk is strongly advised, as has been
recommended by both the American and British Societies of
Echocardiography (28, 29). Guidance has been issued, which
focuses on balancing the risk of infection vs. clinical demand.
Considerations include the need for experienced practitioners,
appropriate personal protective equipment (PPE), appropriate
case selection (i.e., performance in patients where knowledge is
most likely to be of clinical utility) and abbreviating the study
appropriately to reduce exposure duration while still answering
the clinical question.

Point-of-Care Echocardiography
Focused echocardiography protocols use variously shortened
imaging protocols, such as point-of-care ultrasound (POCUS),
level 1 echo or focused cardiac ultrasound (FOCUS), performed
at the bedside using normal or handheld echo devices. These can
be used in a range of settings with the advantage of being portable
and quick, particularly shortening sonographer–patient contact
time (27). This qualitative approach has been recommended in
COVID-19 patients with guidance from the American Society
of Echocardiography and widely proposed for echo assessment
in the COVID-19 patient and pandemic (28, 30, 31). Reports
have described such utility in COVID-19 to assess LV and
right ventricular (RV) size and systolic function, interventricular
septal flattening, signs of pulmonary embolism and pulmonary
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TABLE 1 | Transthoracic echocardiography and cardiovascular magnetic resonance imaging—relative merits and limitations.

Echocardiography Cardiovascular magnetic resonance

Advantages Limitations Advantages Limitations

Portability Highly portable Not portable—fixed systems

Ionisation Non-ionising Non-ionising

Image quality Highly variable—from excellent to

poor; dependent upon sonographer

skills, intrinsic patient echo window

factors and patient cooperation

More consistently excellent

image quality

Image quality degraded by

arrhythmia, poor breath-holding and

motion

Speed of scanning Rapid, tailored approach Longer protocols relative to echo

Myocardial

characterisation

Strain assessment allows good

contractile function assessment

Range of tissue

characterisation parameters

that yield data regarding

oedema, inflammation,

extracellular volume and

scarring (fibrosis/infarct)

Quantitative myocardial strain analysis

not yet in clinical practise

Volumetric

assessment

Variable depending on image quality

for left ventricle

Limited for right

ventricle

Excellent left and right

ventricular volumetric

assessment

Diastolic left

ventricular

assessment

Superior by echo Not yet validated for clinical CMR use

Valve assessment Superior characterisation of blood

flow velocity and gradients

Superior assessment of

valvular regurgitation

volumes

Pulmonary pressure

assessments

Quantitative approaches to

pulmonary pressure estimates (PASP

and PADP) in addition to visual

assessment of septal motion and

pulmonary artery diameter

Requires

measurable TR jet

Qualitative assessment of

septal motion and

pulmonary artery calibre

only

No quantitative measures

Temporal resolution Superior temporal resolution Inferior temporal resolution

Staff factors Highly trained

sonographers

required

Highly trained radiographers required

Availability Widely available Availability limited to fixed locations in

certain hospitals/medical facilities

Patient factors Claustrophobia is not a concern Unattractive to claustrophobic

patients

Can scan patients with orthopnoea Patient must be able to lie flat for ≥40

min

Patient can be scanned in echo lab or

a portable machine taken to the

bedside

Difficult logistics transporting critically

unwell patients to the scanner

Generally scanned in a

semi-recumbent position; can also

obtain at least some data if lying flat

Patients must be able to comfortably

hold their breath while lying flat

Kidney function not an issue with

echo with or without echo contrast

agents

Caution in patients with poor renal

function if using gadolinium-based

contrast, although lesser concerns

with modern agents

Magnetic materials No concern Patients or equipment with

ferromagnetic materials cannot enter

the scanner room

Cost Relatively cheap equipment Much more expensive than echo

systems

Infection control

considerations

Close proximity of

sonographer and

patient

Distance between patient

and radiographer

CMR, cardiac magnetic resonance; PASP, pulmonary artery systolic pressure; PADP, Pulmonary artery diastolic pressure; TR, tricuspid regurgitant.
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FIGURE 1 | Apical four chamber echocardiographic still image from a cine

typical of many patients with acute severe COVID-19 pneumonia. The cine

(Video 1) shows a dilated right ventricle and severe impairment of radial right

ventricle systolic function with relative preservation of long axis function. The

left ventricle is small and hyperdynamic. There is also paradoxical septal wall

motion and a thin rim of pericardial effusion adjacent to the right atrium.

hypertension, inferior vena cava (IVC) calibre and inspiratory
collapse, pericardial effusion, monitoring for changes in cardiac
function, as well as guiding ventricular intravascular volume
assessment, and aid triage decisions for intensive care (32).
The impact on patient outcomes, infection transmission rates
and diagnostic yield compared with those of complete echo
studies remain unknown. The pandemic has resulted in system
pressure with clinical resource constraints of echo provision
during the COVID-19 pandemic. This has been cited as an
additional reason for focused echo, potentially by personnel not
usually performing echocardiography, to meet clinical demands
for acute echo. Further assessment is needed of the potential
positive or negative implications of using focused methodology,
handheld technology and its application by practitioners with
limited echo training.

Transoesophageal echocardiography (TOE) permits superior
imaging quality of certain cardiac structures due to position
of the ultrasound probe within the oesophagus and stomach.
In a patient without a cuffed endotracheal tube, however,
oesophageal intubation, and extubation can lead to coughing
and aerosol generation. This makes for a high-risk study because
of the potential for airborne and saliva-borne transmission of
coronavirus from the patient to the operator and supporting
staff. Full PPE with a face visor, eye protection, gown, gloves,
head cover and FFP3/N-95 type mask is essential, although
local policies differ in their advice especially with regard to
mask type. TOE studies should, therefore, only be performed if
the information is critical and cannot be obtained by another
method (28, 29). In an already tracheal-intubated patient, the
same precautions should be taken, although the additional
infection risk is speculated to be reduced by the closed
respiratory circuit.

ECHOCARDIOGRAPHIC FINDINGS IN
CORONAVIRUS DISEASE 2019

Right Ventricular Size and Systolic
Function
The RV has received great attention in COVID-19 patients

primarily from clinical analogies drawn from patients suffering

ARDS. Right ventricular dilatation and systolic dysfunction are
highly prevalent and have been identified in COVID-19 patients

in several cohort studies and one multicentre study (please see

Figure 1, Video 1, and Table 2).
One of the original echocardiographic studies performed in

Israel included 100 consecutive patients hospitalised with mild-
to-severe COVID-19 (33). TTE was performed within 24 h of

admission, and notably, the most common echocardiographic

abnormality involved the RV, with dilatation with or without
systolic dysfunction in 39% when measured by fractional area
change (FAC) and S′. In contrast, LV systolic dysfunction (LVSD)

was observed in only 10%, of whom two patients (2%) already
had known ischaemic heart disease.

These findings were in keeping with our UK single-centre,
retrospective observational cohort study of 74 critically unwell
adults hospitalised with COVID-19 (41). In a sick cohort
in whom the majority needed mechanical ventilation and
over half vasopressor support, the primary abnormalities were
dilatation of the RV in nearly half (41%) and RV systolic
dysfunction (RVSD) in nearly a third (27%) (19). These changes
correlated with elevated D-dimer and C-reactive protein (CRP).
RVSD was predominantly related to reduced radial function,
reflected by abnormal FAC, in the face of relatively well-
preserved longitudinal function asmeasured by tricuspid annular
plane peak systolic excursion (TAPSE). Of those with RVSD,
20% were diagnosed with pulmonary embolism, but the true
figure could be higher because not all patients underwent CT
pulmonary angiography (CTPA). Although a large proportion
had mechanical ventilation and/or vasopressors, the study
showed no associated between either of these with the right
heart abnormalities. In addition to the small sample size, many
COVID-19 PCR-positive patients admitted to the study centre
did not undergo echocardiography, in line with the clinical
guidelines in place at the time, thus limiting the study to the
critically unwell. In a subsequent multicentre, retrospective study
of 164 patients hospitalised for COVID-19, we demonstrated
a similarly high prevalence of RV dilatation and RV systolic
dysfunction (20). Reduction in RVSD was more frequent when
measured by RV FAC than by TAPSE, although reduced
TAPSE was significantly associated with increased mortality. LV
abnormalities were uncommon, with LV ejection fraction (LVEF)
being normal or supranormal in 83%, and the LV dilated in
only 1%. The study group comprised 36% patients from Black,
Asian and minority ethnic (BAME) groups, but no significant
difference in echo findings or mortality was seen between white
and BAME patients; this might reflect the size of the study
group, and a larger investigation exploring for the presence or
absence of ethnic effects upon cardiac sequelae of COVID-19
is merited.
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TABLE 2 | Contrasting left and right ventricular findings in COVID-19 vs. controls or defined subgroup comparison.

Study design Size

(N)

RV systolic function LV systolic function LV

diastolic

functionStudy RV

size

RVEF TAPSE FAC AT S′ Tei

index

Longitudinal

strain

LV

size

LVEF Longitudinal

strain

Mahmoud-Elsayed

et al. (19)

Single centre,

retrospective

74 ↑ ↓ ↔ Mainly ↔ or

↑

Moody et al. (20) Multicentre,

retrospective

164 ↑ ↓ ↓ ↔ Mainly ↔ or

↑

Szekely et al. (33) Single centre,

prospective

100 ↑ ↔ ↓ ↓ ↓ ↔ Mainly ↔, ↓

in 10%

↑

Rothschild et al.

(21)

Consecutive

cohort

100 ↔ ↓ ↔ ↓ ↓ ↔ Mainly ↔, ↓

in 11%

↓ ↔

Argulian et al. (34) Single centre,

retrospective

105 ↑ ↔ ↔

Barman et al. (24) Single centre,

retrospective

90 ↑ ↔ ↑ ↑ ↑

Zeng et al. (23) Single centre,

retrospective

57 ↔ ↓ ↔

Vasudev et al. (16) Single centre,

retrospective

45 ↓ ↓ ↓

Kim et al. (35) Multicentre,

retrospective

510 ↑ ↓ ↓ ↔ ↓ in patients

with RV

remodelling

Baycan et al. (13) Single centre,

prospective

100 ↑ ↔ ↔ ↔ ↓ ↔ ↔ ↓ ↔

Li et al. (36) Single centre,

observational

120 ↑ ↓ ↓ ↔ ↓ ↔ ↔

Schott et al. (37) Single centre,

retrospective

66 ↑ Mainly ↔, ↓

in 3%

Churchill et al. (38) Single centre,

retrospective

125 ns ns ns ns ns ns ns ns Variable: ↑

or ↔; ↓ in

26%

Brito et al.

2020(39)

Single centre,

cross-sectional

observational

54 ↓ ↓ ↓ ↔ ↔ ↔ ↔ ↔

Pagnesi et al. (40) Single centre,

cross-sectional

200 ↓ ↓

ns, not stated; COVID-19, coronavirus disease 2019; RV, right ventricle; LV, left ventricle; RVEF, right ventricular ejection fraction; TAPSE, tricuspid annular plane peak systolic excursion;

FAC, fractional area change; AT, acceleration time.

The high prevalence of RV abnormalities was mirrored in
a multicentre study [largely intensive care unit (ICU) based]
involving eight hospitals in Michigan, USA; in 66 out of 1,780
hospitalised patients undergoing TTE, 71% had a dilated RV (37).
While 70% of patients had increased LV wall thickness, reduced
LVEF was uncommon (3%). In this study, RV dilatation was
defined by the ratio of RV:LV basal diameter, rather than the
absolute basal RV size and unlike most other studies to date, RV
systolic function was assessed visually rather than quantitatively,
which are important limitations.

A further study using focused echocardiographic protocols in
a single-centre, retrospective study in New York, USA, assessed
RV and LV size and systolic function in hospitalised patients (34).
The group comprised 105 consecutive patients of whom 30%
were intubated and mechanically ventilated. The RV was dilated
in 31% of patients and was the only independent predictor of

mortality on a multivariate analysis. Abnormality of RV systolic
function was far more common in those with RV dilatation. LV
size and LVEF did not differ between patients with or without
RV dilatation. In 10 patients with RV dilatation, CTPA was
performed and identified pulmonary embolism in half of this
small subset. RV dilation might relate to numerous concomitant
factors including hypoxic pulmonary vasoconstriction related to
ARDS, ventilator parameters or direct myocardial injury.

In contrast to the above two studies that assessed RV and LV
systolic functions using standard parameters, a Chinese group
used 2-D speckle tracking to examine changes in RV longitudinal
strain (RVLS) in 120 consecutive patients admitted with COVID-
19. Patients with known cardiomyopathy, previous myocardial
infarction, or poor image quality were excluded (36). In this
study, non-survivors had greater RV dilatation and elevated
pulmonary artery systolic pressure (PASP). Furthermore, RVLS
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was a strong predictor of mortality and superior to RV
FAC or TAPSE, with an optimum cut-off value of RVLS for
detection of increased mortality of 23%, with 94% sensitivity
and 65% specificity. While RVLS was predictive of mortality
independent of LVEF, LV systolic function was not assessed
by LV strain analysis. The authors speculate that RVLS may
identify RVSD earlier than conventional markers of RV systolic
function such as FAC and S′, due to it incorporating the
entire RV free wall rather than only the basal free wall and
tracking motion through the cardiac cycle. Furthermore, unlike
TAPSE and FAC, RVLS measurement is not limited by a
dependence on the angle of insonation or plane. Limitations
of the study include image quality requisites for speckle
tracking echocardiography (STE), which are highlighted by the
exclusion of 24 patients from the original cohort of 150 due to
insufficient image quality, the single-centre nature of the study
and sample size.

In a small study of 54 college student athletes comprising a
spectrum from asymptomatic to mild-to-moderate COVID-19
symptoms when tested for SARS-CoV-2 by TTE, a median of
27 days after the positive test revealed no change in LVEF, mass
or LV volumes. RV systolic function as measured using FAC
was reduced among symptomatic athletes and asymptomatic
athletes compared with COVID-19-negative athletic controls
(FAC, 23.2% and 26.4% vs. 43.0%) but not according to RV
free-wall longitudinal strain (RVFWLS) (−26.8% and −28.0%
vs. −26.9%) or RV S′ (14.0 and 13.9 vs. 14.0 cm/s) (data
in parentheses are mean values for symptomatic athletes,
asymptomatic COVID-19-positive athletes and COVID-19-
negative athletic controls) (39).

Biventricular Involvement
Initial case reports demonstrated significant LV systolic
dysfunction in patients with COVID-19 (42, 43). In contrast,
and as noted above, in the larger studies that followed, LV
abnormalities were infrequently observed with abnormalities
primarily confined to the RV (19, 20, 33, 34). Indeed, LVEF
was often hyperdynamic (19). Biventricular abnormalities have,
however, been documented in other case reports (44) and
studies (8). Indeed, a study of 45 patients from New Jersey,
USA, reported a greater incidence of LVEF (31% of patients)
than RVSD (11%) (16) in hospitalised patients with COVID-19
pneumonia. Among 125 predominantly critically ill COVID-
19 patients, one unit has reported that LVEF was normal or
hyperdynamic in the majority of patients but impaired in 26%
(38); RV findings were not reported. Another study compared
small numbers of ICU with non-ICU patients and discovered
greater RV dilatation and RVSD in the ICU patients, when
measured by TAPSE, S′ or FAC, making it difficult to identify a
single best parameter for RV function (23). Alongside this, there
was a high incidence of LV wall thickening and reduced LVEF in
the ICU cohort. Among COVID-19 patients with elevated hs-
cTnI, a study from Turkey reported greater rates of biventricular
dilatation and biventricular systolic dysfunction [measured
as LVEF and RV ejection fraction (RVEF)] in the severe vs.
non-severe groups (24). The definitions of severity of COVID-19
across studies can differ, but for this report, severe COVID-19

was defined as a respiratory rate ≥30 breaths/min; oxygen
saturation ≤93% at rest; partial pressure of arterial oxygen:
fractional concentration of inspired oxygen≤300 mmHg; critical
complication (septic shock, multiple organ dysfunction/failure
requiring ICU admission); or any type of respiratory failure that
required mechanical ventilation.

While the study by Li et al. investigated RVLS strain
(RVFWLS), it did not assess RV global longitudinal strain
(RVGLS) or LV strain (36). A single-centre study subsequently
analysed both parameters by 2-D STE in 100 consecutive
hospitalised, COVID-19 patients comprising mild-to-severe
disease (21). Strain analysis showed reduced LV global
longitudinal strain (LVGLS) and RVFWLS in 42% and 38%,
respectively, while LVEF was reduced in a smaller proportion
(11%) of patients. Both strain indices were prognostic, with
LVGLS predicting mortality and RVFWLS predicting the
combination of intubation or death.

A role for STE-derived longitudinal strain was also
investigated to seek subclinical ventricular dysfunction in
COVID-19 in patients with preserved LVEF and preserved
RVEF (13). LVGLS and RVLS and conventional 2-D echo were
measured in 100 hospitalised COVID-19 patients with LVEF
≥50% over a consecutive 2-week period from a centre in Turkey.
Patients were divided into severe and non-severe COVID-19
groups and compared with a control group free of COVID-19.
Severe COVID-19 was defined as per the definition above. RV
size was the greatest in the severe COVID-19 group vs. the
other two groups. The study was inherently limited by its small
sample and single-centre nature and an absence of premorbid
echo data. Both LVGLS and RVLS were reduced in the severe
group compared with the non-severe and control groups, and
both independently associated with in-hospital mortality by a
multivariate analysis. In fact, both LVGLS and RVGLS were
significantly different between the three groups, being the
greatest in controls and the lowest in the severe group [LVGLS:
−14.5 ± 1.8 vs. −16.7 ± 1.3 vs. −19.4 ± 1.6, respectively (p
< 0.001); RVLS: −17.2 ± 2.3 vs. −20.5 ± 3.2 vs. −27.3 ± 3.1,
respectively (p < 0.001)]. Although there was no difference
in LVEF between groups, this is unsurprising given that the
inclusion criteria required a normal LVEF.

In the largest detailed TTE study to date, Kim and colleagues
focused on RV abnormalities among 510 patients admitted to
three hospitals in New York, USA (35). RV size was measured
by 2-D echo (using a cut-off of >4.1 cm for the definition of
RV dilation), while systolic function was measured by TAPSE
or S′ (both needed to be abnormal to diagnose RVSD). RV
dilation was present in 35% of patients and RV dysfunction
in 15% of patients. In patients with RV dilation and preserved
systolic function, the basal diameter was 4.8 ± 0.5 cm with
RV S′ 12.3 ± 4.6 cm/s and TAPSE 1.8 ± 0.6 cm. In patients
with RV systolic dysfunction (S′ 8.4 ± 1.3 cm/s, TAPSE 1.3 ±

0.2 cm), RV size was 4.3 ± 1.0 cm. The authors demonstrated a
robust association between RV adverse remodelling (defined as
RV dysfunction and/or dilatation) and early mortality. Moreover,
the presence of adverse RV remodelling provided incremental
prognostic utility over and above biomarker and standard clinical
markers. Interestingly, both markers of RV remodelling were
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associated with LVSDmeasured by reduced LVEF, although LVEF
did not correlate with mortality.

An international registry led by the European Society
of Cardiology assessed qualitative but not quantitative echo
findings in confirmed or suspected COVID-19 patients in 1,216
patients from 69 countries. They found abnormalities of LV
or RV dysfunction in 39 and 33% of patients, respectively.
Abnormalities variably included ventricular chamber dilatation,
systolic dysfunction and features of pulmonary hypertension.
Echocardiography was followed by a change in management
in one third of cases (45). Within this subgroup, changes
in disease-specific therapy were made in 42% including
altering treatment for heart failure, acute coronary syndrome,
tamponade, pulmonary embolism or endocarditis; TTE was less
frequently used to titrate haemodynamic support (13%) and
determine changes in the level of patient care (8%). Limitations of
this study included its dependence on voluntary data submission,
a lack of detailed echocardiographic quantitative data and
incomplete data on changes in clinical management following
echocardiography in 151 patients.

Contrasting Effects of Coronavirus
Disease 2019 Upon Different Parameters of
Right Ventricular Systolic Function
As evident from the studies detailed in this review, a range
of methods of quantification of RV systolic function have
been used across different studies (Table 2). As not all studies
have measured the same parameters, it is difficult to compare
their relative utility. RV FAC is often reduced in COVID-
19 patients (20, 33), and this correlates with the degree of
diminished RVLS (36). In contrast, while RV S′ was reduced
in one study (33), this parameter did not correlate with the
degree of RV dysfunction as quantified by RVLS (36). This
difference might reflect the fact that RV S′ measures basal
segment longitudinal function rather than the entire RV free
wall or, indeed, RV global longitudinal function. The effects of
COVID-19 on longitudinal RV function as measured by TAPSE
appear variable, having been reported as unchanged in some
studies (24, 33) but reduced in others (20, 36). Longitudinal
function as measured by more sensitive measures such as RVLS
(variably characterised as either RVFWLS or RVGLS) tends
to be reduced in COVID-19 (21, 36). A descriptive study
demonstrated a graded reduction in RVLS according to the
severity of COVID-19 pneumonia compared with controls (13).
Although limited by the absence of ECG gating, pulmonary
AT may be shortened reflecting increased pulmonary pressures,
although the myocardial performance index (Tei index) is not
always affected (33).

Contrasting Right vs. Left Ventricular
Findings in Coronavirus Disease 2019
While the effect of COVID upon RV size and systolic
function is generally the most common abnormality among
the studies to date, the difference in LV findings is striking.
There are several potential explanations. Firstly, the sample
sizes are relatively small in all studies to date, such that the

different outcomes may reflect incomplete representations of
the more widespread effects of COVID-19 upon LV function,
appearing more clearly in some studies and then mildly or
almost not at all in others. Secondly, the study populations
differ with respect to geography, co-morbidities and disease
severities. Thirdly, the method of assessment of LV function
differs significantly, ranging from visual LVEF assessment to
quantitative biplane LVEF and, in some cases, more advanced
analysis by STE to determine LVGLS. Fourthly, the definition
of ventricular dysfunction, whether left or right, varies. In
some studies, a reduced LVEF is considered dysfunction,
whether visually or quantitatively determined. In others, LVEF
may be normal, but LV function is considered abnormal
if longitudinal strain is abnormal. Acknowledging differences
in terminology and definitions of abnormality is key when
interpreting these studies.

The importance of the LVGLS findings in two of the studies
assessing longitudinal strain (13, 21) suggest that subclinical
LVSD, not sufficient to detect by 2-D echo alone, may exist
in COVID-19, can be detected by STE and is associated
with elevated mortality. Indeed, both LVGLS and RVLS were
predictors of mortality, as were hs-cTnI, D-dimer, and SaO2

(13). LVGLS and RVLS measure long axis fibre function; and
because the responsible fibres run in the subendocardium and are
susceptible to early injury and fibrosis, long axis function may
decline before LVEF falls. Longitudinal strain could, therefore,
offer more sensitive, early prognostic utility in COVID-19 as
it has done in other disease cohorts. In addition, LVGLS and
RVLS measured by STE as opposed to tissue Doppler imaging
(TDI) is superior by being angle-independent and having greater
reproducibility (46). The analyses can be performed away from
the bedside and therefore do not prolong scanning duration,
although the requirement for good images might (47). It would
be interesting to knowwhether RV and LV longitudinal functions
are normal or abnormal in those studies in which EF was normal
but strain was not measured.

In any measurement of LV systolic function, the presence or
absence of inotropic drugs and loading conditions should be
noted. Adjusting for this is challenging and makes it difficult to
compare patients within and between studies.

Finally, different outcomes may be reported due to the
use of different thresholds for the definition of abnormal. For
instance, in most studies, reduced FAC and TAPSE are defined
as <0.35 and <17mm, respectively. However, in the study from
Wuhan, thresholds different from those adopted in consensus
guidelines were used (36). Furthermore, datasets used to define
normality themselves have intrinsic limitations when applied
to populations with different characteristics. Thus, the NORRE
dataset used by the latest British Society of Echocardiography
normal values was derived from Caucasian Europeans, and
furthermore, RV dimensions from these data differ to those of
the joint American Society and European Society of Cardiology
consensus guidelines (48).

Pulmonary Artery Systolic Pressure
Many studies have demonstrated abnormalities of echo-derived
estimates of PASP. A single-centre study of 200 non-ICU
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patients showed that PASP was higher in more severe COVID-19
pneumonia and that it correlated with mortality, in contrast to
RVSD (reduced TAPSE or S′) (40). Other studies also identified
PASP and its importance in COVID-19 patients. It was shown
to be higher among COVID-19 patients who subsequently died
than in survivors (36), in those with greater impairment of
RVLS and in those with greater severity of COVID-19 disease
(13), in severely ill COVID-19 patients with normal biventricular
ejection fractions (13) and in those with ARDS (22) and occurs
with either RVSD or RV dilatation (35). The aetiology of the
rise in pulmonary pressure, for instance, a direct consequence
of COVID-19 pneumonia, or left or right heart dysfunction,
remains unknown.

Inferior Vena Cava Diameter and
Inspiratory Collapse
Assessment for dilatation and loss of inspiratory collapse can
help identify patients with a higher likelihood of elevated right
atrial pressure. However, in mechanically ventilated patients, this
correlation is unreliable (49). Nevertheless, trends in IVC size
and degree of distensibility could potentially be of utility. The
IVC diameter was increased in the severely ill COVID-19 patients
in one study (24). The implications for such measurements in
COVID-19 require further research.

Left Ventricular Diastolic Function
There was an absence of diastolic functional differences
in COVID-19 patients with preserved biventricular ejection
fractions, in whom measures of LV diastolic function, LVEF,
LV size, LV mass and left atrial size were similar across groups
in a study of patients with COVID-19 and normal LVEF (13).
Similarly, no change in LV diastolic parameters was observed
between patients with varying degrees of RVLS impairment
nor between survivors and non-survivors (36). While LV filling
pressure and left atrial volume might be greater in COVID-19
patients vs. controls in a study from Israel, the majority (80%)
did not meet criteria for significant diastolic dysfunction (E/E′ ≥
14) (33). Average E/e′ was 10.5 ± 0.8, 10.6 ± 0.4 and 9.0 ± 0.4,
across the three clinical grades of presentation with no significant
difference between clinical groups. Yet in the same study, a sub-
study of patients with hs-cTnI elevated above the 99th percentile
(above 28 ng/L) had increased E/e′, suggesting higher LV filling
pressures and impaired diastolic function [average E/E′ 11.3 ±

6 vs. 9.8 ± 6; p = 0.003, hs-cTnI > 28 ng/L (n = 20), vs. hs-
cTnI < 28 ng/L (n = 80)]. No difference in LV diastolic function
was detected among ICU compared with non-ICU patients
(23) similar to a study by Rothschild et al., which showed no
significant difference between COVID-19 hospitalised patients
and controls (21).

Diastolic dysfunction is often identifiable by non-invasive
imaging earlier than systolic dysfunction across a range of
cardiac pathologies, and its assessment is an integral part of a
complete echo study (48, 50). The absence of significant changes
in diastolic dysfunction in COVID-19 echo studies reported
to date should be interpreted with caution and will require
assessment in larger and more detailed studies because of several

limitations. These include, firstly, incomplete measurement of
required diastolic functional parameters, which should include
spectral Doppler-based transmitral E and A velocities, E wave
deceleration time and mitral annular tissue Doppler e′ velocities,
derived E/e′ ratio and pulmonary venous systolic and diastolic
flow rates. Secondly, patients sick with COVID-19 are often
tachycardic, making measurement of some of these parameters
impossible due to E and A wave fusion. Finally, in the presence
of tachycardia, all time intervals need adjustment for heart
rate (51).

Pericardial Effusion
Pericardial effusions have been identified, particularly so in
severely unwell patients [(23, 24) Zeng et al.; Barman], although
these are not common (20).

Echocardiographic Changes During
Coronavirus Disease 2019 Illness vs.
Premorbid Status
There are little data comparing echo findings before and after
COVID-19. The multicentre study from New York included a
subset of patients (35). Out of 73 patients with pre-existing TTEs,
RV dilatation was more common following COVID-19 than
before, and there was a trend toward greater RVSD.

Prognostic Value of Echocardiographic
Indices
Among the echocardiographic indices so far investigated, a
prognostic role for several has been identified (Table 3). As the
studies are relatively small, verification in large studies and other
populations will be needed.

Nevertheless, the data so far demonstrate prognostic roles
for RV dilatation in some studies (33–36) but not all (20).
RV systolic function has been measured in various ways with
prognostic value in many studies. Thus, receiver operating
curve analyses show prognostic value of systolic function in
decreasing order when assessed by RVLS, FAC, or TAPSE (36).
RV assessment is also prognostic when measured by the Tei
index (33). Strain analysis of RVLS (13) and LVGLS (13, 21)
has been shown to be prognostic as has RV strain quantified as
RVFWLS (21). Pulmonary hypertension, estimated by TR Vmax,
has also been shown to have a potential prognostic role (36, 40).
Low LVEF and elevated LV E/e′ are associated with increased
mortality (33).

Biomarkers and Their Relationship With
Echo Findings
Elevated troponin has been associated with RV size (24), RVSD
measured by FAC (24) and RVSD measured by FAC, S′, PA AT
and TAPSE (20, 33, 35). Hs-cTn has also been associated with
LVSD in some studies whenmeasured by LVGLS (13) or by LVEF
(24), and also with increased E/E′, suggesting increased left heart
filling pressures (33). Elevations in D-dimer have been associated
with RV size (24, 35) and RVSD according to reduced TAPSE
(20), and also correlated with LVSD measured by LVGLS (13) or
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TABLE 3 | Prognostic echo findings in COVID-19—parameters associated with increased mortality.

RV systolic function PHTN LV systolic function LV diastolic

function
Study RV

size

RVEF TAPSE FAC S′ AT Tei

index

Longitudinal

strain

LV

size

LVEF Longitudinal

strain

Mahmoud-Elsayed

et al. (19)

Moody et al. (20) – + +

Szekely et al. (33) + + + +

Rothschild et al.

(21)

+ +

Argulian et al. (34) +

Kim et al. (35) + + +

Baycan et al. (13) + +

Li et al. (36) + + + +

Pagnesi et al. (40) +

COVID-19, coronavirus disease 2019; RV, right ventricle; PHTN, pulmonary hypertension; LV, left ventricle; RVEF, right ventricular ejection fraction; TAPSE, tricuspid annular plane peak

systolic excursion; FAC, fractional area change; AT, acceleration time.

by LVEF (24). While ferritin has been correlated with RVSD, this
likely relates to its role as an acute phase reactant rather than as
a reflection of iron stores (35). Elevated D-dimer, troponin, CRP,
and troponin-I have all been associated with reduced RVAT (33).
With the exception of E/E′, correlations with diastolic indices
have not been reported, although diastolic characterisation in
COVID-19 remains limited to date.

Serial Echocardiographic Changes
Appreciation of longitudinal cardiac changes during the acute
phase of COVID-19, and in the medium and longer terms after
the acute illness, is limited.

A subset analysis performed in 20 hospitalised patients
who suffered clinical deterioration following their first echo
study yields some potential insight. In these patients, the
most common finding was a deterioration of RV parameters,
including shortened acceleration time (AT) and increased RV
end-diastolic area (RVEDA); however, there was no significant
deterioration in LVEF or LV E/e′, except in an even smaller
subset of five patients who showed reduction in LVEF alongside
elevated troponin and a reduction in AT (33). The authors
speculated that deterioration in these patients reflects increased
pulmonary vascular resistance and thus increased RV afterload
in a form of acute cor pulmonale and suggested research into
echo-guided anticoagulation strategies guided by estimates of
pulmonary pressure (33). While this mechanistic explanation is
physiologically sound, it is not known what changes would have
been identified in the patients who did not clinically deteriorate
and therefore did not have a second echo study. The findings are
also limited by the small sample size, and verification in a large
group would be informative.

In the study by Mahmoud-El-Sayed et al., a subset of patients
had follow-up TTE but limited to 31% of the original 74 patients,
and at the median interval of 8 days, no significant changes in
LV or RV size or systolic function were evident (19). On the
other hand, in hospitalised COVID-19 patients with elevated

troponin, LV dysfunction improved in nine out of 11 patients
who underwent repeat echo assessment at a median of 14 days,
although 22 patients with LVSD were not restudied (38).

In a multicentre, prospective, observational study of 79 adults
hospitalised with COVID-19 pneumonia, echo was performed
during admission and at 3 months follow-up (52). At baseline,
41% had a normal echo. Of those with abnormal findings, most
had RV remodelling (41%) rather than LV (6%) or biventricular
(8%) remodelling, with RV dilatation more common than RV
dysfunction. At follow-up, 71% had a normal echo. Although
most patients underwent reverse remodelling reflected by a
reduction in mean basal RV dimension and an increase in
FAC, adverse RV remodelling persisted in 20% despite the
normalisation of cardiac biomarkers.

In a small subgroup of hospitalised patients having a repeat
study due to clinical deterioration in haemodynamics or need
for intubation, RVFWLS was more often reduced in the mid-
free wall segment, with relative apical sparing, reminiscent of
McConnell’s sign (21). This regional reduction in RVwall motion
might explain why TAPSE or RV S′ could offer less sensitivity
in detecting RVSD among COVID-19 patients, and this may be
important when considering serial evaluation.

Finally, in a small case series of COVID-19 patients with
ARDS, increased RV wall thickness was also reported in
association with acute cor pulmonale, while in those who
survived to discharge, PASP decreased compared with elevated
baseline values (22).

Limitations of Echocardiographic Studies
Most of the aforementioned studies have been small,
retrospective and heavily subject to selection bias, having
been performed in hospitalised patients at the severe end of
the COVID-19 disease spectrum, many of whom required
ventilatory and/or circulatory support. The effects of COVID-19
upon cardiac function as assessed by echocardiography in
asymptomatic patients or with only mild-to-moderate disease
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not requiring hospitalisation remain unknown. Studies are also
limited by their cross-sectional design or short duration of
follow-up. Indeed, the medium- and long-term effects in patients
with moderate and severe acute COVID-19 disease have yet to
be fully characterised.

A further limitation relates to differences in echo protocols.
Some departments have used a relatively standard or abbreviated
“level 2” (53) approach, while others employed a level 1 or
modified level 1 (41) approach in the interest of reducing study
duration, as guided by consensus guidelines (28, 29). These
intrinsic differences in imaging protocols will have influenced the
results reported in the studies.

Finally, there have been differences between studies
relating to post-processing analyses, namely, STE and strain
analysis. Discrepancy in the method of RVLS measurement
is notable; some studies measured RVFWLS, while others
have assessed RVGLS. This may be further compounded
by differences from the use of different versions of analysis
software and different software vendors (54, 55). Heart rate
and sampling frame rate present significant limitations in
the application of STE to patients with tachycardia, as is
commonly observed in patients with significant illness from
COVID-19, potentially degrading the reliability of derived
data. None of the studies to date have presented 3D echo
analytical techniques.

CARDIAC MAGNETIC RESONANCE
IMAGING

Cardiac magnetic resonance (CMR) imaging has the advantage
of being able to provide structural, functional and tissue
characterisation (Table 1).

An early CMR case report demonstrated subepicardial apical
and inferolateral late gadolinium enhancement (LGE) in a
patient acutely infected with COVID-19 in whom there was
a significant troponin elevation and anterior T wave inversion
and no coronary disease at angiography (18). Subsequent
reports have also demonstrated LGE in a non-ischaemic pattern,
and normal or increased signal on T2 short tau inversion
recovery (STIR) imaging, and normal or increased values on
parametric T1 and T2 mapping, consistent with previous or
active myocarditis (56, 57).

A single-centre study of 26 patients who recovered from
COVID-19 and had outpatient symptoms suggesting a cardiac
origin were evaluated by CMR in Wuhan, China (58). The CMR
was performed a median of 47 days from the onset of the cardiac
symptoms. Conventional and quantitative mapping sequences
were applied. Out of the 26 patients, 15 had myocardial oedema
and/or focal LGE. The increased T2 STIR signal was mainly
found in the interventricular septum, anterior, anterolateral and
inferior wall segments in either the basal or mid-myocardial
level. The authors contrasted these findings from the more
common position of basal to mid-inferior and inferolateral
wall segments for many other viruses yet acknowledged that
the LGE distribution tended to be similar to that of common
viral myocarditis, present in the subepicardial inferior and

inferolateral wall. Conventional imaging demonstrated reduced
RVEF in those with oedema and/or LGE, while LVEF was
normal in all bar one patient, irrespective of the presence of
oedema or fibrosis. Tissue mapping demonstrates increased T1,
T2 and extracellular volume (ECV) in those patients with oedema
and or LGE, but not in patients with normal conventional
CMR imaging. RV analyses showed reduced RVEF, but no
significant change in end-diastolic volume, in patients with
abnormalities by conventional CMR imaging, but not in those
without. The most important limitation of this study is clearly
the very small sample size and, following this, the fact that
most patients had had moderate rather than severe or mild
COVID-19 disease.

A larger study of 100 patients with recent COVID-
19 patient has since reported CMR findings in a German
population of unselected volunteers (59). Of note, this group
comprised 67 who recovered at home and 33 who had been
hospitalised and in so doing included patients who had a
mixed severity of COVID-19 illness. CMR-specific findings
in the recovered patients vs. controls included, in order of
frequency, elevated native T1, elevated native T2, myocardial
LGE or pericardial LGE. LV volumes were mildly increased
and LVEF mildly reduced in the COVID-19 patients compared
with controls, however, with a relatively broad overlap of values.
Interestingly, 12% of the patients had an ischaemic pattern
of myocardial LGE. However, despite the parametric mapping
abnormalities, there were no overt functional abnormalities
based on LVEF and RVEF, leaving questions over the significance
of these findings.

Native T1 and T2 mapping correlated with high-sensitivity
troponins measured at the time of imaging. Comparing patients
who recovered at home vs. in the hospital, native T1 was
slightly but statistically higher in the hospitalised recovery
group, and indeed, there was a similar difference in high-
sensitivity troponin levels at the time of CMR imaging. ECV
was not measured in this study. In three patients with severe
CMR findings, myocardial biopsy revealed active lymphocytic
inflammation. These findings were recorded at a median of
71 days from COVID-19 diagnosis and demonstrate ongoing
cardiac abnormality beyond the phase of acute illness, consistent
with ongoing myocarditis, pericarditis or myopericarditis,
occurring independently of the severity, or time from onset, of
the original COVID-19 illness.

Among 148 hospitalised patients with severe COVID-19
infection and elevated troponin, outpatient CMR was performed
∼2 months following diagnosis or discharge (60). This showed
normal LVEF in 89% of patients, LGE or ischaemia in 54%
of patients, of whom 26% had a non-ischaemic pattern and
22% had an ischaemic pattern, and dual pathology was seen
in 6%. Active myocarditis was present in 30%. RVEF was
lower in the COVID-19 group compared with the controls (61
vs. 64%, respectively). The study is, however, limited by the
absence of matched premorbid CMR data to compare against. In
addition, the significance of LGE in the presence of normal LVEF
is uncertain.

A small series of 26 competitive athletes were assessed
by CMR after COVID-19 without hospitalisation (61). All
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FIGURE 2 | Cardiac magnetic resonance findings for a 32-year-old male presenting 6 months after an initial diagnosis of severe COVID-19 pneumonia. Steady-state

free precession cine imaging demonstrates a dilated left ventricle with severe global impairment of systolic function (upper two figures, see Video 2). Subepicardial

late gadolinium enhancement involving the basal and mid lateral wall is non-ischaemic in aetiology and in keeping with a prior COVID-19 myocarditis (lower three

figures, showing 4 chamber, short axis and LVOT1 views, respectively).

TABLE 4 | Cardiac computed tomography in COVID-19.

Potential role Scenarios Comment

Coronary assessment (epicardial) Differential myocardial injury vs. obstructive coronary disease CMR has a clear role here; cardiac CT might permit sufficient

coronary assessment before a patient is able to undergo

CMR for myocardial assessment

First assessment of non-ST elevation acute coronary

syndromes

Instead of ICA first

Prior to non-coronary cardiac surgery Already being used in some patients and centres prior to

COVID-19

Prior to structural heart interventions: LAA occlusion, TMVR,

TAVI

May reduce need for ICA, especially in patients with fewer

coronary risk factors

Left atrial appendage thrombus

assessment

In patients requiring DC cardioversion of atrial arrhythmia, or

prior to atrial fibrillation/flutter ablation, where sufficient

anticoagulation has not been present, or there is higher than

average thrombus risk

Reduces need for TOE

An early and delayed image phase helps distinguish contrast

stasis from thrombus. Further data on sensitivity and

specificity vs. TOE will be important here

Myocarditis Potential role through use of delayed contrast imaging to

distinguish myocardial infarction with unobstructed coronaries

from myocarditis

CMR is the gold standard in assessment of myocarditis by

non-invasive imaging and has a larger evidence base. Further

data will be needed

Structural cardiology interventions Established role in pre-procedural planning in LAA, TMVR,

and TAVI

May further reduce need for TOE where this is used

COVID-19, coronavirus disease 2019; CMR, cardiacmagnetic resonance; ICA, invasive coronary angiography; LAA, left atrial appendage; TMVR, transcutaneousmitral valve intervention;

TAVI, transcutaneous aortic valve intervention; TOE, transoesophageal echocardiography.

had normal ventricular volumes and function. Twelve of
these had non-ischaemic LGE, comprising eight without and
four with T2 elevation, suggesting previous and current

myocarditis, respectively. However, some of the subjects had been
asymptomatic from COVID-19, and there was no control group
for comparison.
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In contrast, among 48 college student athletes comprising
a spectrum from asymptomatic to mild/moderate COVID-
19, CMR performed at a median 27 days after the positive
SARS-CoV-2 test showed the predominant abnormality
was pericardial LGE and small pockets of pericardial
effusion but no signs of active myocarditis (39). The CMR
findings from a young male who was readmitted with
dyspnoea and an elevated hs-cTnI of 80 ng/L (normal
range < 14 ng/L) 6 months following an initial diagnosis
of severe COVID-19 pneumonitis are shown in Figure 2 and
Video 2.

As with echocardiographic assessment, appreciation of
longitudinal cardiac changes as measured by CMR during the

acute phase of COVID-19, and in themedium and long term after
the acute illness, is limited.

CARDIAC COMPUTED TOMOGRAPHY

Cardiac computed tomography angiography (CTA) provides
another non-invasive diagnostic modality for a range of cardiac
presentations. It has the advantage of rapid acquisition and
relevant to the COVID clinical environment can be performed
with less personal contact than traditional stress testing. This
test offers an alternative to traditional methods that require
longer contact time between staff and patient and those with

TABLE 5 | Factors to consider in the application of non-invasive imaging in COVID-19.

Factor Considerations Comment

Who to scan? Biomarkers (troponin, D-dimer, ferritin,

potentially BNP); ECG changes; cardiac

symptoms; known cardiac disease

Biomarker cut-offs are unclear—the general trend and overall picture are likely to be the deciding

factor until further data guide further

ECG changes can be non-specific, and the entire clinical picture must be taken into consideration

Critically and seriously unwell patients

(abnormal haemodynamics and oxygen

requirements)

Echo is likely to be the most available imaging modality in the critically unwell

Prognostication and triage decisions for

escalation to critical care level 2 care

where resources are limited

This is a topic of medical ethics. Imaging may guide requirements for higher care and may inform

probability of survival, although on a population rather than individual level. Echo can provide

sufficient data

How to scan? Echo, CMR, and CT are all considerations

from the cardiovascular perspective

See Table 1 for advantages vs. disadvantages of echo vs. CMR. See Table 4 for potential uses of

cardiac CT. CMR is likely best reserved for those with ongoing symptoms after recovery from acute

COVID or in those with abnormal echocardiography

Diagnostic considerations Echo may be indicated to guide diagnosis of hypotension and differentiate septic shock vs.

cardiogenic shock (thus guide inotropic, mechanical support decisions, maybe even transplant

decisions). Cardiac CT offers a potential “quadruple rule-out” for assessment of aortic, pulmonary,

coronary and myocardial pathology. See text for other considerations

When to scan? Acute

Outpatient—early vs. mid vs. long term

Monitoring progress

These are factors that will require further exploration. Echo clearly permits accessible, convenient

and serial follow-up whether as an inpatient or outpatient

CMR may be a good pre-discharge assessment of cardiac status and, if abnormal, might be

repeated as an outpatient to track longitudinal change. Where this is not practicable, an early

outpatient CMR may be performed.

Progress may be monitored by serial echo, especially in those who are severely ill and those with

abnormalities on a baseline echo, with response to treatments including proning, steroids, oxygen,

and novel therapies

Resource availability Scanning systems (echo, CMR or CT);

scanner time and availability;

sonographer/radiographer expertise and

availability; reporting clinician availability

Availability of all these factors will vary between units and countries. At a pragmatic level, these

factors must be balanced against the considerations above to create locally achievable processes,

while constraints are tackled to permit wider access

Safety considerations Infection prevention
Strict considerations to mitigate risks of infection transmission during echo, CMR and CT studies are

essential. Appropriate PPE and timing of the study are critical here, to balance the infection risk vs.

potential improvements in clinical outcomes afforded by the data revealed by the study in question

TTE should be the echo modality of choice rather than TOE—and TOE reserved for very highly

selective cases due to its aerosol-generating nature—to cases where the TOE finding will change

management. This is likely to be a very small proportion of cases, such as ICU cases where TTE

windows are non-diagnostic

Study duration? Role for abbreviated echo

studies

Focused echo (level 1 echo or modified level 1 echo) will certainly provide useful data; tailoring what

to truncate is a fine art and better applied by more senior practitioners than junior staff

Treatment A role for imaging guided changes in

treatment is not yet defined.

Potentially, imaging findings of right ventricular dysfunction, dilatation or pulmonary hypertension

might trigger earlier initiation of advanced therapies ads they become identified

COVID-19, coronavirus disease 2019; BNP, brain natriuretic peptide; CMR, cardiac magnetic resonance; PPE, personal protective equipment; TTE, transthoracic echocardiography;

TOE, transoesophageal echocardiography; ICU, intensive care unit.
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actual or potential aerosol generation such as TOE and invasive
coronary angiography (ICA) (Table 4) (62). It permits analysis
of epicardial coronary arterial calcification, coronary atheroma,
coronary wall characteristics, valvular calcification, intracardiac
masses and pericardial assessment. However, it requires radiation
exposure, although with modern scanners the doses are
significantly lower than before, iodinated contrast administration
with potential nephrotoxicity and contrast allergy, and good
heart rate control with an ability to breath-hold, except for
calcium scoring alone.

Cardiac CTA assesses for obstructive coronary disease in
the following conditions: evaluation of myocardial infarction
vs. myocardial injury; coronary assessment in patients with
more typical non-ST elevation acute coronary syndromes, rather
than an ICA approach; investigation of patients with newly
impaired LV systolic function; preoperative assessment for
heart valve surgery; and pre-procedural coronary assessment
prior to percutaneous structural interventions. Secondly, it
can investigate for left atrial appendage (LAA) thrombus,
thereby avoiding TOE, prior to electrical cardioversion of
atrial arrhythmia or atrial fibrillation ablation. Thirdly, it
has been applied to assess for infective endocarditis in
hearts with native and prosthetic valves, with the additional
advantage of assessing for extra-valvular cardiac infection.
Finally, while CT can provide useful information on COVID
lung infection, by using a delayed enhancement CT protocol,
it might also be able to offer detection of myocarditis
(63), although CMR remains the gold standard test for
this diagnosis.

FUTURE RESEARCH DIRECTIONS

To date, there has been a significant variation in the quantity
and quality of cardiac imaging performed between centres.
Collectively, cardiac imaging tests have been aimed at aiding
diagnosis, prognostication, triaging decisions for escalation and
monitoring of progress. In the future, imaging tests may be
used for informed decisions related to initiation of novel
COVID-19-specific treatments, anti-heart failure medication and
duration of anticoagulation. The proposed timing of cardiac
imaging and its modality [acute, subacute, pre-discharge, and
outpatient (medium and long term)] is likely to depend on
the clinical status of the patient guided by the results of
biomarkers. The utility of biomarkers is likely to be in the
risk stratification of patients by identifying those with cardiac
injury who may benefit from cardiac imaging (12), rather
than specifying the aetiology of cardiac injury. Prognostication
could clearly be aided by imaging with RV, LV and pulmonary
pressure findings from echo, and LGE findings on CMR provide
potential as prognostic markers. Larger multicentre studies, such
as COVID-HEART (54) and an imaging-based study of the
Post-Hospitalisation COVID-19 study, PHOSP-COVID (55), are
needed in the medium and long term, across the spectrum of
disease severity, and should help to answer many of the following
outstanding questions.

Characterisation

• Can cardiac imaging be used to help explain the differential response to

COVID-19 reflected by patient demographic and established risk factors

such as age, sex, race and BMI?

• What are the genetic determinants of adverse outcome in COVID-19 and

how do they relate to the presence of adverse cardiac remodelling defined

by cardiac imaging?

• Which patients are likely to benefit from imaging in the acute setting and

who warrants follow-up cardiac imaging? When, where and how do we

image (choice of modality)? (Table 5)

• What is the role of handheld echocardiography in acute COVID-19

patients? Anecdotally, this is still being widely used in many units.

• What is the role for imaging in guiding patients in their return to “normal

activity” and for athletes returning to competitive sport. Is a CMR required

or will echo/biomarker data suffice?

• Does strain (echo or CMR) offer clinical utility? There is a suggestion

that RVGLS is superior to RVFWLS in severe heart failure (64); does this

require further assessment with regard to assessment of RV function and

prognosis in COVID-19? Does adding RVLS or RVFWLS to echo studies

provide incremental prognostic information beyond standard indices of RV

function?

• In patients with advanced respiratory failure, the prone position is often

used. How do echo findings in prone patients compare with those in the

same patient in a supine position? How do different software analysis

packages affect results of 2D STE echo data, whether LV or RV?

• Can cardiac CT reliably expand beyond its more established role in

coronary assessment to provide routine assessment of LAA thrombus and

myocarditis?

• Long COVID refers to patients with ongoing symptoms beyond the acute

illness (65)—what proportion of these have clinical or subclinical cardiac

dysfunction?

• Finally, will the emergence of and infection by different SARS-CoV-2 strains

result in differential cardiac effects (66)?

Treatment

• Is there a role for echo-guided anticoagulation strategies to prevent

pulmonary hypertension, RV afterload and acute pulmonale (33)?

• What is the effect of novel treatments, including dexamethasone or

antibody therapy on the cardiac response to severe COVID-19 infection?

• Do all patients with reduced LVEF related to COVID-19 benefit from

conventional anti-heart failure medication?

Risks

• How does RV/LV dilatation/dysfunction progress? Does it resolve, or does

it worsen? Is RV or LV abnormality the stronger determinant of adverse

prognosis in the acute setting and at follow-up?

• Does LVEF remain normal even if normal at baseline, especially in those

with oedema and/or LGE and/or persistent elevation in biomarkers? Does

oedema resolve in all and in what time frame, or will we see some

patients develop replacement fibrosis? How do the findings on CMR tissue

characterisation relate to arrhythmogenic risk?

• Risks to the patient and to health care staff—Do longer echo studies

lead to more nosocomial infection spread? Do more CMR studies lead

to increased nosocomial infection spread?

DISCUSSION

In less than a year, the world has seen a pandemic caused
by a novel coronavirus, and the resulting COVID-19 disease
has resulted in millions of deaths and widespread short and-
medium-term morbidity, with long-term effects yet to be
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realised. While initially considered a respiratory disease, it is
now apparent that cardiac involvement is an important potential
phenomenon in COVID-19.

While biomarkers, particularly hs-cTn and D-dimer, ECG
changes and cardiac symptoms and signs, may identify patients
with cardiac injury, non-invasive cardiac imaging has a growing
and powerful role in the assessment of cardiac structure and
function in these patients. Beyond this diagnostic role, imaging
can reveal prognostic data, can guide treatment and response
to treatment, may aid decision-making when triaging limited
resources among patients and can provide serial monitoring, for
instance, of RV function and pulmonary hypertension. Cardiac
phenotyping can be made possible using minimally invasive
methods and when incorporated into clinical data mining will
enhance and maintain patient safety. Herein lies the power
of non-invasive imaging. RV dilatation and dysfunction in
COVID-19 appears to be the dominant, although clearly not
the only cardiac abnormality based on the echocardiographic
data. Possible explanations include effects of COVID-19 upon
pulmonary vascular resistance and lung parenchyma, either of
which could result in increased pulmonary arterial pressure, RV
afterload, RV dilatation and dysfunction.

Echocardiography, CMR and cardiac CT have been
considered in this review of non-invasive cardiac imaging
in COVID-19. It is often said that CMR is the “gold standard”
for various aspects of cardiac assessment, and for volumetric
assessment and tissue characterisation, and this holds true
for compliant subjects with ideal or near-ideal scanning
conditions. For health care systems with limited resource,
echocardiography will likely remain the mainstream imaging
modality for assessment of COVID-19 patients and offers a
pragmatic alternative in the acute setting when MRI and CT
scanning conditions, related to patient factors predominantly,
are often suboptimal. In particular, CMR would appear more

suitable for patients who recover from COVID-19 and acute
cardiac injury, rather than during their acute phase, where the
patient may often be too sick to transfer, imaging quality may be
significantly compromised and resources are limited.

Recommendations for Cardiac Imaging in COVID 19

We propose TTE as the first-line imaging modality for hospitalised COVID-

19 patients with critical illness, haemodynamic instability, significantly

elevated hs-cTn or clinical features consistent with cardiac dysfunction.

Outpatient follow-up TTE should be considered in those where the inpatient

echocardiogram was abnormal or for patients with long COVID. This may

be supplemented or superseded with cardiac MRI dependent on local

accessibility and patient status. These initial recommendations will need

refining as further evidence becomes available.
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Lung Ultrasound Score as a
Predictor of Mortality in Patients With
COVID-19
Zhenxing Sun 1,2†, Ziming Zhang 1,2†, Jie Liu 1,2†, Yue Song 1,2, Shi Qiao 1,2, Yilian Duan 1,2,

Haiyan Cao 1,2, Yuji Xie 1,2, Rui Wang 1,2, Wen Zhang 1,2, Manjie You 1,2, Cheng Yu 1,2, Li Ji 1,2,

Chunyan Cao 1,2, Jing Wang 1,2, Yali Yang 1,2, Qing Lv 1,2, Hongbo Wang 3*‡, Haotian Gu 4*‡

and Mingxing Xie 1,2*‡

1Department of Ultrasound Medicine, Union Hospital, Tongji Medical College, Huazhong University of Science and

Technology, Wuhan, China, 2Hubei Province Key Laboratory of Molecular Imaging, Wuhan, China, 3Department of

Gynecology and Obstetrics, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology,

Wuhan, China, 4 British Heart Foundation Centre of Research Excellence, King’s College London, London, United Kingdom

Background: Lung injury is a common condition among hospitalized patients with

coronavirus disease 2019 (COVID-19). However, whether lung ultrasound (LUS) score

predicts all-cause mortality in patients with COVID-19 is unknown. The aim of the present

study was to explore the predictive value of lung ultrasound score for mortality in patients

with COVID-19.

Methods: Patients with COVID-19 who underwent lung ultrasound were prospectively

enrolled from three hospitals in Wuhan, China between February 2020 and March 2020.

Demographic, clinical, and laboratory data were collected from digital patient records.

Lung ultrasound scores were analyzed offline by two observers. Primary outcome was

in-hospital mortality.

Results: Of the 402 patients, 318 (79.1%) had abnormal lung ultrasound. Compared

with survivors (n = 360), non-survivors (n = 42) presented with more B2 lines, pleural

line abnormalities, pulmonary consolidation, and pleural effusion (all p < 0.05). Moreover,

non-survivors had higher global and anterolateral lung ultrasound score than survivors.

In the receiver operating characteristic analysis, areas under the curve were 0.936 and

0.913 for global and anterolateral lung ultrasound score, respectively. A cutoff value of 15

for global lung ultrasound score had a sensitivity of 92.9% and specificity of 85.3%, and

9 for anterolateral score had a sensitivity of 88.1% and specificity of 83.3% for prediction

of death. Kaplan–Meier analysis showed that both global and anterolateral scores were

strong predictors of death (both p < 0.001). Multivariate Cox regression analysis showed

that global lung ultrasound score was an independent predictor (hazard ratio, 1.08; 95%

confidence interval, 1.01–1.16; p= 0.03) of death together with age, male sex, C-reactive

protein, and creatine kinase-myocardial band.

Conclusion: Lung ultrasound score as a semiquantitative tool can be easily measured

by bedside lung ultrasound. It is a powerful predictor of in-hospital mortality and may

play a crucial role in risk stratification of patients with COVID-19.

Keywords: COVID-19, SARS-CoV-2, lung ultrasound score, mortality, prognosis
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BACKGROUND

The coronavirus disease 2019 (COVID-19) is a newly recognized
infectious disease caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Although chest
computed tomography (CT) has been regarded as an important
diagnostic tool for COVID-19 diagnosis (1), it is limited by
high cost, radiation exposure, infection control challenges, and
lack of continuous monitoring, particularly for critically ill
patients (2). Lung ultrasound (LUS), with the advantage of being
non-invasive, low cost, and radiation free, has been increasingly
used as a bed-side tool for evaluation and monitoring of lung
diseases, particularly in the intensive care unit (ICU) (2, 3). It
was found to have high accuracy in diagnosing viral community-
acquired pneumonia with 94% sensitivity and 89% specificity for
the detection of viral pneumonia in symptomatic patients (4).
Global LUS score, a semiquantitative numerical score of lung
aeration across 12 lung regions, has been shown as a useful tool
to diagnose acute respiratory distress syndrome (ARDS) (5).

We therefore hypothesized that LUS score may play an
important role in detecting lung lesions and optimizing risk
stratification in patients with COVID-19. To test this hypothesis,
LUS images in patients prospectively recruited from three
hospitals in Wuhan, China were analyzed to evaluate the
prognostic value of LUS score for in-hospital mortality in patients
with COVID-19.

MATERIALS AND METHODS

Patient Population
Patients with confirmed COVID-19 who underwent lung
ultrasound were consecutively recruited from the West Branch
of Wuhan Union Hospital, Cancer Centre of Union Hospital,
and Jianghan Mobile Cabin Hospital Wuhan, China between
February 6, 2020 and March 15, 2020. The study was approved
by the ethics committee, Union Hospital, Tongji Medical
College, Huazhong University of Science and Technology (No.
20200021). Written informed consent was waived because of the
unprecedented nature of COVID-19 pandemic.

Inclusion criteria were age ≥18 years and confirmed COVID-
19. Exclusion criteria were incomplete image acquisition,
missing clinical data, and cardiac failure causing cardiogenic
pulmonary oedema.

Demographic, clinical history, comorbidities, laboratory data,
and outcomes of all patients were obtained from electronic
medical records (Dthealth Medical Systems CO, Tianjin, China).
Primary outcome was all-cause mortality. All patients were
followed up until April 7, 2020 when the last patient in the study
was discharged.

Lung Ultrasound
LUS examinations were performed by nine qualified ultrasound
doctors using Mindray M9 potable ultrasound machines
(Mindray Bio-medical electronics Co, Shenzhen, China) with
1- to 5- MHz convex probes. LUS consisted of 12 different
regions (two anterior, two lateral, and two posterior thoracic
regions) (Supplementary Figure 1) as previously described (6).

All video files were recorded in a hospital local archive and
were interpreted and scored offline by two experienced observers
within 24 h of LUS examinations who were blinded to the clinical
data and outcomes. In case of disagreement between observers,
the two observers agreed by consensus on the LUS score.

Examples of ultrasound findings including the patterns of B
lines, consolidations, pleural line abnormalities, pleural effusion,
and the lesion distribution are shown in Figure 1.

Lung Ultrasound Score
LUS score was determined based on four lung patterns
(Supplementary Table 1): N = 0, B1 = 1, B2 = 2, and C = 3
as described previously (7):

a. N pattern—normal aeration: A lines or <3 isolated B lines;
b. B1 pattern—moderate loss of lung aeration: a clear number

of multiple visible B lines with horizontal spacing between
adjacent B lines ≤7mm (B1 lines);

c. B2 pattern—severe loss of lung aeration: multiple B lines fused
together with horizontal spacing between adjacent B lines
≤3mm, including “white lung” (B2 lines); and

d. C pattern—complete loss of aeration: pulmonary
consolidation, presence of tissue pattern accompanied
by static or dynamic air bronchograms.

Global LUS score was calculated by summing the scores of all 12
lung regions (ranging from 0 to 36). An adjusted composite score,
antero-lateral score, was also derived by summing the anterior
and lateral regional scores (range from 0 to 24) (5, 7).

Repeatability and Reproducibility of Lung
Ultrasound Score
Intra- and interobserver variability of global LUS score
was assessed in 30 randomly selected subjects by repeat
measurements on the same images 1 month apart by two
observers. Bland–Altman plots were produced.

Statistical Analysis
Demographic, clinical, and outcome variables were presented
as percentages for categorical variables and as medians with
interquartile ranges (IQRs) for continuous variables. The Mann–
Whitney U-test was used to compare LUS scores between
survivors and non-survivors.

Receiver operating characteristic (ROC) curves for death
were drafted for global and anterolateral score. The area
under the receiver operating characteristic curves (AUCs) was
calculated to determine the diagnostic accuracy for death. The
optimal cutoffs were determined as the highest Youden’s index
(sensitivity+ specificity – 1).

Kaplan–Meier curves were used to examine cumulative death
rate, and differences between groups were tested using a log
rank test. Univariate andmultivariate Cox regression analysis was
performed to identify potential predictors of death. Multivariate
models were constructed to assess the prognostic utility of global
and anterolateral scores, incorporating covariables that were
significant (p < 0.05) in the univariate analysis. All statistical
analyses were performed using SPSS version 25 (SPSS Inc.
Chicago, Illinois).
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FIGURE 1 | Ultrasonographic features and lung ultrasound (LUS) score in patients with coronavirus disease 2019 (COVID-19). (A) Normal: the presence of A lines

beyond the pleural line characterizes mornal pulmonay aeration, LUS score: 0. (B) B1 line: the presence of multiple vertical B lines (comet tails) with well-defined

spacing regularly spaced B lines 7mm apart, LUS score: 1. (C) B2 line: the presence of coalescent B lines <3mm apart, LUS score: 2. (D) Lung consolidation: the

presence of a tissue pattern (yellow arrowhead), LUS score: 3. (E) Pleural effusion at costophrenic angle (red arrowhead).

FIGURE 2 | Study flow chart.
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TABLE 1 | Patient characteristics.

No. (%) p-value No. (%) p-value

Total

(N = 402)

Survivors

(N = 360)

Non-survivors

(N = 42)

Global LUS

Score <15

(N = 310)

Global LUS

Score ≥15

(N = 92)

Age, median (IQR), years 63 (52–70) 62 (52–69) 69 (61–77) <0.001 61 (51–68) 69 (61–77) <0.001

Age distribution – – – <0.001 – – <0.001

20–40 years 39 (9.7) 39 (10.8) 0 36 (11.6) 4 (4.3)

40–60 years 125 (31.1) 124 (34.5) 1 (2.4) 112 (36.1) 18 (19.6)

≥60 years 238 (59.2) 197 (54.7) 41 (97.6) 162 (52.3) 70 (76.1)

Sex – – – 0.002 – – 0.002

Female 210 (52.2) 199 (55.3) 11 (26.2) 175 (56.5) 35 (38.0)

Male 192 (47.8) 161 (44.7) 31 (73.8) 135 (43.5) 57 (62.0)

Clinical presentation

Fever 395 (98.2) 353 (98.0) 42 (100) 0.36 304 (98.1) 91 (98.9) 0.93

Dry cough 279 (69.4) 246 (68.3) 33 (78.6) 0.17 209 (67.4) 70 (76.1) 0.11

Headache 23 (5.7) 18 (5.0) 5 (11.9) 0.14 14 (4.8) 9 (9.8) 0.06

Sore throat 45 (11.1) 42 (11.7) 3 (7.1) 0.53 31 (10.0) 14 (15.3) 0.16

Myalgia 135 (33.6) 116 (32.2) 19 (45.2) 0.09 97 (31.3) 38 (41.3) 0.07

Fatigue 131 (32.6) 115 (31.9) 16 (38.1) 0.42 100 (32.3) 31 (33.7) 0.80

Dyspnea 124 (30.8) 104 (23.2) 20 (34.8) 0.01 72 (23.2) 32 (34.8) 0.03

Rhinorrhea 43 (10.7) 35 (9.4) 8 (21.4) 0.11 32 (18.6) 11 (16.8) 0.66

Nausea and vomiting 26 (6.5) 24 (6.7) 2 (4.8) 0.89 23 (7.4) 3 (3.3) 0.15

Diarrhea 51 (12.7) 47 (13.1) 4 (9.5) 0.52 37 (11.9) 14 (15.2) 0.41

Comorbidities

Hypertension 97 (24.1) 80 (22.2) 17 (40.5) 0.009 64 (20.6) 33 (35.9) 0.003

Coronary heart disease 50 (12.4) 35 (9.7) 15 (35.7) <0.001 30 (9.7) 20 (21.7) 0.002

Arrhythmia 10 (2.5) 9 (2.5) 1 (2.4) 1.00 8 (2.6) 2 (2.2) 1.00

Diabetes 40 (10.0) 36 (10.0) 4 (9.5) 1.00 27 (8.7) 13 (14.1) 0.13

Cerebrovascular disease 12 (3.0) 9 (2.5) 3 (7.1) 0.23 6 (1.9) 6 (6.5) 0.06

Chronic pulmonary Disease 15 (3.7) 11 (3.1) 4 (9.5) 0.01 9 (2.9) 6 (6.5) 0.11

Chronic liver disease 17 (4.2) 15 (4.2) 2 (4.8) 1.00 12 (3.9) 5 (5.4) 0.72

Chronic kidney disease 5 (1.2) 4 (1.1) 1 (2.4) 1.00 3 (1.0) 2 (2.2) 0.70

Malignancy 25 (6.2) 18 (5.0) 7 (16.7) 0.009 14 (4.5) 11 (12.0) 0.01

Clinical outcome – – – <0.001 – – <0.001

Discharged 360 (89.6) 360 (100) 0 305 (98.4) 55 (59.8)

Died 42 (10.4) 0 42 (100) 5 (1.6) 37 (40.2)

ARDS 85 (21.1) 43 (11.9) 42 (100) <0.001 17 (5.5) 68 (73.9) <0.001

ICU admission 79 (19.7) 38 (10.5) 41 (97.6) <0.001 15 (4.8) 64 (69.6) <0.001

Mechanical Ventilation 76 (18.9) 36 (10.0) 40 (95.2) <0.001 13 (4.2) 63 (68.5) <0.001

Days from admission to ultrasonic

examination, median (IQR), days

3

(2–5)

3

(2–5)

3

(1–4)

0.44 3

(2–5)

3

(2–5)

0.32

Length of hospital stay, median (IQR), days 27

(20–39)

28

(21–40)

23

(15–31)

0.002 27

(20–40)

27

(19–37)

0.88

Global LUS score: summing the scores of all 12 lung regions (two anterior, two lateral, and two posterior thoracic regions) (ranging from 0 to 36).

ARDS, acute respiratory distress syndrome; ICU, intensive care unit.

RESULTS

Patient Characteristics
A total of 407 patients with COVID-19 meeting the inclusion

criteria were recruited, of whom 5 were excluded due to

suboptimal LUS images (n = 3) and congestive heart failure

(n = 2) (Figure 2). Four hundred two patients were included

in the final analysis, of whom 42 died with median time to
death 21 (IQR, 14–29) days. Cause of death was recorded
as multiorgan failure (42.9%), respiratory failure (26.1%),
cardiac (9.5%), septic shock (9.5%), unknown (7.1%), and
stroke (4.8%). Baseline characteristics are summarized in
Table 1. Non-survivors were older and more male gender
compared to survivors. There was a higher prevalence of
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TABLE 2 | Laboratory findings.

Median (IQR) p-value Median (IQR) p-value

Total

(N =402)

Survivors

(N = 360)

Non-survivors

(N = 42)

Global LUS

Score <15

(N = 310)

Global LUS

Score ≥15

(N = 92)

Blood count

WBC

count, ×109/L

5.94

(4.73–7.56)

5.85

(4.62–6.87)

6.99

(4.98–10.51)

0.045 5.85

(4.62–6.87)

6.99

(4.98–10.51)

<0.001

Lymphocyte

count, ×109/L

1.49

(1.11–1.87)

1.45

(1.09–1.85)

0.45

(0.28–0.78)

<0.001 1.60

(1.25–1.96)

0.97

(0.45–1.38)

<0.001

Platelet count, ×109/L 205

(160–250)

210

(167–255)

140

(92–208)

<0.001 211

(168–256)

179

(139–223)

<0.001

Hemoglobin, g/dl 120

(107–132)

121

(109–132)

104

(92–124)

0.001 122

(112–134)

107

(95–124)

<0.001

Coagulation function

PT, s,

(n = 384)

13.0

(12.4–13.8)

12.9

(12.4–13.6)

15.8

(13.9–18.4)

<0.001 12.9

(12.4–13.6)

13.8

(12.8–16.2)

<0.001

APTT, s,

(n = 384)

37.1

(34.5–41.7)

36.7

(34.2–40.4)

47.9

(39.3–58.4)

<0.001 36.5

(34.2–40.3)

40.5

(35.1–49.5)

<0.001

D-dimer, mg/L,

(n = 384)

0.44

(0.22–1.22)

0.39

(0.21–0.93)

3.08

(1.36–8.00)

<0.001 0.37

(0.20–0.84)

1.10

(0.39–3.01)

<0.001

Blood biochemistry

TP, g/L 66.3

(62.7–70.2)

66.7

(63.5–70.6)

59.5

(54.8–65.4)

<0.001 66.7

(63.6–70.5)

64.3

(57.7–68.4)

0.003

Albumin, g/L 38.6

(35.0–41.5)

39.2

(36.3–41.8)

26.9

(24.4–30.1)

<0.001 39.6

(365. −41.9)

33.7

(27.0–38.2)

<0.001

ALT, U/L 28

(19–47)

29

(19–46)

37.0

(22–70)

0.06 29.0

(19.5–46.0)

26.0

(18.0–47.0)

0.08

AST, U/L 24

(19–32)

23

(19.0–31)

42

(29–75)

0.01 23.0

(18.0–30.5)

31

(22.0–45.0)

0.02

TB, µmol/L 10.4

(7.8–13.7)

10.0

(7.7–13.1)

14.7

(9.5–28.8)

0.002 10.2

(7.8–13.2)

11.0

(7.5–15.4)

0.05

Sodium, mmol/L 139.8

(138.5–141.6)

139.7

(138.5–141.3)

141.5

(138.6–144.3)

0.05 139.8

(138.7–141.4)

139.8

(137.5–142.5)

0.98

Potassium, mmol/L 4.15

(3.90–4.37)

4.16

(3.93–4.37)

3.96

(3.55–4.39)

0.73 4.17

(3.94–4.37)

4.10

(3.79–4.40)

0.58

BUN, mmol/L,

(n = 382)

4.92

(3.90–6.01)

4.75

(3.84–5.69)

10.61

(6.85–18.48)

<0.001 4.70

(3.87–5.70)

5.65

(4.23–10.52)

<0.001

Creatinine, µmol/L 64.3

(53.8–77.0)

63.8

(53.9–75.5)

76.9

(50.7–140.3)

0.024 63.5

(54.3–75.7)

68.7

(50.3–91.0)

0.05

hs-cTnI, pg/mL,

(n = 382)

3.3

(1.7–12.1)

2.6

(1.6–6.5)

100.6

(29.3–407.4)

<0.001 2.50

(1.53–5.18)

15.4

(4.12–98.05)

<0.001

LDH, U/L 180

(153–228)

174

(151–206)

393

(278–670)

<0.001 174

(150–206)

216

(166–365)

0.001

CK-MB, U/L

(n = 347)

0.9

(0.4–9.0)

0.8

(0.4–7.0)

21.6

(9.0–34.3)

0.008 0.8

(0.4–8.0)

1.9

(0.6–21.1)

0.03

Infection-related biomarkers

CRP, mg/L,

(n = 370)

3.03

(0.72–10.4)

2.43

(0.62–5.92)

90.19

(53.7–125.8)

<0.001 2.37

(0.59–5.8)

24.93

(2.21–105.6)

<0.001

PCT, ng/ml,

(n = 370)

0.06

(0.04–0.13)

0.06

(0.04–0.11)

0.38

(0.14–1.51)

<0.001 0.06

(0.04–0.10)

0.07

(0.07–0.43)

0.03

WBC, white blood cell; PT, prothrombin time; APTT, activated partial thromboplastin time; TP, total protein; ALT, alanine transaminase; AST, aspartate aminotransferase; TB, total bilirubin;

BUN, blood urea nitrogen; hs-cTnI, hypersensitive troponin I; LDH, lactate dehydrogenase; CK-MB, creatine kinase–MB; CRP, hypersensitive C-reactive protein; PCT, procalcitonin.

preexisting conditions including hypertension, coronary heart
disease (CHD), and malignancy in non-survivors compared
to survivors.

Laboratory Findings
Laboratory data on hospital admission are summarized
in Table 2. Overall, non-survivors had significant worse
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TABLE 3 | Lung ultrasound findings.

No. (%) p-value

Total

(N = 402)

Survivors

(N = 360)

Non-survivors

(N = 42)

Normal baseline lung ultrasound 84 (20.9) 84 (23.3) 0 <0.001

Abnormal baseline lung ultrasound 318 (79.1) 276 (76.7) 42 (100)

Characteristics of lung ultrasound

B line 318 (79.1) 276 (76.7) 42 (100) <0.001

B1 line 236 (58.7) 210 (58.3) 26 (61.9) 0.66

B2 line 213 (51.5) 171 (45.8) 42 (100) <0.001

Pleural line abnormalities 137 (31.8) 103 (26.4) 34 (78.6) <0.001

Pulmonary consolidation 117 (25.6) 83 (20.6) 34 (69.0) <0.001

Pleural effusion 36 (8.2) 18 (4.4) 18 (40.5) <0.001

Distribution at baseline ultrasound <0.001

Right lung 63 (15.7) 63 (17.5) 0

Left lung 30 (7.5) 30 (8.3) 0

Bilateral lungs 223 (55.5) 181 (50.3) 42 (100)

Abnormalities at lung region

Left anterior superior 129 (32.1) 93 (25.8) 36 (85.7) <0.001

Left anterior inferior 112 (28.4) 74 (20.6) 38 (90.5) <0.001

Left lateral superior 128 (31.8) 100 (27.8) 28 (66.7) <0.001

Left lateral inferior 153 (38.1) 112 (31.1) 41 (97.6) <0.001

Left posterior superior 111 (27.6) 81 (22.5) 30 (71.4) <0.001

Left posterior inferior 156 (38.8) 125 (34.7) 31 (73.8) <0.001

Right anterior superior 139 (34.5) 108 (30.0) 31 (73.8) <0.001

Right anterior inferior 138 (34.3) 102 (28.3) 36 (85.7) <0.001

Right lateral superior 129 (32.1) 103 (28.6) 26 (61.9) <0.001

Right lateral inferior 160 (39.8) 120 (33.3) 40 (95.2) <0.001

Right posterior superior 142 (35.3) 107 (29.7) 35 (83.3) <0.001

Right posterior inferior 150 (37.3) 130 (36.1) 20 (47.6) 0.14

Global LUS score, median (IQR) 4

(1–13)

3

(1–9)

20

(18–23)

<0.001

Anterolateral LUS score, median (IQR) 2

(0–8)

5

(0–9)

14

(11–15)

0.001

laboratory results, including increased white blood cell count,
prothrombin time, activated partial thromboplastin time,
D-dimer, aspartate aminotransferase, total bilirubin, blood
urea nitrogen, creatinine, hypersensitive troponin I (hs-Tnl),
lactate dehydrogenase (LDH), creatine kinase–myocardial
band (CK-MB), hypersensitive C-reactive protein (CRP), and
procalcitonin and decreased lymphocyte count, platelet count,
hemoglobin, total protein, and albumin (all p < 0.05) compared
to survivors. Patients with a higher global LUS score (>15) had
significant worse laboratory results, in particular, significantly
increased D-dimer and CRP compared to those with a global LUS
score <15.

Lung Ultrasound Findings and Lung
Ultrasound Score
Lung ultrasound was performed within a median of 3
(IQR, 2–5) days from hospital admission. Lung ultrasound
findings are shown in Table 3. Eighty-four patients (20.9%)

had normal LUS. The presence of B lines was the most
common finding (318/402, 79.1%), followed by pleural line
abnormalities (137/402, 31.8%) and consolidation (117/402,
25.6%). Pleural effusions were detected in 36 (8.2%) patients.
Compared to survivors, non-survivors were more likely to have
B2 lines, pleural line abnormalities, pulmonary consolidation,
and pleural effusion, but there was no difference in the
presence of B1 lines. All non-survivors had bilateral involvement.
Survivors had significantly lower global and anterior–lateral
LUS scores compared to non-survivors (Figure 3). Findings of
each of 12 lung regions are shown in Supplementary Figure 2.
Regional LUS scores including anterior, lateral, and posterior
scores are presented in Supplementary Figure 3. Bland–Altman
plots for intra- and interobserver variability of global LUS
score are shown in Supplementary Figure 4. All repeated
measures were within 1.96 × standard deviation of the
mean, which suggested a good reproducibility of global
LUS score.
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FIGURE 3 | Box plots representation of (A) global and (B) anterolateral lung

ultrasound (LUS) scores in survivors and non-survivors.

Prediction of Mortality by LUS Global and
Anterolateral Score
After a median of 27 (IQR, 20–39) days of follow-up, 42 patients
died. ROC curve analyses of global and anterolateral LUS score
for predicting mortality are shown in Figure 4. The area under
the curve were 0.936 and 0.913 for global and anterolateral LUS
score, respectively. A cutoff value of 15 for global LUS score
had a sensitivity of 92.9% and specificity of 85.3% for prediction
of death, and a cutoff value of 9 for anterolateral LUS score
had a sensitivity of 88.1% and specificity of 83.3%. Clinical
characteristics and laboratory findings dichotomized according
to global LUS score optimal value of 15 are shown in Tables 1, 2.

Kaplan–Meier analysis showed that both global and
anterolateral LUS scores were strong predictors of death
(Figure 5). When global LUS score was >15, 37/92 (40.2%)
patients died compared to only 5/310 (1.6%) death in those with
a global LUS score <15. When patients were dichotomized by
anterolateral LUS score of 9, there were 36/97 (37.1%) deaths in
patients with a high score compared to 6/305 (2.0%) deaths in
those with a low anterolateral score.

On univariate Cox regression analysis, age, male gender,
malignancy, CHD, CRP, hs-cTnl, CK-MB, D-dimer, global LUS
score, and anterolateral LUS score were significantly associated
with mortality (Table 4). In multivariate model 1, considering
global LUS score together with other significant predictors
in the univariate model, age, male sex, CRP, CK-MB, and
global LUS score [hazard ratio (HR), 1.08; 95%CI, 1.01–1.16,
p = 0.03) remained as a significant predictor. In multivariate
model 2, when anterolateral LUS score was tested with other
variables, the predictive power of anterolateral LUS score did not
remain significant.

DISCUSSION

Our data suggested that global LUS score was a predictor of
in-hospital mortality independent of age, gender, comorbidities,
and biochemical markers and was superior to LUS anterolateral

FIGURE 4 | Receiver operating characteristic (ROC) curves of global and

anterolateral lung ultrasound (LUS) score for prediction of death.

score. The optimal threshold of 15 for global LUS score and
9 for anterolateral LUS score were in line with those derived
from previous investigations (5, 8). These findings supported the
clinical utility of LUS in patients with COVID-19 (7, 9) given its
ease of use at point of care, low cost, lack of radiation exposure,
and ready combination with other components of critical care
ultrasonography (10, 11).

LUS features in patients with COVID-19 in our study
manifested asmultiple lesions, various types of B lines, irregularly
pleural lines, and subpleural consolidations. B lines presented in
79.1% patients. B2 lines and consolidations were more common
in non-survivors than in survivors. Pleural effusion, pleural
thickening, and pneumothorax were less common in COVID-
19 patients, which were consistent with the latest autopsy report
(12) that COVID-19 patients presented with acute interstitial
lung disease.

Bass et al. showed that LUS had high sensitivity for
detection of interstitial and alveolar–interstitial lung disease with
peripheral distribution (13). Consistent with these features, our
findings suggested that global LUS score was highly predictive
of death in COVID-19 and independent of other previously
identified predictors. Non-survivors in our study were older
and more male with higher prevalence of preexisting conditions
including hypertension, CHD, and malignancy and higher levels
of cardiac injury and systematic inflammation markers than
survivors, which were in consistence with previous studies (14).

Another interesting finding of our study was that when
the posterior regions were excluded, the predictive power of
anterolateral LUS score disappeared in the multivariate cox
regression model. This finding was consistent with chest CT
findings that the most commonly involved lung segments in
patients with COVID-19 were the dorsal segment of the right

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 May 2021 | Volume 8 | Article 633539109

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Sun et al. Lung Ultrasound Score in COVID-19

FIGURE 5 | Kaplan–Meier curves of (A) global lung ultrasound (LUS) score with optimal cutoff value of 15 and (B) anterolateral LUS score with optimal cutoff value of

9 for prediction of in-hospital mortality.

TABLE 4 | Univariate and multivariate Cox regression.

HR CI (95%) p HR CI (95%) p HR CI (95%) p

Univariate Model 1 Model 2

Age 1.04 1.01–1.07 0.005 1.05 1.00–1.10 0.04 1.05 1.00–1.09 0.05

Male sex 0.33 0.17–0.67 0.002 0.31 0.11–0.89 0.03 0.34 0.12–0.92 0.03

Hypertension 0.55 0.30–1.03 0.06

Malignancy 0.32 0.14–0.72 0.006 0.57 0.18–1.81 0.34 0.57 0.18–1.82 0.34

CHD 0.28 0.15–0.52 <0.001 0.99 0.45–2.18 0.99 0.93 0.43–2.02 0.85

CRP 2.58 1.99–3.35 <0.001 1.60 1.17–2.20 0.004 1.69 1.23–2.31 0.001

hs-cTnl 1.82 1.61–2.04 <0.001 1.11 0.90–1.37 0.34 1.17 0.95–1.44 0.14

CK-MB 2.11 1.75–2.54 <0.001 1.47 1.09–1.99 0.01 1.54 1.13–2.08 0.006

D-Dimer 2.75 2.08–3.65 <0.001 1.19 0.83–1.69 0.34 1.17 0.82–1.66 0.38

Global LUS score 1.20 1.15–1.26 <0.001 1.08 1.01–1.16 0.03

Anterolateral LUS score 1.23 1.17–1.29 <0.001 1.04 0.96–1.13 0.34

C-index 0.995 0.994

CHD, coronary heart disease; CRP, C-reactive protein; hs-cTnl, hypersensitive troponin I; CK-MB, creatine kinase–myocardial band.

Global LUS score: summing the scores of all 12 lung regions (two anterior, two lateral, and two posterior thoracic regions) (ranging from 0 to 36). The values in bold represent statistical

differences in data.

lower lobe, the posterior basal segment of the right lower lobe,
the lateral basal segment of the right lower lobe, and the dorsal
segment and the posterior basal segment of the left lower lobe
(15). Despite some studies showing that the posterior regions
had the lowest diagnostic accuracy (5), scores from these regions
could play an important role in risk stratification. In the present
study, lung lesions weremainly located in the right lateral inferior
area (39.8%), left lateral inferior area (38.1%), left posterior
inferior area (38.8%), and right posterior inferior area (37.3%)
(the lower posterior and lateral segments of the lungs). This
finding also supported that the potential benefit of prone position

in patients affected with COVID-19 acute respiratory distress
syndrome (ARDS) due to a more even distribution of the gas–
tissue ratios along the dependent–non-dependent axis and a
more homogeneous distribution of lung stress and strain (16).

Although anterolateral LUS score had less predive power
compared to global LUS score, it may still play an important role
particularly in patients on ICU.

Clinical Implications
COVID-19 as a global pandemic imposes a huge burden on
medical systems. Early quantification of patients with severe lung
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involvement may be critical for optimization of treatment and
management. LUS as a non-invasive and cost-effective diagnostic
tool can be performed rapidly, particularly in ICU. Severe
studies have also demonstrated that echocardiography is a crucial
tool in detecting cardiovascular complications (in particular on
assessment of left and right ventricular function) and predicts
poor prognosis in patients COVID-19 (17, 18). Combining LUS
with echocardiography may add additional value to identify
patients at higher risk of poor outcomes.

Limitations
Our study has several limitations. First, mortality rate was
relatively low, which limits the strength of our conclusion. Low
mortality rate may be due to the fact that majority of patients in
the present study were not in ICU, while this rate was similar to
previously published data (19). Second, the follow-up period was
relatively short, as majority of patients were discharged within 28
days from admission.

Although our findings suggested that LUS may add additional
value in risk stratification, the strength of our conclusion may
be limited by the nature of an observational study. There are
several other limitations of LUS that cannot be ignored such
as the requirement of special training to perform high-quality
LUS, lack of evidence-based guidelines, the high risk of infection
when performing LUS examination in patients with COVID-19
(20, 21).

Patients included in this study were recruited from three
hardest-hit hospitals in Wuhan, and these patients may not
represent the population in other areas. Finally, the relationship
between LUS and lung CT was not explored, as the majority of
patients did not have lung CT due to limited availabilities and the
nature of infectious disease.

CONCLUSION

Global LUS score as a semiquantitative measure of lung
conditions is a powerful predictor of in-hospital mortality in
patients with COVID-19 and may add additional value in patient
monitoring and risk stratification.
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COVID-19 is associated with a large number of cardiovascular sequelae, including

dysrhythmias, myocardial injury, myocarditis and thrombosis. The Notch pathway is one

likely culprit leading to these complications due to its direct role in viral entry, inflammation

and coagulation processes, all shown to be key parts of COVID-19 pathogenesis. This

review highlights links between the pathophysiology of SARS-CoV2 and the Notch

signaling pathway that serve as primary drivers of the cardiovascular complications seen

in COVID-19 patients.

Keywords: notch signaling pathway, COVID-19, cardiovascular, vascular biology, cardiovascular disease

INTRODUCTION

Beginning in December 2019, the world faced a challenging nemesis presented by a member of
the coronaviruses family, SARS-CoV2, later known as Coronavirus Disease 2019 or COVID-19
(1–3). First feared for its aggressive attack on the respiratory system (4, 5), it is now recognized
for its severe cardiovascular complications (6–8). These range from hemodynamic instabilities,
dysrhythmias, and thromboembolic events, to myocarditis, acute heart failure and cardiac arrest
(9, 10). Analyzing patient data from several countries, cardiovascular disease appears in two
contexts associated with COVID-19. First, studies have shown that pre-existing cardiovascular
disease increases the risk of COVID-19 infection and is indeed present in a high number of cases
(11–13). Second, COVID-19 patients develop cardiovascular complications during the course of
the disease (14, 15). Despite a clear connection with COVID-19 and the cardiovascular system, we
understand little about this relationship.

Notch signaling is a master regulator of cardiovascular function in both health and disease,
and has been linked to several biological processes mediating viral infections (16, 17). A recent
study by Rosa et al., characterized transcriptional signatures induced in a rhesus macaque model of
SARS-CoV2 and showed an increase in Notch signaling in the lungs of the macaques (18). Another
group studying human protein interactions with SARS-CoV2 using computational models, showed
that proteins interacting with the 5’-region of SARS-CoV2 RNA were associated with Notch2
receptor signaling (19). The Notch pathway is also implicated in the hypoxic response and in
coagulopathic processes, both of which are present in COVID-19 patients. These known roles
of the Notch pathway make this signaling pathway a likely player in the COVID-19-driven
cardiovascular complications.

113

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.681948
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.681948&domain=pdf&date_stamp=2021-05-26
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:brenda.lilly@nationwidechildrens.org
https://doi.org/10.3389/fcvm.2021.681948
https://www.frontiersin.org/articles/10.3389/fcvm.2021.681948/full


Breikaa and Lilly COVID-19 and Notch Signaling

THE BEGINNING (VIRAL ENTRY)

The angiotensin converting enzyme 2 (ACE2) has been
established to play a significant role in SARS-CoV viruses
infectivity, including COVID-19, by binding to the viral spike
protein and facilitating entry into the host cell (20, 21). ACE2
has distinct roles in the body, ranging from amino acid
transportation and catalytic activities, to serving as functional
receptors for viruses like the coronaviruses. In the heart, it
is localized to cardiomyocytes, cardiac fibroblasts, epicardial
adipose tissue, and the coronary vascular endothelium. In the
lungs, it is expressed on the cell surface of the inner respiratory
tract, protecting against lung injury. This protective effect stems
from its negative regulation of the renin-angiotensin system
which leads to the inhibition of the vasoconstrictive, pro-
inflammatory angiotensin II (ANGII)—ANGII type 1 receptor
(AT1) axis (22–24). Its unique location in both organs combined
with its function make it a pivotal player in the pulmonary
pathogenicity of the virus and its associated cardiovascular
complications. Thus, ACE2 on one hand offers protection
against injury, while on the other hand facilitates viral entry.
Furthermore, upon binding of ACE2 to the viral particle,
the receptor itself becomes endocytosed by the cells causing
depletion of cell surface ACE2 and its mediated tissue protection
(25, 26). This dilemma and the realization of the importance of
ACE2 in maintaining cardiovascular homeostasis drove attempts
to manipulate the ACE2/ANGII axis to mitigate virus-induced
injury, while minimizing the negative effects on the protective
functions of ACE2 (20, 23). One solution for this problem and
an attractive target for vaccine development are the viral S-
proteins, which when targeted make the enzyme unable to bind,
preventing viral entry (21, 27).

Notch signaling has been known to interact with many viral
particles facilitating their infectivity (Table 1). Given that Notch
regulates various proliferative and differentiation events in cells,
it is no surprise that the pathway is an attractive target for viruses,
which are dependent on the cell cycle machinery of the cell.
Those viruses tap into the Notch pathway to ensure their own
survival (60–62). The first evidence that demonstrated Notch
pathway-viral interactions was reported for the Epstein-Barr

virus, which targets RBPJ (mouse)/CBF1 (human), the nuclear
effector of Notch (28, 63). Other examples include the human
papilloma virus (HPV), hepatitis B virus (HBV), and hepatitis
C virus (HCV). In the case of HCV, the Notch1 receptor has
been shown to facilitate nuclear localization of p65 in response
to tumor necrosis factor-alpha (TNF-α) in human hepatocytes,
leading to increased pathogenicity of the virus (64). Additionally,
the influenza virus has been shown to block the Notch ligand
Delta-like 1 (DLL1) causing a heightened inflammatory response
and decreased interferon-c levels, which leads to compromised
immunity against the virus. In contrast, macrophages were found
to enhance their DLL1 production during the course of infection
to protect against the same virus (32, 33, 65). In the case of
COVID-19, an interesting enzyme that could be linking Notch
and COVID-19 activation is FURIN. FURIN is a member of
the protein convertases family and is both an activator and a
direct target of Notch activity (66, 67). Its enzymatic activity has

been proven to be exploited by a variety of bacteria and viruses,
including measles, yellow fever, ebola, and avian influenza,
thereby facilitating their virulence and spread (68, 69). To discern
the potential role of FURIN in COVID-19, understanding the
structure of the viral S-glycoprotein is important. The S-protein
has two functional domains: one for receptor binding and the
other for mediating fusion of the viral particle with the cell
membrane. The S-protein must be cleaved by the protease to
expose these fusion sequences and allow cell entry. FURIN takes
on this role in coronaviruses including COVID-19 (70–72). Since
Notch1 has been shown to transcriptionally induce FURIN,
Notch signaling may indirectly lead to enhanced viral entry via
enhanced FURIN expression (73, 74).

In addition to having effects on viral infectivity, interestingly
both the Notch receptors and ACE2 receptor share a common
mechanism of activation through cleavage by the A disintegrin
and metalloproteinase (ADAM) family of enzymes, specifically
ADAM17 (75, 76). ADAM17 mediates ectodomain shedding
of ACE2 which can facilitate viral entry (77, 78). ADAM17
also activates the Notch signaling pathway via receptor
cleavage leading to increased viral infectivity through regulation
of FURIN. Therefore, Notch activity is indirectly involved
in COVID-19 infectivity through FURIN induction and
shared activation axis of ACE2, both of which aid in
viral entry.

THE CYTOKINE STORM

A balanced innate and adaptive host immunity is key for
an effective antiviral response, including activation of T cells,
macrophages, and production of various pro-inflammatory
cytokines. However, in case of COVID-19, this response becomes
heightened, causing a hyperinflammatory reaction known as
“The Cytokine Storm Syndrome” (14, 27). The cytokine storm
is one of the key factors causing cardiovascular complications
in COVID-19 patients. This is attributed to the resulting
inflammation-induced vascular injury, myocarditis, arrhythmia,
and destabilization of coronary artery plaques leading to
myocardial infarcts (79, 80). The common profile of a COVID-

19 patient with cytokine storm syndrome includes elevated
interleukin-6 (IL-6), IL-2 receptor, TNF-α, granulocyte-colony
stimulating factor, among others. IL-6 is secreted by activated
leukocytes, promotes differentiation of B lymphocytes and
production of acute phase proteins, and is important for
thermoregulation (14, 81).

The role of the Notch pathway in inflammation is well-
documented, where it has been shown to promote the pro-
inflammatory microenvironment (82–84). It is implicated in
macrophage polarization and contributes to amplification of
the inflammatory loop by promoting the M1 phenotype of
macrophages over the M2 phenotype (17, 85). Furthermore,
in macrophages, Notch1 directly binds the IL-6 promoter and
activates IL-6 transcription in response to interferon-γ (81, 86).
Additionally, IL-6 in turn increases the expression of the Notch
ligand DLL1, amplifying the Notch signal. This works as a
positive feedback loop that further drives the production of
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TABLE 1 | Reported link of the Notch signaling pathway to common viral infections.

Viral infection Link to notch References

Epstein-barr virus The Epstein-Barr virus nuclear antigen 2 (EBNA2) is tethered to promoters by targeting RBPJ, the nuclear effector of Notch.

Since EBNA2 has been proven to be partly interchangeable with Notch intracellular domain in activation of target genes

modulating differentiation processes, it is seen as a biological equivalent of an activated Notch receptor.

The Epstein-Barr virus-encoded latent membrane protein 2A (LMP2A) promotes cellular migration mediated by Notch

signaling by altering mitochondrial dynamics.

(28–31)

Influenza virus Macrophages are reported to enhance their Notch ligand DLL1 production in response to the viral infection to protect

against the virus.

Blocking DLL1 caused heightened inflammatory response and decreased interferon-c levels, leading to a compromised

immunity against the virus.

(32–34)

Respiratory syncytial

virus (RSV)

Notch signaling has been reported to contribute to the production of inflammatory cytokines induced by the virus in alveolar

macrophages.

Notch signaling communicates with the Toll-like receptor (TLR) pathway to fine-tune the innate inflammatory responses. In

studies where TLR pathway was activated, while Notch signaling was inhibited, RSV-enhanced respiratory disease (ERD)

was prevented.

(35, 36)

Human papilloma virus

(HPV)

Notch inhibition impairs epithelial differentiation, which is suggested to contribute to HPV replication and viral oncogenesis.

HPV8E6 protein inhibits Notch transcriptional activator complexes involving RBPJ and MAML at the Notch target genes,

decreasing Notch activity during keratinocyte differentiation.

HPV16E6 protein increases Notch levels in keratinocytes.

HPV16E6 potentiates Notch activation and differentiation without activating cellular arrest, entirely uncoupling cellular arrest

from increased differentiation.

(37–42)

Human T-cell leukemia

virus type 1 (HTLV-I)

Notch signaling promotes proliferation and tumor formation of HTLV-I-associated adult T-cell leukemia. (43, 44)

Hepatitis C virus (HCV) Notch signaling regulates T Helper 22 Cells in chronic HCV patients.

Notch1 receptor has been shown to facilitate nuclear localization of p65 in human hepatocytes in response to TNF-α,

leading to increased pathogenicity of the virus.

HCV NS3 protein leads to Notch activation by binding to SRCAP transcription factor.

HCV causes Notch-dependent modulation in miRNA-449a levels, leading to differential expression of the inflammatory

biomarker YKL40.

(45–48)

Hepatitis B virus (HBV) HBV increases Notch1 and TGF-β levels on intrahepatic T cells in cirrhosis, promoting fibrogenesis and disease

progression.

HBV X protein activates Notch signaling by increasing DLL4 and Notch1, promoting the growth of hepatocellular

carcinoma, in addition to increasing CREB-mediated activation of miR-3188.

HBV X protein causes Notch-dependent decrease in nuclear factor-kappa B (NF-κB) signaling.

Notch signaling contributes to hepatic inflammation in HBV infection by regulating IL-22-producing cells.

Notch signaling aids in transcription of HBV covalently closed circular DNA by a mechanism involving cAMP response

element-binding protein and E3 ubiquitin ligase-modulation.

In acute hepatitis B (AVH-B) infection, a complementary association between Notch1 and Hes1 in CD8+T cells was

reported.

In chronic hepatitis B (CHB) infection, repression of the Notch receptors mediates the immune response regulation in

patients who progress to cirrhosis and hepatocellular carcinoma.

(49–55)

Human

immunodeficiency virus

(HIV)

Notch signaling is activated in HIV-associated nephropathy, where Notch ligands (Jagged-1, Jagged-2, DLL1, and DLL4)

are all up in kidney tubules, while glomeruli show minimal ligand expression. Notch1 and 4 receptors are up in glomeruli,

and only Notch4 is expressed in tubules.

Notch inhibition results in improvement of kidney injury scores and renal functions, and blocks podocyte proliferation

induced by HIV proteins Nef and Tat.

(56–59)

more IL-6 (87, 88). Nitric Oxide Synthase (iNOS) expression is
linked to manifestation of the cytokine storm (89, 90). Direct
interaction between the Notch Intracellular Domain (NICD)
and TNF-α on the iNOS promoter has also been documented,
indicating multiple avenues by which Notch signaling drives
hyper-inflammation (91). Further, TNF-α itself has been shown
to induce expression of Notch1 and Notch4, in addition to
regulating NICD nuclear translocation, which leads to the
activation of Notch downstream mediators (92, 93).

This interplay between Notch and pro-inflammatory
processes makes the Notch pathway an attractive target

for reversing inflammatory events. Indeed, genetic and
pharmacological inhibition of Notch signaling was reported to
ameliorate disease progression in many inflammatory disease
models. These include rheumatoid arthritis, autoimmune
encephalomyelitis, and several models of infectious disease
(94, 95). In the case of COVID-19, the recommendation
to use corticosteroids was discouraged due to controversial
efficacy and reports showing exacerbation of patient symptoms.
Potentially targeting the Notch pathway to specifically block the
inflammatory loop re-enforced by IL-6 and TNF-α may present
a viable therapy for these cases (96–98).
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THE HYPOXIC RESPONSE

The hypoxic events in COVID-19 patients have been a mystery
to medical caretakers and physicians. This is due to the fact that
the patients display minimal visible distress, although clinical
oxygen levels are remarkably low (99). Its presentation defies
its pathophysiology, which initially led to its description of
“Happy Hypoxia” (100). Hypoxia is also linked to the thrombotic
events seen in these patients, which spirals quickly into more
severe cardiovascular complications such as myocarditis and
myocardial infarction (101–103).

The Notch pathway plays a significant role in hypoxic events
(104). Notch3 is induced under hypoxic conditions in the lungs
and vasculature. Notch3 deletion has been shown to protect
against the development of pulmonary arterial hypertension in
response to hypoxic stimulation (105, 106). Further, Notch3
was found to cooperate with the hypoxia-inducible factor-1
alpha (HIF-1α) (105, 107), a transcription factor upregulated
in hypoxia and inflammatory microenvironments and a master
regulator of oxygen homeostasis (108). HIF-1α also induces
the expression of two of the Notch ligands, DLL4 and
Jagged-1 (109–111). Another link between Notch signaling
and HIF-1α is through Notch1 receptor. As mentioned
previously, Notch1 receptor has been shown to promote
M1 macrophage polarization and switching of macrophage
metabolism to glycolysis. This is followed by induction of M1
gene transcription, coupled with an increase in mitochondrial
oxidative phosphorylation and generation of reactive oxygen
species (112). This in turn activates HIF-1α to induce M1
macrophage activation, in a type of positive feedback loop (111).

Additionally, enhanced Notch signaling has been linked
to structural changes in air sacs in the lungs that include
decreased septation of terminal alveoli, emphysematous patterns
and progressive fibrotic changes (113). Furthermore, Notch3
plays a critical role in regulating alveolar epithelium and
increased levels of Notch3 are associated with disruption of
differentiation processes and altered lung morphology (114).
Interestingly in COVID-19-associated hypoxia, the air sacs
do not fill up with fluid like in pneumonia, but also show
structural changes in the sacs that lead them to collapse (115,

116). Hence, Notch activation in COVID-19 patients is likely
directly exacerbating the hypoxic events by cooperating with
HIF-1α in addition to promoting structural defects in the
air sacs.

THE COAGULOPATHIC RESPONSE

The realization that COVID-19 causes hypercoagulopathy poses
more questions than answers, with studies showing severe
thrombotic manifestations, while others show postmortem lung
sections with extensive bleeding (117, 118). In a recent study by
Boonyawa et al. a 28% incidence of venous thromboembolism
was reported in COVID-19 patients in the intensive care
unit (119). Another study by Klok et al. found a 31%
incidence of combined deep vein thrombosis, pulmonary
embolism, and arterial thrombosis in critically ill patients
(120). Thus, there is an urgent need to understand the rate

of bleeding and thrombotic events associated with COVID-
19 coagulopathy.

Hypercoagulopathy is an important hallmark of
inflammation. In fact, pro-inflammatory cytokines are directly
involved in accelerating platelet hyperactivation and driving
thrombotic events, while impairing crucial physiological
anticoagulation pathways including antithrombin III, tissue
factor pathway, and the protein C system (121, 122). The
mechanisms involved in COVID-19 coagulopathy have
not been fully elucidated yet, but crosstalk between the
coagulation and the inflammatory systems is evident, with
at least four factors seeming to contribute to this condition
(123). First, the pro-inflammatory mediators such as IL-6
and IL-1β produced during the cytokine storm stimulate the
production of tissue factor on immune cells. This in turn
initiates the activation of the extrinsic coagulation cascade
(81, 124). Secondly, those pro-inflammatory mediators directly
activate the platelets themselves (125). Thirdly, a decrease in
plasminogen activator coupled with an increase in plasminogen
activator inhibitor suppresses the fibrinolytic system (126, 127).
Lastly, the damage caused to the endothelial cells by the
inflammatory reaction results in vascular homeostatic
imbalances, causing accelerated local thrombotic events in
addition to systemic coagulation defects. Of note is that this
damaged endothelium also binds platelets more readily due to
enhanced platelet-vessel wall interaction caused by the large von
Willebrand factor multimers released by damaged endothelial
cells (128).

Despite efforts by the scientific community to understand
COVID-19-associated coagulopathy, there is still a lot to
clarify regarding mechanisms involved and how to reverse
the resulting homeostatic imbalances. Previous studies by
Duarte et al. and Gough beautifully demonstrated a link
between the Notch pathway and the coagulation pathway
through fibroblast growth factor 1 (FGF1) (129, 130). These
studies utilized a soluble form of the Notch ligand Jagged-
1 to show the effect of Notch inhibition on FGF1 and the
coagulation cascade. This link between Notch signaling and
coagulation is supported by several previous findings. First, the
activation of the coagulation cascade by damaged tissue generates
thrombin, which activates the protease-activated receptor 1
(PAR1) and PAR1-dependent FGF1 expression and release.
Released FGF1 subsequently promotes angiogenesis and induces
Jagged-1 expression in the damaged tissue (131). Second,
Alagille syndrome patients, who primarily have mutations in
Jagged-1, show bleeding disorders (132). Consistent with this,
Jagged-1 null mice show hemorrhage during their embryonic
development (133, 134). Lastly, Jagged-1 was found to be
the FGF1 response gene responsible for FGF1-dependent
endothelial cell differentiation on fibrin matrices (131, 135).
Taken together, these studies indicate that there is a Notch-
dependent mechanism by which thrombin can regulate FGF1
secretion, which in turn contributes to thrombin’s activity, the
key protease of the coagulation cascade. Thus, through its
established role in both inflammation and coagulation, Notch
signaling seems likely responsible for exacerbating COVID-19-
associated coagulopathy.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 May 2021 | Volume 8 | Article 681948116

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Breikaa and Lilly COVID-19 and Notch Signaling

FIGURE 1 | Notch signaling and COVID-19 shared pathogenic events and resulted cardiovascular complications.

ENDOTHELIAL CELL INVOLVEMENT

The endothelium is a single layer of cells lining blood vessels,
constituting a barrier between the circulation and the rest of
the blood vessel wall. In addition, it is the source for several
vasoreactive substances responsible for blood vessel contraction
and relaxation such as endothelin and nitric oxide (136). Thus,
it is a key regulator of vascular homeostasis, and damage to this
layer can lead to loss of the homeostatic state and exacerbation
of disease conditions. Indeed, endothelial dysfunction shifts the
vascular equilibrium toward an inflammatory, pro-coagulant
state (137, 138). Coordination of leukocyte trafficking in
particular is critical for the inflammatory response. Under
physiological conditions, the endothelial cells prevent binding
and extravasation of leukocytes from the blood. However, under
disease conditions such as the case in COVID-19 patients,
the endothelial junctions are weakened and leaky, resulting in
facilitated exit of the leukocytes from the circulation into the
tissues (82, 93, 139). Interestingly, immunostaining studies have
shown the confinement of Notch4 receptors on endothelial cells
at the apical membrane. This localization makes Notch4 ideal
for receptor/ligand communication between the endothelial and
the inflammatory cells in the blood stream (140). In addition,
the Notch ligand DLL4 on the endothelium has been shown to
trigger a bidirectional Notch signaling between endothelial cells
and monocytes (93, 141).

Several reports have linked endothelial cells to SARS-
CoV2 pathology, where histological sections through hearts,
kidneys and lungs showed accumulation of both inflammatory
cells and viral particles within the endothelium (81, 142,
143). This COVID-19-associated endotheliitis could explain
the impaired circulatory function in the various vascular beds
and the clinical complications in COVID-19 patients (144–
146). Furthermore, endothelial cells express the ACE2 receptor,
the entry portal for the virus (147–150). This, coupled with
previous reports of development of autoantibodies against
endothelial cells after SARS-CoV1 infection, suggests that CoV2
infection of endothelial cells and their subsequent damage is a

prominent step in the pathogenesis of COVID-19 (151, 152).
Important to consider here is the discrepancy that exists between
current studies, where some advocate for the endothelial cell
hypothesis of COVID-19 pathology, which reinforces the idea
that endothelial cells are the origin for COVID-19-associated
cardiovascular impairments. In contrast, others promote a
pericyte-COVID-19 hypothesis, where pericytes are the main
contributors to disease progression. The studies that propose
the pericyte hypothesis are based on the fact that ACE2
expression in the heart is highest in pericytes, and in the
brain vasculature ACE2 is on vascular smooth muscle cells and
pericytes and not on the endothelium (121, 153). Although the
endothelial cell hypothesis seems to be more plausible according
to consequences of endotheliitis in COVID-19 patients, these
discrepancies highlight the importance of considering tissue type
in disease pathology.

CONCLUSIONS

COVID-19 is associated with a large number of cardiovascular
sequelae, including dysrhythmias, myocardial injury, myocarditis
and thrombosis. Many of these complications seem to be
linked to compromised signaling pathways in the patients,
including the Notch pathway (Figure 1). Notch signaling can
indirectly enhance viral entry through inducing FURIN, the
protease responsible for exposing the fusion sequences of the
viral S-protein. The established role of Notch signaling in
both inflammation and coagulation suggests its involvement
in COVID-19 cytokine storm and hypercoagulopathy, both of
which are main contributors to the cardiovascular complications.
Furthermore, Notch activation is known to exacerbate hypoxic
events by cooperating with HIF-1α in addition to enhancing
structural defects in the air sacs in the lungs, which together
may contribute to enhanced lung pathology in COVID-19
patients. Lastly, the suggested role of the endothelium in
COVID-19 cardiovascular impairments coupled with the specific
localization of Notch4 receptors on the apical membrane of
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the endothelium reinforces the idea that the Notch pathway
serves as a communication channel between endothelial and
inflammatory cells.

In summary, several scenarios can be considered regarding
the link between the Notch pathway and COVID-19-associated
cardiovascular events. COVID-19 may act upstream to increase
Notch signaling, leading to enhanced viral entry and associated
pathogenic processes. Alternatively, maladaptive responses of
Notch signaling due to COVID-19 infection may contribute to
the enhanced inflammatory, coagulopathic, and hypoxic events.
Both scenarios eventually lead to exacerbation of cardiovascular
impairments in COVID-19 patients that are Notch-associated.
Gamma-secretase inhibitors, which inhibit Notch receptor
cleavage have been used to attenuate Notch signaling in cancer
and Alzheimer disease (154, 155). These compounds, however,
are associated with significant toxicity. Alternatives include
Notch-specific antibodies and decoys. Antibodies allow blockade
of individual Notch components, thus are not associated with

complications seen with the pan inhibitors (156–158). Notch
decoys also selectively block Notch receptors by a unique
mechanism that involves mimicking the Notch extracellular
domain of a specific Notch ligand or receptor (159, 160). Finally,
uncovering new aspects of a Notch-COVID-19 relationship
might helpmitigate cardiac and pulmonary complications caused
by the SARS-CoV family of viruses.
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Early vs. Late Onset Cardiac Injury
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COVID-19 Patients in Wuhan
Wei Sun 1,2,3†, Yanting Zhang 1,2,3†, Chun Wu 1,2,3†, Shuyuan Wang 1,2,3†, Yuji Xie 1,2,3,

Danqing Zhang 1,2,3, Hongliang Yuan 1,2,3, Yongxing Zhang 1,2,3, Li Cui 1,2,3, Meng Li 1,2,3,

Yiwei Zhang 1,2,3, Yuman Li 1,2,3, Jing Wang 1,2,3, Yali Yang 1,2,3, Qing Lv 1,2,3, Li Zhang 1,2,3*,

Philip Haines 4*, Wen-Chih Wu 5* and Mingxing Xie 1,2,3*

1Department of Ultrasound, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology,

Wuhan, China, 2Hubei Province Clinical Research Center for Medical Imaging, Wuhan, China, 3Hubei Province Key

Laboratory of Molecular Imaging, Wuhan, China, 4 Rhode Island Hospital, Warren Alpert Medical School of Brown University,

Providence, RI, United States, 5Department of Medicine, Providence VA Medical Center, Brown University Warren Alpert

Medical School, Providence, RI, United States

Background: Increasing evidence points to cardiac injury (CI) as a common coronavirus

disease 2019 (COVID-19) related complication. The characteristics of early CI (occurred

within 72 h of admission) and late CI (occurred after 72 h of admission) and its association

with mortality in COVID-19 patients is unknown.

Methods: This retrospective study analyzed patients confirmed with COVID-19 in Union

Hospital (Wuhan, China) from Jan 29th to Mar 15th, 2020. Clinical outcomes (discharge,

or death) were monitored to April 15, 2020, the latest date of follow-up. Demographic,

clinical, laboratory, as well as treatment and prognosis were collected and analyzed in

patients with early, late CI and without CI.

Results: A total of 196 COVID-19 patients were included for analysis. The median age

was 65 years [interquartile range (IQR) 56–73 years], and 112 (57.1%) were male. Of

the 196 COVID-19 patients, 49 (25.0%) patients had early and 20 (10.2%) patients

had late CI, 56.6% developed Acute-Respiratory-Distress-Syndrome (ARDS) and 43

(21.9%) patients died. Patients with any CI were more likely to have developed ARDS

(87.0 vs. 40.2%) and had a higher in-hospital mortality than those without (52.2 vs.

5.5%, P < 0.001). Among CI subtypes, a significantly higher risk of in-hospital death

was found in patients with early CI with recurrence [19/49 patients, adjusted odds ratio

(OR) = 7.184, 95% CI 1.472–35.071] and patients with late CI (adjusted OR = 5.019,

95% CI 1.125–22.388) compared to patients with early CI but no recurrence.

Conclusions: CI can occur early on or late after, the initial 72 h of admission and

is associated with ARDS and an increased risk of in-hospital mortality. Both late CI

and recurrent CI after the initial episode were associated with worse outcomes than

patients with early CI alone. This study highlights the importance of early examination

and periodical monitoring of cardiac biomarkers, especially for patients with early CI or

at risk of clinical deterioration.

Keywords: COVID-19, cardiac injury, early, late, mortality
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has affected
over 200 countries (1). With the increasing number of confirmed
cases, the cardiovascular manifestations associated by this highly
contagious viral infection have gained more and more attention.
Several observational studies have found that between 7.2 and
37.5% of COVID-19 patients had cardiac injury (CI) which was
associated with higher mortality in COVID-19 patients (2–11).
However, a portion of CI does not occur on admission and
the association of the timing of CI with prognosis is unknown.
Furthermore, the clinical features and risk factors associated
with early or late onset CI in COVID-19 patients have not
been formally evaluated. The clinical sequence preceding and
following CI at the time of admission may provide additional
understanding of the pathogenesis associated with CI in COVID-
19. Therefore, this study compared the clinical characteristics,
risk factors and prognostic value of early vs. late onset of CI in
COVID-19 patients.

METHODS

Study Design and Participants
We performed this retrospective study at Union Hospital
(Affiliated Tongji Medical College, Huazhong University of
Science and Technology) Wuhan, China. The West Branch of
Union Hospital was one of the major designated hospitals for
critically ill COVID-19 patients. We enrolled 429 consecutive
patients with confirmed COVID-19, according to the WHO
interim guidance criteria (12), who were either discharged alive
or died during hospitalization from Jan 29th to April 15th,
2020. Only participants who had high-sensitivity troponin I (hs-
TNI) measured before and after 72 h from admission during
their hospitalization were included in the study (233 patients
excluded). The study was approved by the ethics committee of the
Union hospital, Tongji Medical College, Huazhong University
of Science and Technology. Per institutional policy, written
informed consent was waived for all participants with emerging
infectious diseases.

Data Collection
Data were extracted from the electronic medical records
including demographic information and clinical characteristics
(i.e., vital signs, symptoms, laboratory findings, medical
history, underlying comorbidities, treatments, complications,
and outcomes) of the participants on admission and during
hospitalization. The date of illness onset was defined as the day
when symptoms of COVID-19 as defined by the World Health
Organization (12) were appreciated. Laboratory measurements
within and after 72 h of admission were collected. If multiple
measurements were available, the patient’s first abnormal
measurements, both within and after 72 h, were recorded for
the determination of the timing of the CI. The duration from
the onset of admission to the onset of clinical complications
and death in the hospital were also recorded. Clinical outcomes

(discharge and mortality) were monitored up to April 15, 2020,
the last date of follow-up. Complete hospitalization data was
available in all patients included in the study.

Timing of CI
The hs-TNI data for each patient were collected from admission
to discharge or death. COVID-19 related CI was defined as the
serum levels of cardiac high-sensitivity troponin I (hs-TNI) above
the 99th percentile upper reference limit in a patient diagnosed
with COVID-19 per Huang et al. and Shi et al. (2, 7–10). Early CI
was defined as CI that occurred within 72 h of admission, whereas
late CI was defined as occurring after 72 h of admission. We also
defined a subgroup of recurrent CI within the early CI group as a
second rise of hs-TNI value of>20% from its previous value after
72 h of admission.

Non-cardiac Complications
Acute respiratory distress syndrome (ARDS) was defined
according to the World Health Organization interim guidance
criteria (13). Acute kidney injury was identified according to
the KDIGO clinical practice guidelines as an increase in serum
creatinine by ≥0.3 mg/dl (≥26.5 µmol/l) within 48 h or by 1.5
times of the baseline values (14). Coagulation dysfunction was
defined as a >3-s prolongation of prothrombin time (PT) or a 5-
s prolongation of activated partial thromboplastin time (APTT).
Thrombocytopenia was characterized by a platelet count <125×
109/L (15).

Statistical Analysis
Categorical variables were expressed as number (%), and
continuous variables were expressed as mean ± standard
deviation (SD) or median [interquartile range (IQR)]. The
normality of the distribution was tested with the Shapiro-
Wilk normality test. Differences among the three groups
(without CI, early CI or late CI) were assessed by ANOVA
for normally distributed and Kruskal–Wallis H-test for non-
normally distributed continuous variables. Categorical variables
were compared by Chi-square or Fisher exact test where
applicable. In-hospital survival curves of four groups of patients
with early but no recurrent CI, early with recurrent CI, late
CI, and no CI were estimated with the Kaplan-Meier method
and the groups compared with the log-rank test. Univariate and
multivariate logistic regression analyses were used to determine
the independent risk associated with each of the four groups
(early but no recurrent CI, early with recurrent CI, late CI, and
no CI) of patients with in-hospital death, adjusted by known
risk factors of COVID-19 mortality in the literature [age, sex,
respiratory rate, heart rate, SpO2, temperature, mean arterial
pressure, coma, hypertension history, Lymphocyte count, C-
reactive protein (CRP), and lactate dehydrogenase (LDH)] (16–
18). All statistical analyses were performed with SPSS version
24.0 (Statistical Package for the Social Sciences, Chicago, Illinois),
and STATA software version 10 (StataCorp, Texas, USA). A two-
tailed P-value of <0.05 was considered statistically significant.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 May 2021 | Volume 8 | Article 645587124

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Sun et al. Cardiac Injury and Mortality in COVID-19

RESULTS

Clinical Characteristics, Laboratory
Findings, and Treatments Within 72h of
Admission
Among the 429 patients, 100 patients were excluded due to
missing hs-TNI data during the entire hospitalization, 133
patients were excluded due to missing hs-TNI data within 72 h of
admission, the remaining 196 patients were included for analysis.
The median age was 65.0 years (IQR: 56.0–73.0 years), and 112
(57.1%) were men. Of 196 COVID-19 patients, 69/196 (35.2%)
had evidence of CI during hospitalization: 49/196 (25.0%)
patients had early CI and 20/196 (10.2%) patients had late CI.
In addition, 19/49 (38.8%) patients with early CI had recurrent
CI after 72 h of admission. Compared with patients without CI,
patients with early and late CI were more often older, and had
lower SpO2 on admission. They also had more comorbidities
such as hypertension and underlying cardiac disease.

Compared with non-CI group, patients with early and late CI
presented with more abnormal laboratory findings within 72 h
of admission including lower lymphocyte and platelet counts,
higher inflammation-related indices [CRP, procalcitonin (PCT)]
and further elevations in liver and renal function indices.

Concerning the treatment of the 196 patients within 72 h
of admission, there was no difference in the antiviral (P =

0.551) or antibiotic therapy (P = 0.235) among these three
groups. However, compared with the non-CI group, more
patients with early and late CI received glucocorticoid therapy
(18.9 vs. 38.8% and 30.0%, P = 0.021), high-flow oxygen
(18.1 vs. 69.4% and 80.0%, P <0.001), invasive mechanical
ventilation (0.8 vs. 4.1% and 15.0%; P = 0.005), non-
invasive mechanical ventilation (0.0 vs. 8.2% and 15.0%; P
<0.001), and more subjects were transferred to the intensive
care unit (ICU) (0.8 vs. 10.2% and 5.0%; P = 0.007)
(Table 1).

Timing of CI and Non-cardiac
Complications After 72h of Admission
Major complications after 72 h included ARDS [111/196
(56.6%)], coagulation dysfunction [57/193 (29.5%)], late CI
[20/196 (10.2%)] and acute kidney injury [33/193 (17.1%)].
Patients with early and late CI were more likely to have
developed ARDS, ICU transfer and receive invasive mechanical
ventilation (IMV) during their hospitalization compared to
the non-CI group (Table 2). A majority, 87.0% (60/69) of
patients with CI vs. 40.2% (51/127) without CI, developed
ARDS. Overall, the median time from admission to ARDS
was 4 days, to acute kidney injury was 7 days, to late CI
was 11 days, and to coagulation dysfunction was 11 days for
all patients.

For the early CI group (n = 49), the median time from
admission to CI was 1 day (IQR 0–1 day), to the onset of ARDS
(81.6%) was 2 days (IQR 1–8 days), and to the onset of recurrent
CI [19/49 (38.8%)] was 7 days (IQR 5–16 days) for affected
patients (Figure 1A). For the late CI group [20/196 (10.2%)], the

median time from admission to the onset of ARDS (100%) was 7
days (IQR 2–8 days) and the onset of late CI was 11 days (IQR 5–
22 days) (Figure 1B). Conversely, for the non-CI group [127/196
(64.8%)], the median time from admission to the onset of ARDS
(40.2%) was 6 days (IQR 3–12 days) (Figure 1C).

Using the onset of ARDS as the temporal reference point,
15/20 (75%) patients with late CI had ARDS before their CI
(Figure 2), with a median time between ARDS and CI of 4 days
(IQR 3–17 days).

Cardiac Injury and Mortality
As of April 15, 2020, 153 patients (78.1%) were discharged
and 43 patients (21.9%) died in the hospital. Patients with
any CI had significantly higher in-hospital mortality than
those without (52.2 vs. 5.5%, P < 0.001) (Figure 3). Among
CI subtypes, multivariable regression modeling showed that
compared to patients with early CI but no recurrence, a
significantly higher risk of in-hospital death was found in patients
with early CI with recurrence [odds ratio (OR) = 7.184, P
= 0.015] and patients with late CI (OR = 5.019, P = 0.034)
(Table 3).

DISCUSSION

In this cohort of 196 hospitalized COVID-19 patients from
Wuhan, China, we found 35.2% had evidence of CI during
hospitalization that included 25.0% of patients with early CI
and 10.2% patients with late CI. In addition, there were 38.8%
of patients with early CI who also had recurrent CI. Patients

with any CI had significantly higher incidence of ARDS and
in-hospital mortality than those without. Moreover, among
CI subtypes, a significantly higher risk of in-hospital death
was found in patients with early CI with recurrence and
patients with late CI compared to patients with early CI and
no recurrence.

Increasingly, researchers are reporting CI in COVID-19
patients, with the prevalence varying from 7.2 to 37.5% (4, 7,
8, 11). In our study, a remarkable 35.2% of patients had any
CI. The pathogenesis of CI associated with COVID-19 is still
unknown partly due to a dearth of autopsy or biopsy reported in
these patients. The following potential mechanisms for CI have
been proposed. The first possibility is direct myocardial damage
by the virus, because angiotensin-converting enzyme 2 has been
identified as a functional receptor for coronaviruses, which is
also expressed abundantly in the myocardium (19, 20). Mixed
literature from autopsy and biopsy case series were reported
without conclusive evidence yet (21–25). The second mechanism
is presumably the systemic inflammatory cytokine response,
namely cytokine storm (26, 27). It can cause the proliferation
of highly pro-inflammatory CCR4+CCR6+Th17 cells amongst
the CD4+T cells, the expression of high concentrations of
cytotoxic particles in CD8+T cells and over activation of T
cells in general, all of which lead to a stronger inflammatory
response in return (3, 21). Inflammation can in turn lead
to thromboembolic complications (28). Our study showed
that inflammation-related indices (CRP, PCT) were higher
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TABLE 1 | Comparisons of demographics, clinical characteristics and laboratory examinations on admission within 72 h among the three groups.

Total population

(n = 196)

Without CI

(n = 127)

Early CI (n = 49) Late CI

(n = 20)

P-value

Age (years) 65.0 (56.0, 73.0) 61.0 (49.0, 69.0) 71.0 (66.0, 77.0)* 69.0 (59.3, 72.8) <0.001

Gender 0.458

Male, n (%) 112 (57.1) 70 (51.1) 28 (57.1) 14 (70.0)

Female, n (%) 84 (42.9) 57 (44.9) 21 (42.9) 6 (30.0)

Smoking, n (%) 22 (11.2) 16 (12.6) 5 (10.2) 1 (5.0) 0.537

Vital signs

Temperature (◦C) 38.0 (36.7, 38.7) 38.0 (36.7, 38.7) 37.9 (36.7, 38.5) 38.9 (38.1, 39.5)*# 0.004

Respiratory rate (breaths/min) 20.0 (20.0, 25.0) 20.0 (20.0, 24.0) 23.0 (20.0, 30.0)* 22.0 (20.0, 25.0) 0.008

Heart rate (bpm) 89.0 (80.0, 101.0) 87.0 (80.0, 98.0) 95.0 (81.0, 110.5) 92.0 (83.0, 106.5) 0.068

SBP (mmHg) 133.6 ± 19.9 132.7 ± 18.8 135.3 ± 22.6 135.5 ± 20.7 0.547

DBP (mmHg) 80.4 ± 13.1 81.3 ± 12.0 78.7 ± 15.5 79.0 ± 18.8 0.182

Mean arterial pressure (mmHg) 98.2 ± 13.9 98.4 ± 12.9 97.6 ± 16.2 98.6 ± 15.0 0.806

SpO2 (%) 97.0 (94.0, 99.0) 98.0 (95.0, 99.0) 95.0 (89.5, 98.0)* 94.0 (87.5, 98.0)* <0.001

Common initial symptoms

Fever, n (%) 151 (77.0) 101 (79.5) 33 (67.3) 17 (85.0) 0.162

Cough, n (%) 113 (57.7) 78 (61.4) 23 (46.9) 12 (60.0) 0.214

Fatigue, n (%) 89 (45.4) 52 (40.9) 28 (57.1) 9 (45.0) 0.154

Dyspnea, n (%) 87 (44.4) 50 (39.4) 29 (59.2) 8 (40.0) 0.055

Chest tightness/chest pain, n (%) 75 (38.3) 50 (39.4) 17 (34.7) 8 (40.0) 0.837

Diarrhea, n (%) 21 (10.7) 17 (13.4) 4 (8.2) 0 (0.0) 0.056

Headache, n (%) 11 (5.6) 8 (6.3) 2 (4.1) 1 (5.0) 0.893

Coma, n (%) 9 (4.6) 2 (1.6) 6 (12.2)* 1 (5.0) 0.011

Comorbidities

Hypertension, n (%) 87 (44.4) 48 (37.8) 30 (61.2)* 9 (45.0) 0.020

Diabetes mellitus, n (%) 29 (14.8) 14 (11.0) 10 (20.4) 5 (25.0) 0.130

Cardiac disease, n (%) 32 (16.3) 12 (9.4) 16 (32.7)* 4 (20.0) 0.001

Cerebral infarction, n (%) 15 (7.7) 7 (5.5) 6 (12.2) 2 (10.0) 0.234

Malignancy, n (%) 9 (4.6) 5 (3.9) 2 (4.1) 2 (10.0) 0.417

Chronic liver disease, n (%) 4 (2.0) 1 (0.8) 1 (2.0) 2 (10.0)* 0.037

Chronic kidney disease, n (%) 6 (3.1) 2 (1.6) 4 (8.2) 0 (0.0) 0.056

Chronic obstructive pulmonary disease, n (%) 8 (4.1) 3 (2.4) 4 (8.2) 1 (5.0) 0.173

Symptom onset to hospital admission (days) 14.0 (8.0, 20.0) 15.0 (10.0, 21.0) 10.0 (5.0, 14.5)* 10.0 (7.0, 15.0)* <0.001

Laboratory findings on admission (within 72h)

White blood cells (×109/L) 7.0 (5.5, 9.2)

195/196

6.4 (5.2, 7.9)

126/127

8.9 (6.8, 10.9)*

49/49

7.0 (5.2, 9.6)

20/20

<0.001

Lymphocyte (%) 15.9 (7.4, 25.9)

195/196

22.1 (13.8, 29.3)

126/127

6.6 (4.6, 15.9)*

49/49

10.4 (6.0, 17.4)*

20/20

<0.001

Neutrophil (×109/L) 5.3 (3.7, 7.4)

195/196

4.3 (3.1, 6.0)

126/127

7.2 (5.9, 10.1)*

49/49

5.8 (4.5, 7.7)

20/20

<0.001

Platelets (×109/L) 205.0 (152.0, 262.0)

195/196

214.0 (174.5, 273.5)

126/127

179.0 (117.5,

262.5)*

49/49

167.5 (108.5, 245.0)

20/20

0.008

Hemoglobin (g/L) 124.0 (112.0, 135.0)

195/196

125.0 (110.8, 135.3)

126/127

121.0 (101.0, 135.0)

49/49

128.5 (116.3, 133.3)

20/20

0.452

CRP (mg/L) 32.0 (3.4, 75.9)

195/196

6.5 (1.9, 55.2)

126/127

62.4 (36.3, 109.9)*

49/49

71.0 (33.8, 114.6)*

20/20

<0.001

PCT (ng/ml) 0.11 (0.05, 0.24)

176/196

0.06 (0.04, 0.12)

114/127

0.40 (0.14, 0.60)*

42/49

0.15 (0.11, 0.28)*

20/20

<0.001

Coagulation function index

D-dimer (µg/mL) 1.11 (0.35, 4.27)

186/196

0.75 (0.29, 2.39)

120/127

2.73 (1.28, 8.00)*

46/49

1.05 (0.46, 6.35)

20/20

<0.001

(Continued)
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TABLE 1 | Continued

Total population

(n = 196)

Without CI

(n = 127)

Early CI (n = 49) Late CI

(n = 20)

P-value

PT (s) 13.4 (12.6, 14.3)

186/196

13.1 (12.4, 14.0)

120/127

14.2 (13.2, 15.1)*

46/49

13.5 (13.0, 14.2)

20/20

<0.001

APTT (s) 37.4 (33.1, 42.2)

186/196

36.0 (32.5, 39.9)

120/127

38.7 (33.9, 44.9)

46/49

38.1 (32.4, 44.1)

20/20

0.274

Liver function index

Total protein (g/L) 64.1 (58.9, 67.6)

196/196

64.4 (58.8, 67.7)

127/127

60.7 (56.2, 64.5)*

49/49

62.1 (60.0, 66.8)

20/20

0.002

Albumin (g/L) 31.7 (26.8, 37.4)

196/196

32.1 (27.3, 37.7)

127/127

28.2 (24.4, 32.1)*

49/49

27.4 (25.3, 31.8)*

20/20

<0.001

AST (U/L) 31.5 (23.0, 48.0)

196/196

28.0 (20.0, 43.0)

127/127

39.0 (29.0, 59.5)*

49/49

47.0 (33.8, 76.8)*

20/20

<0.001

ALT (U/L) 36.0 (23.0, 54.8)

196/196

32.5 (21.0, 50.0)

127/127

38.0 (23.0, 56.5)

49/49

38.5 (30.3, 78.8)

20/20

0.262

Total bilirubin (µmol/L) 11.2 (8.7, 16.9)

196/196

10.9 (8.3, 15.2)

127/127

14.2 (9.9, 21.3)

49/49

10.5 (7.8, 18.7)

20/20

0.110

Direct bilirubin (µmol/L) 3.8 (2.7, 5.6)

196/196

3.4 (2.5, 5.1)

127/127

4.8 (3.2, 7.6)*

49/49

4.3 (2.7, 5.9)

20/20

0.003

LDH (U/L) 250.5 (182.3, 403.0)

196/196

227.0 (174.3, 352.5)

127/127

388.0 (250.0,

597.0)*

49/49

492.0 (320.0,

665.3)*

20/20

<0.001

Kidney function index

BUN (mmol/L) 5.2 (4.1, 7.3)

196/196

4.8 (3.7, 6.3)

127/127

7.0 (5.0, 11.2)*

49/49

5.7 (4.1, 7.5)

20/20

<0.001

Serum creatinine (µmol/L) 68.4 (56.4, 82.5)

196/196

64.3 (54.4, 75.2)

127/127

75.3 (61.4, 98.1)*

49/49

68.6 (62.5, 82.2)

20/20

0.008

K+ (mmol/L) 4.0 (3.5, 4.3)

195/196

3.9 (3.5, 4.2)

126/127

4.0 (3.5, 4.4)

49/49

4.0 (3.5, 4.6)

20/20

0.427

Na+ (mmol/L) 138.9 (136.9, 141.1)

195/196

139.0 (137.3, 141.2)

126/127

139.9 (136.1, 144.0)

49/49

138.8 (135.8, 140.5)

20/20

0.558

Cardiac injury index

hs-TNI (ng/L) 8.3 (2.7, 27.0)

196/196

3.9 (2.0, 9.8)

127/127

86.4 (44.9, 378.8)*

49/49

10.8 (7.5, 16.2)*#

20/58

<0.001

CK-MB (U/L) 12.0 (10.0, 17.0)

170/196

11.0 (9.0, 15.0)

108/127

16.0 (10.0, 26.3)*

42/49

16.0 (10.3, 21.8)*

20/20

<0.001

BNP (pg/ml) 40.7 (15.0, 128.0)

152/196

30.1 (10.5, 84.1)

91/127

153.4 (46.0, 431.6)*

44/49

40.6 (22.9, 122.4)#

17/20

<0.001

Treatments on admission (within 72h)

Antiviral therapy, n (%) 147 (75.0) 94 (74.0) 36 (73.5) 17 (85.0) 0.551

Antibiotic therapy, n (%) 107 (54.6) 61 (48.0) 31 (63.3) 15 (75.0) 0.235

Glucocorticoid therapy, n (%) 49 (25.0) 24 (18.9) 19 (38.8)* 6 (30.0) 0.021

Immunoglobulin, n (%) 21 (10.7) 10 (7.9) 6 (12.2) 5 (25.0) 0.104

ACEI/ARB, n (%) 8 (4.1) 4 (3.1) 4 (8.2) 0 (0.0) 0.258

Oxygen therapy, n (%) 132 (67.3) 73 (57.5) 42 (85.7)* 17 (85.0) <0.001

High-flow oxygen, n (%) 73 (37.2) 23 (18.1) 34 (69.4)* 16 (80.0)* <0.001

IMV, n (%) 6 (3.1) 1 (0.8) 2 (4.1) 3 (15.0)* 0.005

NIMV, n (%) 7 (3.6) 0 (0.0) 4 (8.2)* 3 (15.0)* <0.001

ICU transfer, n (%) 7 (3.6) 1 (0.8) 5 (10.2)* 1 (5.0) 0.007

*P < 0.05, vs. without CI; #P < 0.05, vs. early CI; ACE-I, angiotensin-converting enzyme inhibitors; ALT, alanine aminotransferase; APTT, activated partial thromboplastin time; ARB,

angiotensin II receptor blockers; AST, aspartate aminotransferase; BNP, B-type natriuretic peptide; BUN, blood urea nitrogen; CI, cardiac injury; CK-MB, creatine kinase muscle-brain;

CRP, C-reactive protein; DBP, diastolic blood pressure; hs-TNI, hypersensitive troponin I; ICU, intensive care unit; IMV, invasive mechanical ventilation; IQR, interquartile range; LDH,

lactate dehydrogenase; NIMV, non-invasive mechanical ventilation; PCT, procalcitonin; PT, prothrombin time; SBP, systolic blood pressure; SD, standard deviation.

in the CI group compared to the non-CI group. Another
mechanism is CI related to hypoxia. The balance between the
oxygen demand and supply of the myocardium is disrupted

during acute hypoxia. A cascade of cellular, biochemical and
inflammatory reactions can occur during hypoxia, eventually
causing myocardial apoptosis (29). Acute severe hypoxia can
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TABLE 2 | Comparisons of additional treatment, complications, and prognosis after 72h of admission among the three groups.

Variables Total population Without CI Early CI Late CI P-value

(n = 196) (n = 127) (n = 49) (n = 20)

Additional treatment after admission

Antiviral therapy, n (%) 36 (18.4) 24 (18.9) 9 (18.4) 3 (15.0) 1.000

Antibiotic therapy, n (%) 50 (25.5) 31 (24.4) 14 (28.6) 5 (25.0) 0.882

Glucocorticoid therapy, n (%) 48 (24.5) 26 (20.5) 11 (22.4) 11 (55.0)*# 0.007

Immunoglobulin, n (%) 49 (25.0) 22 (17.3) 14 (28.6) 13 (65.0)*# <0.001

ACEI/ARB, n (%) 17 (8.7) 12 (9.4) 3 (6.1) 2 (10.0) 0.733

Oxygen therapy, n (%) 34 (17.3) 26 (20.5) 5 (10.2) 3 (15.0) 0.273

High-flow oxygen, n (%) 51 (26.0) 42 (33.1) 5 (10.2)* 4 (20.0) 0.006

IMV, n (%) 33 (16.8) 8 (6.3) 13 (26.5)* 12 (60.0)*# <0.001

NIMV, n (%) 16 (8.2) 8 (6.3) 5 (10.2) 3 (15.0) 0.234

ICU transfer, n (%) 25 (12.8) 6 (4.7) 7 (14.3) 12 (60.0)*# <0.001

Complications

Cardiac injury (CI)

Early CI, n (%) 49/196 (25.0) / 49/49(100) 0/20 (0) /

Recurrent CI, n (%) 19/49 (38.8) / 19/49 (38.8) / /

Late CI, n (%) 20/196 (10.2) / / 20/20 (100) /

ARDS, n (%) 111/196 (56.6) 51/127 (40.2) 40/49 (81.6)* 20/20 (100)* <0.001

Coagulation dysfunction, n (%) 57/193 (29.5) 21/124 (16.9) 22/49 (44.9)* 14/20 (70.0)* <0.001

Acute kidney injury, n (%) 33/193 (17.1) 8/125 (6.4) 17/48 (35.4)* 8/20 (40.0)* <0.001

Time from admission to complications onset

Cardiac injury (CI)

Early CI (days) 1 (0, 1) / 1 (0, 1) / /

Recurrent CI (days) 7 (5, 16) / 7 (5, 16) / /

Late CI (days) 11 (5, 22) / / 11 (5, 22) /

ARDS (days) 4 (2, 9) 6 (3, 12) 2 (1, 8)* 7 (2, 8) 0.014

Coagulation dysfunction (days) 11 (1, 20) 11 (1, 19) 8 (1, 15) 23 (8, 25)# 0.02

Acute kidney injury (days) 7 (3, 14) 10 (3, 17) 4 (2, 7) 12 (6, 21) 0.065

Prognosis

Death, n (%) 43 (21.9) 7 (5.5) 23 (46.9)* 13 (65.0)* <0.001

Data are median (IQR) or n (%).*P < 0.05, vs. without CI; #P < 0.05, vs. early CI; ACE-I, angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor blockers; ARDS, acute

respiratory distress syndrome; ICU, intensive care unit; IMV, invasive mechanical ventilation; IQR, interquartile range; NIMV, non-invasive mechanical ventilation.

also trigger a systemic inflammatory response (30). In this
study, patients with early or late CI had lower level of SpO2

on admission and higher incidence of ARDS compared to
the non-CI group. There was a large timing overlap between
CI and ARDS in the early CI group and 75% of patients
with late CI were preceded by ARDS which supports a strong
relationship between CI and hypoxia. Lastly, antiviral drugs can
cause cardiac insufficiency, arrhythmia or other cardiovascular
disorders with variable individual susceptibility (4, 31). In the
present study, almost all patients (93.4% of COVID-19 patients)
were administrated with antiviral drugs either on admission
or after admission for which the opportunity of individual
susceptibility and/or interaction with the underlying comorbid
conditions could contribute to onset of late CI or recurrence of
the initial one. In addition, patients in the CI group were more
likely to have received glucocorticoid therapy. The relationship
between glucocorticoid therapy and cardiac injury remains
controversial and is under investigation (32). On the other hand,

it is also likely that patients with any CI had higher disease
severity for which more treatment was administered. This may
suggest that the CI after admission was a sign of disease severity
and/or progression.

Recent studies have demonstrated that CI was associated
with increased mortality in COVID-19 patients (7, 8, 33).
However, to the best of our knowledge, this is the first study
to depict the clinical characteristics of both early CI and late
CI and their association with in-hospital mortality. Our study
showed that early CI was an independent predictor of death in
COVID-19 patients even after accounting for variables that have
proven prognostic value in the risk stratification of acutely ill
patients, such as respiratory rate, heart rate, SpO2, temperature,
mean arterial pressure, and coma (16, 34). Cardiac injury
remained significant after accounting for potential confounding
laboratory variables with proven prognostic value in COVID
hospitalizations such as lymphocyte count, LDH, CRP (17). This
is important because clinicians should not consider patients
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FIGURE 1 | Timeline of COVID-19 patients after admission. (A) Timeline of COVID-19 patients with early CI; (B) Timeline of COVID-19 patients with late CI; (C)

Timeline of COVID-19 patients without CI. COVID-19, coronavirus disease 2019; CI, cardiac injury.
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FIGURE 2 | The dynamic profile of hs-TNI levels in late CI patients in relation to ARDS onset. 15/20 (75.0%) patients suffering from late CI after the onset of ARDS.

The levels of hs-TN were log transformed. ARDS, acute respiratory distress syndrome; CI, cardiac injury; hs-TNI, high-sensitivity troponin I.

FIGURE 3 | Kaplan-Meier survival curves for COVID-19 patients. COVID-19,

coronavirus disease 2019; CI, cardiac injury.

being out of danger despite absence of CI in the first 72 h since
it can occur late. Similarly, a fall after the early rise in Trop
I should not translate into a lower risk status since recurrence
of CI can occur. Conversely, we also found that CI is closely
related to the occurrence of ARDS as opposed to a primary
cardiac event. Accordingly, our study suggested the need for
a more systematic assessment of cardiac troponins for risk
stratification of COVID-19 patients on admission, with repeat

measures for those who already have initial CI or who are at risk
for clinical deterioration. With the advent of multiple therapies
now to reduce the morbidity and mortality of COVID-19 (35–
37), early identification of higher risk patients with cardiac
biomarkers may be helpful to balance the cost vs. the effect
of therapy.

LIMITATIONS

Our study has some limitations. First, this was a relatively
small sample size and single-center retrospective observational
study for which residual confounding cannot be excluded and
we did not include all the potential factors associated with
mortality in our study. Second, only 196 patients both had
the data of hs-TNI within and after 72 h of admission, which
may have underestimated the true incidence of CI in our
study. Therefore, future studies should be multi-centered, with
larger sample size and systematic data collection, in order to
promote a more comprehensive understanding of the association
between cardiac injury and mortality in hospitalized patients
with COVID-19.

CONCLUSIONS

CI is a common condition that can occur early on or late
after, the initial 72 h of admission and is associated with ARDS
and an increased risk of in-hospital mortality. Both late CI
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TABLE 3 | Univariate and multivariate logistic regression analysis of factors associated with in-hospital mortality of COVID-19 patients.

Univariate Multivariate

Factors Unadjusted OR P-value Adjusted OR P-value

(95% confidence interval) (95% confidence interval)

Age group (years)

<45 1 (ref)

45–54 0.680 (0.040, 11.632) 0.79

55–64 4.675 (0.559, 39.116) 0.155

65–74 7.650 (0.944, 61.980) 0.057

>74 6.581 (0.787, 55.045) 0.082

Sex

Female 1 (ref) 1 (ref)

Male 3.632 (1.632, 8.086) 0.002 8.828 (2.463, 31.643) 0.001

Respiratory rate (breaths/min)

12–24 1 (ref) 1 (ref)

>24 3.667 (1.804, 7.451) <0.001 3.773 (1.188, 11.983) 0.024

Heart rate (bpm)

70–109 1 (ref)

40–69 2.321 (0.547, 9.845) 0.253

110–139 3.095 (1.261, 7.600) 0.014

140–179 4.643 (0.627, 34.377) 0.133

SpO2 (%)

>89 1 (ref) 1 (ref)

<75 24.833 (2.661, 231.712) 0.005 8.264 (0.694, 98.332) 0.095

75–85 31.042 (6.405, 150.435) <0.001 11.129 (1.341, 92.388) 0.026

86–89 31.042 (3.474, 277.332) 0.002 74.421(3.121, 1774.444) 0.008

Temperature (◦C)

<37.2 1 (ref)

37.2–38.9 1.991 (0.855, 4.633) 0.11

>38.9 2.031 (0.741, 5.564) 0.168

Mean arterial pressure (mmHg)

70–109 1 (ref)

50–69 8.065 (0.708, 91.829) 0.094

110–129 1.578 (0.664, 3.748) 0.302

130–159 1.008 (0.109, 9.340) 0.994

Coma (yes vs. no) (9 vs. 320) 8.108 (1.937, 33.944) 0.004

Hypertension (yes vs. no) (139 vs. 190) 2.974 (1.467, 6.029) 0.003

Lymphocytes (%)

≥20 1 (ref)

<20 10.551 (3.594, 30.980) <0.001

CRP (mg/L)

≤8 1 (ref)

>8 17.500 (4.086, 74.956) <0.001

LDH (U/L)

≤245 1 (ref)

>245 8.129 (3.239, 20.398) <0.001

Type of CI

Early CI but no recurrence 1 (ref) 1 (ref)

Early CI with recurrence 6.533 (1.807, 23.627) 0.004 7.184 (1.472, 35.071) 0.015

Late CI 4.333 (1.298, 14.471) 0.017 5.019 (1.125, 22.388) 0.034

No CI 0.136 (0.046, 0.405) <0.001 0.119 (0.030, 0.475) 0.003

OR, odds ratio; CI, cardiac injury; COVID-19, coronavirus disease 2019; CRP, C-reactive protein; LDH, lactate dehydrogenase.
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and recurrent CI after the initial episode were associated with
worse outcomes than patients with early CI alone. This study
highlights the importance of early examination and periodical
monitoring of cardiac biomarkers to identify predictors and
markers of clinical deterioration in COVID-19 patients to
guide intervention.
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Objectives: Evidence has shown that angiotensin-converting enzyme 2 (ACE2),

which can be upregulated after angiotensin-converting enzyme inhibitor (ACEi) and

angiotensin receptor blocker (ARB) treatment, may play a dual role in the pathogenesis

and progression of coronavirus disease 2019 (COVID-19). We aimed to assess the

association between the use of ACEi/ARB and the outcome of COVID-19 patients with

preexisting hypertension in non-endemic areas.

Methods: From January 17, 2020, to February 19, 2020, 286 patients with hypertension

were enrolled in this retrospective study out of 1,437 COVID-19 patients from 47 centers

in Zhejiang and Jiangsu Province. The composite endpoints consisted of mechanical

ventilation, intensive care unit (ICU) admission, or death. Cox proportional hazards

analysis was performed to assess the association between ACEi/ARB and clinical

outcomes of COVID-19 patients with hypertension.

Results: In themain analysis, 103 patients receiving ACEi/ARBwere compared with 173

patients receiving other regimens. Overall, 44 patients (15.94%) had an endpoint event.

The risk probability of crude endpoints in the ACEi/ARB group (12.62%) was lower than

that in the non-ACEi/ARB group (17.92%). After adjusting for confounding factors by

inverse probability weighting, the results showed that the use of ACEi/ARB reduced the

occurrence of end events by 47% [hazard ratio (HR) = 0.53; 95% CI, 0.34–0.83]. Similar

results were obtained in multiple sensitivity analyses.

Conclusions: In this retrospective study, among COVID-19 patients with hypertension,

the use of ACEi/ARB is not associated with an increased risk of disease severity

compared with patients without ACEi/ARB. The trends of beneficial effects of ACEi/ARB

need to be further evaluated in randomized clinical trials.

Keywords: angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, COVID-19, hypertension,

SARS-CoV-2
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INTRODUCTION

The novel coronavirus disease 2019 (COVID-19) is spreading
worldwide, with an increasing number of confirmed cases
and deaths, and has received widespread attention from
the World Health Organization. It is currently known that
COVID-19 patients with hypertension are prone to have poor
clinical outcomes (1). Angiotensin-converting enzyme inhibitors
(ACEis) and angiotensin receptor blockers (ARBs) are widely
used in the treatment of hypertension. In animal studies,
the expression of angiotensin-converting enzyme 2 (ACE2) is
upregulated after ACEi and ARB treatment (2). Intriguingly,
ACE2 plays a dual role in COVID-19 progression. On one
hand, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) binds with ACE2 to enter the host cell during invasion
(3), resulting in a decrease in ACE2 and subsequently causing
vasoconstriction. Based on this, patients with a medical history
of ACEi/ARB may be more likely to suffer from SARS-COV-
2 infection and severe progression due to elevated ACE2
expression, and it has proposed that alternative treatments be
sought for those with a high risk of infection (4). On the
other hand, evidence from various acute respiratory distress
syndrome (ARDS) animal models showed that exogenous
ACE2 supplementation can reduce inflammation and increase
oxygenation (2). The absence of the protective role of ACE2
may lead to renin–angiotensin system (RAS) dysregulation and
potentially give rise to extensive endothelial dysfunction and
acute lung injury (5). Thus, ACEi/ARBmay, in turn, be beneficial
as it prevents RAS overactivation by increasing ACE2 expression,
reducing the risk of acute lung injury and acute respiratory
distress syndrome.

Several studies have indicated that ACEi/ARB use was
associated with decreased mortality in patients with COVID-
19 (6–8), but most studies supported that ACEi/ARB use was
not related to disease severity (1, 8–12). A recent meta-review
of ours also concluded that ACEi/ARB therapy was associated
with a lower risk of mortality compared to those who have
non-ACEi/ARB antihypertensive drugs but not associated with
a higher risk of COVID-19 severity (13). Indeed, the use of
ACEi/ARB in patients with COVID-19 remains controversial.

And very few large-sample studies are conducted outside the
pandemic area in China (14, 15). Therefore, the present study
aimed to assess the association between ACEi/ARB use and
its impact on the risk of severity in COVID-19 patients with
hypertension in non-endemic areas by inverse probability of
treatment weighting (IPTW) analysis.

METHODS

Patients
Patients diagnosed with COVID-19 were recruited for this
multicenter retrospective study from 47 centers in Zhejiang
and Jiangsu Province between January 17, 2020, and February
19, 2020. All patients enrolled in this study were diagnosed
with hypertension and COVID-19 according to the diagnostic
criteria of the National Health Commission. This study was
approved by the Ethics Committee of the First AffiliatedHospital,

College of Medicine, Zhejiang University (No. IIT20200005C),
and complied with the ethical guidelines of the Declaration of
Helsinki. Written informed consent was waived, as this study was
conducted on an emerging infectious disease and the researchers
analyzed only anonymous data.

Data Collection
Epidemiological, demographic, comorbidities, clinical,
laboratory, time from illness onset to hospital admission,
time to the first dose of antiviral delivery, chest radiological
findings at admission, and outcome data were collected from
patients’ electronic medical records, with verification by
independent doctors. The COVID-19 cases were all confirmed
by throat swab specimens from the upper respiratory tract using
sequencing or RT-PCR assay. Clinical outcomes were followed
up to March 15, 2020.

Definition
The patients were classified into four types: mild, moderate,
severe, and critical type according to the guidelines on the
Diagnosis and Treatment of COVID-19 by the National
Health Commission (16). All patients taking ACEi and ARB
antihypertensive drugs, whether combined or not, were classified
in the ACEi/ARB group based on their main complaint at
admission. In principle, the antihypertensive regimens remained
the same as the drugs used by patients before admission.
Hypertension grades were defined as Grade 1, Grade 2, and
Grade 3 according to 2018 guidelines of the European Society
of Hypertension (ESH). The onset of COVID-19 was defined
as the time when symptoms were first noticed. The endpoint
of this study was defined as a composite measure consisting of
mechanical ventilation, intensive care unit (ICU) admission, or
death. Briefly, the endpoint represented at least one criterion:
respiratory failure occurs and mechanical ventilation is required,
develops other organ failures and needs ICU monitoring and
treatment, or death (17). If the patient met several criteria
for the event, the calculation will be based on the time of
the first criterion appearance and follow-up until the patient
was discharged.

Statistical Analysis
Continuous variables were expressed as medians and
interquartile range (IQR) 25–75% and were compared by
t-test or Mann–Whitney U-test. Categorical variables were
expressed as percentages and tested with chi-square test or
Fisher’s exact test. To assess the association between ACEi/ARB
use and clinical outcomes of COVID-19 patients, our main
analysis compared the 103 participants who received ACEi/ARB
with the 173 who received other regimens. Cox proportional
hazards regression models were used to assess the association
between ACEi/ARB use and the composite endpoint of
intubation, ICU admission, or death. The primary analyses
adjusted for benchmark covariates, including sex, age, body mass
index (BMI), smoking status, duration from onset to admission,
C-reactive protein (CRP), treatment of antivirus drugs, clinical
type on admission, grade of hypertension, and comorbidities.
The main analysis was performed by IPTW to minimize
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FIGURE 1 | Flowchart of patient selection.

the effect of ACEi/ARB use selection bias and to control for
potential confounding factors (18), which included the same
covariates as the Cox regression model (19). The estimated
propensity score was obtained as the predicted probability
of each subject treated with ACEi/ARB. The standardized
differences were examined to assess the covariates included in
estimating propensity scores before and after weighting, with
a statistic <10% indicating a clinically meaningful balance
between the two groups (19). Missing data were performed
through multiple imputations by chained equations using
the other variables available (20). All statistical analyses were
performed by Statistical Package for the Social Sciences version
19.0 (International Business Machines Corporation, Armonk,
NY) and R version 3.4 (R Foundation, Vienna, Austria). All
tests were two–tailed, and p < 0.05 was considered to indicate
statistical significance.

Other Sensitivity Analyses
In addition, we conducted eight prespecified subgroups and
sensitivity analyses to evaluate the robustness of the composite
endpoint: (1) age (age <60 vs. ≥60 years), (2) sex (male vs.
female), (3) median value of onset to admission (<4 vs. ≥4
days), (4) CRP (<8 vs. ≥8 mg/L), (5) BMI (<25 vs. ≥25
kg/m2), (6) presence of diabetes (yes vs. no), (7) clinical type on
admission (mild/moderate vs. severe), (8) grade of hypertension
(1 vs. 2 vs. 3).

Second, all patients eligible for the study were analyzed, and
those without any antihypertensive drugs were analyzed in the
control group.

RESULTS

Clinical Characteristics and Symptoms on
Admission
From January 17, 2020, to February 19, 2020, 286 patients with
hypertension were enrolled in this study out of 1,437 COVID-
19 patients in 47 centers of Zhejiang and Jiangsu Province
(Figure 1). Among the patients, 103 patients received ACEi/ARB
therapy, including 12 with ACEi, 91 with ARB, and 46 combined
with other types of drugs. Besides, 173 patients were treated with
other regimens, including 143 (82.66%) with calcium channel
blockers, 20 (11.56%) with beta-blockers, 40 (22.73%) with
diuretics, and three (1.73%) with centrally acting agents (Table 2)
and 10 without any antihypertensive drugs.

Clinical characteristics of patients from the ACEi/ARB group
and other regimens group are shown in Table 1. There were no
significant differences in either age or sex between the two groups
(p > 0.05). Fever and cough were the main symptoms in the
ACEi/ARB group and other regimens group, and the proportion
in the two groups had no significant differences. In addition to
hypertension, 97 (35.14%) patients had at least one comorbidity
other than hypertension. The ACEi/ARB group included 22 cases
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TABLE 1 | Characteristics of COVID-19 patients with hypertension with or without

ACEi/ARB therapy.

Characteristic Non-ACEi/ARB ACEi/ARB p-value

(n = 173) (n = 103)

Age (years) 62 (52–68) 59 (52–67) 0.450

BMI (kg/m2 )* 25.53 (23.52–27.28) 24.84 (22.58–27.30) 0.190

Duration from onset to

admission (days)

4 (2–7) 5 (3–7) 0.928

Temperatures (◦C) 38.00 (37.50–38.50) 38.00 (37.40–38.50) 0.211

Female (%) 76 (43.93%) 55 (53.40%) 0.128

Current smoker (%) 15 (8.67%) 9 (8.74%) 1

Exposure history

Contact with patients (%) 91 (52.60%) 54 (52.43%) 0.978

Cluster (%) 31 (17.92%) 19 (18.45%) 0.912

From Wuhan (%) 50 (28.90%) 34 (33.01%) 0.473

Symptoms

Fever (%) 139 (80.35%) 79 (76.70%) 0.472

Cough (%) 107 (61.85%) 69 (66.99%) 0.390

Expectoration (%) 52 (30.06%) 25 (24.27%) 0.300

Sore throat (%) 15 (8.67%) 13 (12.62%) 0.293

Muscle ache (%) 19 (10.98%) 10 (9.71%) 0.739

Fatigue (%) 43 (24.86%) 26 (25.24%) 0.943

Shortness of breath (%) 19 (10.98%) 12 (11.65%) 0.865

Diarrhea (%) 15 (8.67%) 6 (5.83%) 0.485

Sick (%) 6 (3.47%) 3 (2.91%) 1

Headache (%) 6 (3.47%) 4 (3.88%) 1

Coexisting comorbidity

Cardiovascular diseases (%) 21 (12.14%) 5 (4.85%) 0.055

Diabetes (%) 32 (18.50%) 22 (21.36%) 0.562

COPD (%) 2 (1.16%) 0 (0.00%) 0.530

Asthma (%) 2 (1.16%) 0 (0.00%) 0.530

Cancer (%) 6 (3.47%) 1 (0.97%) 0.263

Chronic liver disease (%) 13 (7.51%) 9 (8.74%) 0.819

Chronic renal disease (%) 3 (1.73%) 3 (2.91%) 0.674

Chest x-ray/CT findings 0.520

Normal (%) 12 (6.94%) 3 (2.97%)

Unilateral pneumonia (%) 20 (11.56%) 10 (9.90%)

Bilateral pneumonia (%) 96 (55.49%) 59 (58.42%)

Multiple mottling and

ground-glass

opacity (%)

45 (26.01%) 29 (28.71%)

Grade of hypertension 0.003

Grade 1 (%) 109 (63.01%) 54 (52.43%)

Grade 2 (%) 33 (19.08%) 38 (36.89%)

Grade 3 (%) 31 (17.92%) 11 (10.68%)

Severe/critical type on

admission (%)

14 (8.09%) 10 (9.71%) 0.663

C-reactive protein (mg/L)** 15.53 (4.54–43.11) 15.80 (5.42–34.16) 0.164

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI,

body mass index; COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus

disease 2019.

*21 patients with missing data of BMI.

**2 patients with missing data of C-reactive protein.

of diabetes, five cases of cardiovascular diseases, and nine cases of
chronic liver disease. And there were 32 with diabetes, 21 with
cardiovascular disease, and 13 with chronic liver disease in the
non-ACEi/ARB group. There are significant differences in the

TABLE 2 | In-hospital management and outcomes of ACEi/ARB and

non-ACEI/ARB groups.

Variable Non-ACEi/ARB ACEi/ARB p-value

(n = 173) (n = 103)

Interferon-α 110 (63.58%) 64 (63.37%) 0.971

Oseltamivir 3 (1.73%) 5 (4.95%) 0.149

Fapiravir 6 (3.47%) 5 (5.00%) 0.535

Arbidol 127 (73.41%) 71 (70.30%) 0.579

Lopinavir/ritonavir 96 (55.49%) 61 (60.40%) 0.428

Darunavir 3 (1.84%) 2 (2.27%) 1

Chloroquine phosphate 2 (1.23%) 1 (1.14%) 0.95

Glucocorticoids 60 (34.68%) 33 (32.04%) 0.653

IVIGt 47 (27.17%) 25 (24.27%) 0.596

Antibiotics drug 80 (46.24%) 45 (43.69%) 0.68

Antihypertensive agents

Calcium channel blockers 137 (82.66%) 47 (45.63%) <0.001

ACEi 0 (0.00%) 12 (11.65%) <0.001

ARB 0 (0.00%) 91 (88.35%) <0.001

Beta-blockers 20 (11.56%) 7 (6.80%) 0.198

Diuretics 34 (19.65%) 12 (11.65%) 0.084

Centrally antihypertensive agents 3 (1.73%) 0 (0.00%) 0.296

Shock 1 (0.55%) 1 (0.97%) 1

Admission to ICU 24 (13.87%) 10 (9.71%) 0.309

Mechanical Ventilation 22 (12.72%) 9 (8.74%) 0.311

Venovenous hemofiltration 3 (1.73%) 1 (0.97%) 1

ECMO 6 (3.47%) 2 (1.94%) 0.714

Lung transplantation 1 (0.97%) 0 (0.00%) 1

Composite endpoint 31 (17.92%) 13 (12.62%) 0.245

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ICU,

intensive care unit; ECMO, extracorporeal membrane oxygenation; IVIGt, intravenous

immunoglobulin treatment.

grade of hypertension: the proportion of grade 1 hypertension
was 54 (52.43%) in the ACEi/ARB group vs. 109 (63.01%) in the
non-ACEi/ARB group; grade 2, 38 (36.89%) vs. 33 (19.08%); and
grade 3, 11 (10.68%) vs. 31 (17.92%), respectively (p = 0.003)
(Table 1). The results of the remaining laboratory tests were
shown in Supplementary Table 1.

The Association of Angiotensin-Converting
Enzyme Inhibitor/Angiotensin Receptor
Blocker Use With the Composite Endpoints
With amedian time of 9 days, 44 patients had disease progression
or death in the entire cohort. In detail, two had septic shock and
were given vasoactive medications, 34 (12.32%) were admitted
to the ICU, 31 (11.23%) received mechanical ventilation, one
patient died after intubation, one had lung transplantation, and
eight (2.90%) received extracorporeal membrane oxygenation
(ECMO) (Table 2). Until March 15, 2020, nine patients had not
been discharged, and one of them was in the ACEi/ARB group.
The composite endpoints were documented in 13 of 103 (12.62%)
patients who received ACEi/ARB therapy compared with 31 of
173 (17.92%) patients in the non-ACEi/ARB group. The rate of
events was numerically lower in the ACEi/ARB group than in
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the non-ACEi/ARB group, but the difference was not significant.
The median progression event time was significantly different in
the ACEi/ARB group compared with the non-ACEi/ARB group
(12 vs. 9 days, p = 0.003). In the crude unadjusted analysis,
Kaplan–Meier curves for events-free survival showed a hazard
ratio (HR) of 0.65 (95% CI, 0.34–1.25; p= 0.2002); after adjusting
the benchmark covariate, the HR was 0.41 (95% CI, 0.19–0.88; p
= 0.0211) in the primary multivariable analysis (Figure 2A).

In the IPTW analysis, baseline characteristics were
balanced in the two groups (Supplementary Figure 1,
Supplementary Table 2). Among the 276 patients in the two
groups, the events-free survival was 89.48% in the ACEi/ARB
group and 81.85% in the non-ACEi/ARB group; the weighted
HR was 0.53 (95% CI, 0.34–0.83; p= 0.006; Figure 2B).

Other Sensitivity Analyses
To further confirm whether the observed findings were robust
to potential confounders, we performed stratified analyses by
prespecified subgroups; all analyses were adjusted for all variables
as the Cox regression model except for the stratification variable
itself. Compared with the non-ACEi/ARB group, the risk of
composite endpoint events probability did not increase in
the ACEi/ARB group, with HRs ranging from 0.07 to 0.80
(Figure 3), and no statistically significant interaction was found.
In addition, adding the 10 patients who were not taking any
antihypertensive drugs in the control group did not change the
result; the weighted HR was 0.48 (95% CI, 0.30–0.77; p= 0.0022;
Supplementary Figure 2). The results of the sensitivity analyses
support our main findings.

DISCUSSION

In this multicenter retrospective study, our results suggest that
chronic treatment with ACEi/ARB is not associated with an
increased severity of clinical outcome in COVID-19 patients with
hypertension. The values of HRs were below 1 in all subgroups
considered and after careful adjustments, including an IPTW
analysis. In addition, the median progression event time of
the ACEi/ARB group was significantly longer than that of the
non-ACEi/ARB group (12 vs. 9 days, p < 0.001). This finding
supported the continued use of RAS inhibitors in COVID-19
patients with hypertension, which provides clinical evidence for
the recommendations of international societies.

RAS plays an important role in the pathogenesis and
development of hypertension. ACEis and ARBs are commonly
used in hypertensive patients as two targeted RAS system
inhibitors. There is evidence demonstrating that activation of
RAS is associated with acute lung injury in the SARS-CoV-
infected model with downregulated ACE2 expression in the
lungs, but the lung failure in this setting could be attenuated by
treatment with ACEi/ARB (21–23). Furthermore, a systematic
meta-study showed that ACEi/ARB can reduce the incidence
of community-acquired pneumonia and pneumonia-related
mortality (24). A recent study found that angiotensin II was
significantly elevated in COVID-19 patients and was in a positive
linear correlation with viral load and lung injury (25). Another
study also supported the use of ACEi/ARB in improving clinical

outcomes of COVID-19 patients with hypertension, as they
found that using ACEi/ARB could significantly reduce the level
of interleukin 6 while increasing the level of peripheral blood T
cells (26).

To assess the potential effects of ACEi/ARB use on these in-
hospital patients with COVID-19, we limited our analysis to a
cohort of patients with coexisting hypertension and excluded
those without hypertension. Several previous studies included
the patients without hypertension in the non-ACEi/ARB group
and concluded that the use of ACEi/ARB was not related to
the severity of the disease (27–30), which may underestimate
the effect of ACEi/ARB on patients with COVID-19, since
hypertension itself was a risk factor for disease progression (31).

To the best of our knowledge, several observational studies
have evaluated the impact of ACEi/ARB use on clinical
outcomes in patients with COVID-19 (1, 6–11) and have
offered different perspectives. Observational studies may
be prone to bias and cannot provide robust results because
interventions are not randomly assigned. Despite such
shortcomings, observational data represent current clinical
practice and apply modern methods to minimize selection
bias to assess the effectiveness of clinical interventions
and may help guide clinical decision-making. Two recent
systematic reviews and meta-analyses concluded that the use of
ACEi/ARB is significantly associated with decreased mortality in
COVID-19 patients with hypertension but not associated with
disease severity (13, 32). These systematic reviews recognized
similar limitations, such as research heterogeneity, all studies
included were observational, and most studies only adjusted
for age and gender without considering other potential
confounders and selection bias. Therefore, it is impossible
to determine whether ACEi/ARB use is actually effective in
SARS-COV-2-infected patients.

Feng et al. (33) first reported from Wuhan that there was
a significant difference in ACEi/ARB usage among patients of
different severities; the number of severe or critical patients
was significantly lower in the ACEi/ARB group than in the
non-ACEi/ARB group, but this research did not consider
confounding factors, as other studies have done (8, 10). Another
multicenter retrospective study performed an analysis among
1,128 COVID-19 patients with preexisting hypertension, which
included 188 patients on treatment with ACEi/ARB (7). The
effect of ACEi/ARB treatment was analyzed using a multivariate
adjustment for confounding variables and propensity score (PS)
matching. And results stated that ACEi/ARB was associated
with a lower rate of severe outcomes with SARS-CoV-2 infection.
These data are in concordance with our results, but the mortality
rate in our patients was substantially lower. This discrepancy
might result from several factors, i.e., delayed hospitalization
after symptom onset in Hubei may lead to disease progression
(34). In addition, in every five death cases of COVID-19, only
one received invasive mechanical ventilation or further active
respiratory support, suggesting that ventilation equipment was
limited and intubation was delayed for many patients (35). But
the authors did not provide many details about the duration
between the onset of symptoms to admission (36) and the grade
of hypertension like another study from Korea (9), which were
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FIGURE 2 | Kaplan–Meier curves for survival without events. (A) Kaplan–Meier curves for event-free survival without weighted; (B) Kaplan–Meier curves for event-free

survival after inverse probability of treatment weighting. ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; HR, hazard ratio.

FIGURE 3 | Subgroup analysis of component endpoints according to ACEi/ARB treatment. ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor

blocker; BMI, body mass index; CRP, C-reactive protein; HR, hazard ratio.

found to be significantly associated with the severity of COVID-
19 in our study (Supplementary Table 3). After controlling
important confounding factors through multivariate adjustment
and IPTW analysis, the results suggested a favorable association

of using ACEi/ARB and less severity in COVID-19 patients.
Furthermore, sensitivity analyses supported our main finding.

The main advantage of this study is exploring the association
between chronic treatment with ACEi/ARB and COVID-19
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progression after adjusting the major confounding factors
such as the interval between symptom onset to admission
and grade of hypertension, and our sample size is relatively
larger compared with studies conducted in non-endemic areas
in China (14, 15). However, we recognize some limitations.
First, due to the relatively lower mortality rate, we could not
assess the association between ACEi/ARB use and mortality
in COVID-19 patients with hypertension. Since the study was
conducted in a non-epidemic pandemic area and there were
sufficient medical resources to support the treatment of patients
with COVID-19, this study can better reduce confounding
factors caused by a shortage of medical resources. Second,
the sample size in this study is not big enough. This study
included 103 patients receiving ACEi/ARB therapy; only 12
of whom received ACEi. Therefore, subgroup analysis of the
differences between the two drugs could not be performed.
Third, since patients were not randomly allocated to ACEi/ARB
therapy or other regimens, the results may be affected by
selection/collider bias. IPTW analysis was used to minimize
selection bias, which is a powerful and flexible approach to
adjust for collider bias and reduce observational bias and is
the best evidence available in observational studies. But IPTW
analysis may also have limitations, as this approach may not
reflect possible biases in observational studies, and some residual
confounding may persist. Fourth, our results were obtained
from patients with COVID-19 in non-endemic areas of China.
Due to policy reasons, the impact of using ACEi/ARB in
other countries/regions on SARS-CoV-2-infected patients needs
further study. Whether the current results are applicable to
other global populations, long-term prospective studies and
randomized clinical trials are still needed to investigate the effects
of these treatments.

CONCLUSION

In a group of hospitalized COVID-19 patients with preexisting
hypertension, chronic treatment with ACEi/ARB does not seem

to increase the risk of disease severity after adequate adjustment
by IPTW. ACEi/ARB could be continued as antihypertensive
therapy for COVID-19 patients with hypertension according to
the recommendations of international societies.
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COVID-19 may lead to severe acute respiratory distress syndrome (ARDS) resulting

in increased morbidity and mortality. Heart failure and/or pre-existing cardiovascular

disease may correlate with poor outcomes and thus require special attention from

treating physicians. The present study sought to investigate a possible impact of

impaired myocardial function as well as myocardial distress markers on mortality or

ARDS with need for mechanical ventilation in 157 consecutive patients with confirmed

SARS-CoV-2 infection. All patients were admitted and treated at the University Hospital

of Tübingen, Germany, during the first wave of the pandemic. Electrocardiography,

echocardiography, and routine blood sampling were performed at hospital admission.

Impaired left-ventricular and right-ventricular function, tricuspid regurgitation > grade

1, and elevated RV-pressure as well as thrombotic and myocardial distress markers

(D-dimers, NT-pro-BNP, and troponin-I) were associated with mechanical ventilation

and/or all-cause mortality. Impaired cardiac function is more frequent amidst ARDS,

leading to subsequent need for mechanical ventilation, and thus denotes a poor

outcome in COVID-19. Since a causal treatment for SARS-CoV-2 infection is still lacking,

guideline-compliant cardiovascular evaluation and treatment remains the best approach

to improve outcomes in COVID-19 patients with cardiovascular comorbidities.

Keywords: COVID-19, mechanical ventilation, mortality, myocardial function, prognosis

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an emerging cause of acute
respiratory distress syndrome (ARDS) (1). Depending on the severity of ARDS, mechanical
ventilation is the cornerstone for treatment of these critically ill patients (2). Patients in need for
mechanical ventilation endure prolonged intra-hospital stay, neurological dysfunctions associated
with concomitant anesthesia, and increased incidence of thrombosis and thromboembolism due
to pro-thrombotic effects of SARS-CoV-2 and immobilization (3). Most importantly, severe
respiratory failure is strongly associated with increased mortality in COVID-19 patients (4).
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COVID-19 may cause severe acute myocardial injury or
exacerbate an underlying chronic cardiovascular disease.
Elevated levels of myocardial distress markers NT-pro-BNP
and troponin are common findings in these patients (5).
Moreover, pre-existing cardiovascular disease and compromised
myocardial function have been associated with worse outcomes
(6). Electrocardiography (ECG), echocardiography, and
blood sampling for specific myocardial distress markers, e.g.,
troponin I and NT-pro-BNP, are essential for identifying
COVID-19 patients with cardiovascular risk in order to
improve management and consequently course of the disease.
Since we currently lack a specific treatment for COVID-19,
management of pre-existing or developing cardiac impairment
is critical for improving outcomes in severely affected patients.
Effects of impaired myocardial function on development
of progressive respiratory failure and subsequent need for
mechanical ventilation are unknown so far. Here, we report
that markers of myocardial distress and impaired myocardial
function are associated with progressive respiratory failure and
increased mortality.

MATERIALS AND METHODS

Study Design and Participants
In March and April 2020, this prospective study enrolled
157 consecutive patients diagnosed with severe COVID-19-
associated respiratory failure, including the first wave of COVID-
19 infections at the University Hospital of Tübingen, Germany.
The aim of the current study was to enroll all COVID-
19-positive patients requiring hospital admission. Hence, a
confirmed SARS-CoV-2 infection requiring hospital admission
represented the only selection criterion. According to our official
hospital database, 187 patients with confirmed SARS-CoV-2
infection were treated in our university hospital in March and
April 2020. We managed to include 84.0% of these COVID-
19 patients into the current study. Within 24 h after hospital
admission, an extensive cardiovascular assessment including
ECG, transthoracic echocardiography (TTE), and testing for
myocardial distress biomarkers (e.g., pro-NT-BNP and troponin
I) was performed. Written informed consent was obtained
wherever possible (n = 128, 81.5%). We strongly assume that
the remaining patients would not have refused to participate
in the study since the cardiologic assessment was performed
routinely and not purely study associated. In mechanically
ventilated patients, the patient consent was obtained once
invasive ventilation was discontinued or after discharge. In these
patients, no study-associated measurements were performed
but already existing clinical data was analyzed in accordance
with the local ethics committee. The study was approved by
the institutional ethics committee (238/2018BO2) and complies
with the Declaration of Helsinki and good clinical practice
guidelines (7–9).

Diagnosis of SARS-CoV-2 Infection and
ARDS
SARS-CoV-2 was detected from nasopharyngeal secretions using
real-time reverse transcriptase polymerase chain reaction. Severe

TABLE 1 | Baseline characteristics of the overall cohort (n = 157).

All

(n = 157)

Age, years (mean ± SD) 68 (±15)

Male, n (%) 99 (63.1)

Body mass index (mean ± SD) 29 (±5)

Cardiovascular risk factors, n (%)

Arterial hypertension 110 (70.1)

Dyslipidemia 55 (36.2)

Diabetes mellitus 36 (23.1)

Current smokers 7 (4.6)

Obesity 39 (25.8)

Atrial fibrillation 36 (23.1)

Known CAD 34 (22.4)

Chronic kidney disease 20 (12.7)

Echocardiography

Left ventricular function, % (mean ± SD) 57 (±7)

Left ventricular hypertrophy, n (%) 94 (69.1)

Visually estimated normal right ventricular function, n (%) 112 (82.4)

Visually estimated impaired right ventricular function, n (%) 17 (12.5)

Right ventricular dilatation, n (%) 51 (37.5)

TAPSE, mm (mean ± SD) 22 (±5)

RV pressure, mmHg (mean ± SD) 29 (±11)

Aortic stenosis >1, n (%) 5 (3.7)

Aortic regurgitation >1, n (%) 12 (8.8)

Mitral regurgitation >1, n (%) 31 (22.8)

Tricuspid regurgitation >1, n (%) 34 (25.0)

Pericardial effusion, n (%) 64 (47.1)

Electrocardiography

Rate, bpm (mean ± SD) 84 (±22)

Sinus rhythm, n (%) 108 (81.2)

QRS, ms (mean ± SD) 93 (±20)

Regular R progression, n (%) 78 (58.6)

Right bundle branch block, n (%) 4 (3.0)

Left bundle branch block, n (%) 2 (1.5)

PQ segment, ms (mean ± SD) 170 (±87)

QTc, ms (mean ± SD) 437 (±65)

Negative T wave, n (%) 14 (10.5)

ST segment depression, n (%) 2 (1.5)

ST segment elevation, n (%) 0 (0.0)

Admission laboratory, median (25th percentile−75th percentile)

Leucocytes, 1,000/µL 6.6 (4.8–9.5)

Lymphocytes, 1,000/µL 0.8 (0.6–1.1)

Creatinine, mg/dL 0.9 (0.7–1.3)

GFR, mL/m² 74 (48–92)

D-Dimer, µg/dL 1.3 (0.7–2.8)

C-reactive protein, mg/dL 8.2 (2.6–16.0)

Procalcitonin, ng/mL 0.14 (0.07–0.74)

Troponin I, ng/dL 17 (6–56)

NT pro-BNP, ng/L 458 (139–2827)

CK, U/L 149 (74–346)

AST, U/L 43 (27–70)

ALT, U/L 32 (21–47)

LDH, U/L 337 (232–446)

Medication at admission, n (%)

Oral anticoagulation 21 (14.8)

ACEi/ARB 78 (54.9)

Aldosterone inhibitors 17 (12.0)

Diuretics 52 (36.6)

Calcium channel blockers 32 (22.5)

Beta blockers 58 (40.8)

Statins 51 (35.9)

ASA 36 (25.4)

P2Y12 blockers 3 (2.1)
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TABLE 2 | Baseline characteristics stratified according to the combined endpoint.

Combined endpoint

No (n = 85) Yes (n = 72) p value

Age, years (mean ± SD) 67 (±14) 68 (±16) 0.575

Male, n (%) 48 (56.5) 51 (70.8) 0.063

Body mass index (mean ± SD) 29 (±6) 29 (±5) 0.709

Cardiovascular risk factors, n (%)

Arterial hypertension 53 (62.4) 57 (79.2) 0.022

Dyslipidemia 34 (40.0) 21 (29.2) 0.179

Diabetes mellitus 19 (22.4) 17 (23.6) 0.546

Current smokers 5 (5.9) 2 (2.8) 0.368

Obesity 21 (24.7) 18 (25.0) 0.870

Atrial fibrillation 15 (17.6) 21 (29.2) 0.095

Known CAD 14 (16.5) 20 (27.8) 0.311

Chronic kidney disease 9 (10.6) 11 (15.3) 0.380

Echocardiography

Left ventricular function, % (mean ± SD) 59 (±4) 54 (±10) 0.002

Left ventricular hypertrophy, n (%) 57 (78.1) 37 (62.7) 0.514

Visually estimated normal right ventricular

function, n (%)

71 (93.4) 41 (69.5) 0.008

Visually estimated impaired right

ventricular function, n (%)

5 (6.6) 12 (20.3) 0.008

Right ventricular dilatation, n (%) 29 (39.7) 22 (37.3) 0.164

TAPSE, mm (mean ± SD) 22 (±5) 21 (±6) 0.441

RV pressure, mmHg (mean ± SD) 27 (±9) 32 (±12) 0.045

Aortic stenosis >1, n (%) 2 (2.7) 3 (5.1) 0.478

Aortic regurgitation >1, n (%) 7 (9.6) 5 (8.5) 0.989

Mitral regurgitation >1, n (%) 15 (20.5) 16 (27.1) 0.185

Tricuspid regurgitation >1, n (%) 13 (17.8) 21 (35.6) 0.004

Pericardial effusion, n (%) 32 (43.8) 30 (50.8) 0.180

Electrocardiography

Rate, bpm (mean ± SD) 80 (±18) 88 (±26) 0.029

Sinus rhythm, n (%) 64 (84.2) 44 (77.2) 0.566

QRS, ms (mean ± SD) 93 (±23) 93 (±16) 0.931

Regular R progression, n (%) 47 (61.8) 31 (54.4) 0.385

Right bundle branch block, n (%) 2 (2.6) 2 (3.5) 0.877

Left bundle branch block, n (%) 2 (2.6) 0 (0.0) 0.243

PQ segment, ms (mean ± SD) 167 (±83) 173 (±93) 0.722

QTc, ms (mean ± SD) 427 (±81) 451 (±31) 0.041

Negative T wave, n (%) 4 (5.3) 10 (17.5) 0.036

ST segment depression, n (%) 1 (1.3) 1 (1.7) 0.821

ST segment elevation, n (%) 0 (0.0) 0 (0.0) 0.557

Admission laboratory, median (25th percentile−75th percentile)

Leucocytes, 1,000/µL 5.7 (4.2–7.5) 7.7 (5-9–11.9) <0.001

Lymphocytes, 1,000/µL 0.9 (0.7–1.2) 0.7 (0.5–1.0) 0.005

Creatinine, mg/dL 0.9 (0.7–1.2) 1.0 (0.8–1.6) 0.027

GFR, mL/m² 79.0

(58.9–97.2)

68.3

(37.5–91.6)

0.071

D-Dimer, µg/dL 0.8 (0.5–1.5) 2.4 (1.2–5.9) <0.001

C-reactive protein, mg/dL 3.5 (1.3–8.7) 16.3

(9.2–27.4)

<0.001

Procalcitonin, ng/mL 0.08

(0.05–0.17)

0.58

(0.13–2.01)

<0.001

(Continued)

TABLE 2 | Continued

Combined endpoint

No (n = 85) Yes (n = 72) p value

Troponin I, ng/dL 9 (4–18) 33 (18–124) <0.001

NT pro-BNP, ng/L 310 (93–839) 1815

(401–6026)

<0.001

CK, U/L 121 (67–240) 273 (91–727) 0.001

AST, U/L 34 (20–47) 61 (39–102) <0.001

ALT, U/L 28 (19–38) 41 (26–66) <0.001

LDH, U/L 265

(207–361)

429

(337–494)

<0.001

Medication at admission, n (%)

Oral anticoagulation 12 (14.1) 9 (12.5) 0.919

ACEi/ARB 44 (51.8) 34 (47.7) 0.640

Aldosterone inhibitors 9 (10.6) 8 (11.1) 0.642

Diuretics 29 (34.1) 23 (31.9) 0.701

Calcium channel blockers 19 (22.4) 13 (18.1) 0.843

Beta blockers 31 (36.5) 27 (37.6) 0.343

Statins 29 (34.1) 22 (370.6) 0.815

ASA 21 (24.7) 15 (20.8) 0.973

P2Y12 blockers 1 (1.2) 2 (2.8) 0.370

Bold values indicate statistical significance.

respiratory failure was defined according to the Berlin Definition
of Acute Respiratory Distress Syndrome (10).

Twelve-Channel ECG and Laboratory
Parameters
Twelve-channel ECG was registered according to standard
procedure. Peripheral venous blood was drawn for routine
laboratory parameters.

Transthoracic Echocardiography
TTE was performed by our Cardio-COVID-19 team. Left
ventricular ejection fraction (LVEF) was assessed visually and
measured using Simpson’s method (11). Impaired LVEF was
defined as an EF <50% (12). Impaired right ventricular function
(RV-function) was evaluated combining visual assessment
and measuring of tricuspid annular plane systolic excursion
(TAPSE). TAPSE was assessed by placing an M-mode cursor
through the lateral tricuspid valve annulus in the apical four-
chamber view. Then, the total systolic excursion distance of
the tricuspid annulus was measured. Impaired RV-function
was defined by TAPSE < 20mm (13). Mitral regurgitation
was assessed based on regurgitant orifice area and width of
vena contracta (14). Severity of aortic stenosis was defined
based on valve area measured by continuity equation and
planimetry (15). Jet/left ventricular outflow tract width ratio,
pressure half time, as well as diastolic flow reversal in proximal
descending aorta were used to quantify severity of aortic
regurgitation (16). Central jet area and width of vena contracta
were applied to determine tricuspid regurgitation (14). Right
ventricular pressure was estimated using the simplified Bernoulli
equitation [RVPsys = 4 × (Vmax)²] (17) when tricuspid
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regurgitation was present (18). High probability of pulmonary
hypertension was defined as RV-pressure > 35 mmHg (19).
Finally, the presence of pericardial effusion (PE) was
visually assessed (20).

Clinical Follow-Up
All patients were followed up for 30 days after study inclusion
for the primary combined endpoint (poor outcome): mechanical
ventilation and/or mortality. Secondary endpoint included all-
cause mortality and mechanical ventilation.

Statistical Analysis
SPSS version 26.0 (SPSS Inc., Chicago, IL) and GraphPad
Prism8.4.0 (GraphPad Software, San Diego, CA) were used for
all statistical analyses. Student’s t-test was applied for normally
distributed data, whereas Mann–Whitney U-test served for
analysis of non-normally distributed data. Accordingly, mean
values are presented as mean ± standard deviation and median

values are presented as median and 25th/75th percentiles.
Categorical endpoints were analyzed via cross-tabulations and
Chi-square tests. Correlations of non-normally distributed were
assessed using Spearman’s rank correlation coefficient (rho).
Kaplan–Meier curves with log rank tests were applied to compare
survival between groups, whereas multiple Cox regression
analyses were used to analyse independent associations between
myocardial distress markers and the combined endpoint
after adjustment for epidemiological factors. Regarding Cox
regression analyses, LVEF, RV-pressure, and age were included
as continuous variables, whereas RV-function (normal vs.
impaired), significant TR, arterial hypertension, coronary artery
disease, as well as diabetes mellitus (no vs. yes) were coded
as binary variables. Discriminatory performance of myocardial
distress markers and other clinical factors was evaluated using
receiver operator curves (ROC) and expressed as c-statistics
with 95% CI. Depending on the area under the curve (AUC),
ROC 0.5 suggests no discrimination, ≥0.7–<0.8 acceptable,

FIGURE 1 | Kaplan–Meier curves showing cumulative event-free survival for the combined endpoint (mechanical ventilation and/or mortality) stratified according to

LVEF%, RV-function, tricuspid regurgitation, and RV-pressure.
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TABLE 3 | Cox regression with markers of myocardial function as well as

epidemiological factors as independent variables and the combined endpoint as

dependent variables.

p-value HR 95% CI

Age 0.167 0.985 (0.964–1.006)

Arterial hypertension 0.321 1.456 (0.693–3.061)

Coronary artery disease 0.873 1.047 (0.594–1.845)

Diabetes mellitus 0.409 1.283 (0.709–2.321)

LVEF 0.002 0.955 (0.926–0.984)

Age 0.332 0.989 (0.969–1.011)

Arterial hypertension 0.292 1.496 (0.707–3.166)

Coronary artery disease 0.798 1.086 (0.579–2.037)

Diabetes mellitus 0.901 1.040 (0.563–1.922)

RV-Function 0.010 2.463 (1.239–4.895)

Age 0.062 0.977 (0.954–1.001)

Arterial hypertension 0.357 1.463 (0.651–3.288)

Coronary artery disease 0.335 1.312 (0.756–2.276)

Diabetes mellitus 0.505 1.233 (0.666–2.283)

Significant TR 0.002 2.851 (1.480–5.490)

Age 0.070 0.970 (0.939–1.002)

Arterial hypertension 0.074 3.085 (0.898–10.596)

Coronary artery disease 0.426 1.348 (0.647–2.808)

Diabetes mellitus 0.979 0.979 (0.451–2.170)

RV-pressure 0.025 1.040 (1.005–1.076)

Bold values indicate statistical significance.

≥0.8–<0.9 excellent, and ≥0.9 outstanding discrimination (21).
ROC analyses using combinations of predictors were based
on multiple logistic regression analysis with leaving one out
correction. Ninety-five percent CIs of these areas are included
in the figures. Course of biomarkers and respective associations
with poor outcome were analyzed via linear mixed-models with
random intercept.

RESULTS

A total of 157 patients were included, and their baseline
characteristics are shown in Table 1. Stratification according to
incidence of the combined endpoint is presented in Table 2.
Routine blood sampling was performed in the whole collective;
ECG and echocardiography were performed in 136 (86.6%) and
133 (84.7%) patients, respectively. Rate of mechanical ventilation
within 30 days after hospital admission was 44.6% (n = 70).
Twenty (12.7%) patients developed severe ARDS in the course
of the hospital stay. Twenty-two (14.0%) patients were already
mechanically ventilated at admission. Twenty-eight (17.8%)
patients were intubated due to rapidly increasing respiratory
failure and for airway protection. A total of 25 patients
died (15.9%); two patients died without being mechanically
ventilated (1.3%).

Patients with poor outcome displayed a significantly lower
LVEF, worse RV-function, more severe tricuspid regurgitation,
and increased RV pressure when compared to those with milder
course of COVID-19 (Table 2 and Figure 1).

Multivariable Cox-regression analysis revealed that impaired
LVEF and RV-function as well as tricuspid regurgitation >1 and
increased RV-pressure were independently associated with poor
outcome (Table 3).

Amidst patients with poor outcome, leucocyte count, D-
dimers, C-reactive protein, procalcitonin, troponin I, NT-pro-
BNP, CK, AST, and LDH levels were significantly higher when
compared to COVID-19 patients with a more favorable course of
disease (Table 2).

Increased QTc interval and a higher heart rate, just as a larger
proportion of T wave inversion, were more frequently observed
in patients requiring ventilation in the course of disease (Table 2).
The locations of inverted T waves were distributed as follows:
Lead I: n = 6 (42.9%), lead II: n = 2 (14.3%), lead III: n = 5
(35.7%), lead aVR: n = 10 (71.4%), lead aVL: n = 6 (42.9%),
lead aVF: n = 5 (35.7%), lead V1: n = 6 (42.9%), lead V2: n =

5 (35.7%), lead V3: n = 7 (50.0%), lead V4: n = 6 (42.9%), lead
V5: n= 4 (28.6%), and lead V6: n= 3 (21.4%), respectively.

Mechanically ventilated patients showed significantly
progressive D-dimer levels when compared to the remaining
subjects (p = 0.043). Furthermore, non-survivors showed
significantly progressive NT-pro-BNP and troponin-I levels
when compared to survivors (p = 0.002 and p < 0.001,
respectively) (Table 4, Figure 2).

LVEF correlated significantly with troponin I and NT-pro-
BNP at admission (rho = −0.310, p < 0.001 and rho = −0.456,
p < 0.001, respectively). TAPSE correlated significantly with
troponin I (rho = −0.293, p = 0.003). Finally, RV-pressure was
significantly associated with troponin I and NT-pro-BNP (rho
= 0.310, p = 0.005 and rho = 0.511, p < 0.001, respectively)
(Figure 3).

ROC analyses (combined endpoint) revealed an AUC of 0.588
for a multivariable model containing age, arterial hypertension,
coronary artery disease, diabetes mellitus type II, and LVEF,
0.475 for a combination of age, arterial hypertension, coronary
artery disease, diabetes mellitus type II, and RV-function, 0.520
for age, arterial hypertension, coronary artery disease, diabetes
mellitus type II, and significant TR, and 0.590 for age, arterial
hypertension, coronary artery disease, diabetes mellitus type
II, and elevated RV-pressure. Cardiac biomarkers and D-dimer
showed significantly better predictive performance (AUC 0.737
for D-dimers, 0.764 for NT-pro-BNP, and 0.735 for troponin-
I). The best discrimination performance was achieved by a
model including D-dimers, NT-pro-BNP, and troponin-I (AUC
0.788), whereas a combined model including age, arterial
hypertension, coronary artery disease, diabetes mellitus type II,
LVEF, RV-function, significant TR, and elevated RV-pressure
performed poorly in predicting the combined endpoint (AUC
0.603) (Figure 4).

DISCUSSION

The major findings of this study are as follows: (1) Early
impaired left and right ventricular systolic function, higher
degree tricuspid regurgitation, and higher RV-pressure are
more prevalent among COVID-19-positive patients with poor
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TABLE 4 | D-dimer, troponin-I, and NT-pro-BNP levels at admission (1st sample), median of hospital stay (interval sample), and discharge/death (close-up sample)

stratified according to mechanical ventilation, all-cause mortality, and the combined endpoint.

1st sample Interval sample Close-up sample p-value

(int)

p-value

(time)

p-value

(group)

Mechanical ventilation

D-dimers

(±SD)

Ventilated 10.3 (±18.1)

0.5 (±0.6)

7.3 (±9.0)

0.6 (±0.4)

7.1 (±8.8)

0.6 (±0.4)

0.043 0.760 <0.001

Non-ventilated 4.1 (±11.6)

0.1 (±0.5)

1.7 (±2.6)

0.0 (±0.4)

1.7 (±2.9)

−0.2 (±0.4)

Troponin-I

(±SD)

Ventilated 167 (±412)

1.7 (±0.6)

351 (±1061)

1.8 (±0.7)

202 (±586)

1.6 (±0.7)

0.345 0.023 <0.001

Non-ventilated 38 (±66)

1.1 (±0.6)

40 (±73)

1.2 (±0.6)

32 (±48)

1.1 (±0.6)

NT pro-BNP

(±SD)

Ventilated 6894 (±9695)

3.4 (±0.8)

9114 (±8691)

3.6 (±0.8)

11623 (±12862)

3.7 (±0.8)

0.985 <0.001 <0.001

Non-ventilated 7818 (±39032)

2.6 (±0.9)

7352 (±36658)

2.8 (±0.8)

6550 (±29070)

2.9 (±0.7)

All-cause mortality

D-dimers

(±SD)

Non-survivors 9.6 (±14.3)

0.5 (±0.7)

5.6 (±5.4)

0.6 (±0.3)

7.4 (±7.1)

0.7 (±0.4)

0.258 0.360 <0.001

Survivors 6.7 (±15.7)

0.2 (±0.6)

4.5 (±7.7)

0.3 (±0.5)

3.8 (±6.9)

0.2 (±0.5)

Troponin-I

(±SD)

Non-survivors 244 (±535)

1.8 (±0.7)

141 (±253)

1.8 (±0.5)

352 (±816)

2.0 (±0.6)

<0.001 0.860 0.002

Survivors 84 (±248)

1.4 (±0.6)

264 (±949)

1.5 (±0.8)

82 (±311)

1.2 (±0.7)

NT pro-BNP

(±SD)

Non-survivors 5064 (±6750)

3.3 (±0.7)

8931 (±5697)

3.8 (±0.4)

16023 (±15442)

4.1 (±0.3)

0.002 <0.001 0.002

Survivors 7854 (±34447)

2.8 (±0.9)

7819 (±31940)

3.0 (±0.9)

7137 (±25882)

3.0 (±0.8)

Combined endpoint (CE)

D-dimers

(±SD)

CE yes 10.3 (±18.0)

0.5 (±0.6)

7.2 (±9.0)

0.6 (±0.4)

7.1 (±8.7)

0.6 (±0.4)

0.070 0.779 <0.001

CE no 4.0 (±11.7)

0.1 (±0.5)

1.7 (±2.6)

0.0 (±0.4)

1.7 (±3.0)

−0.0 (±0.4)

Troponin-I

(±SD)

CE yes 167 (±412)

1.7 (±0.6)

352 (±1062)

1.8 (±0.7)

202 (±586)

1.6 (±0.7)

0.345 0.023 <0.001

CE no 38 (±66)

1.2 (±0.6)

40 (±73)

1.2 (±0.6)

32 (±48)

1.1 (±0.6)

NT pro-BNP

(±SD)

CE yes 6894 (±9695)

3.4 (±0.8)

9114 (±8691)

3.6 (±0.8)

11623 (±12862)

3.7 (±0.8)

0.985 <0.001 <0.001

CE no 7818 (±39032)

2.6 (±0.9)

7352 (±36658)

2.8 (±0.8)

6550 (±29070)

2.9 (±0.7)

Both raw and logarithmic values are shown. P-values were calculated for logarithmic data. Int, interaction. Bold values indicate statistical significance.

outcome. (2) The course of the myocardial distress markers NT-
pro-BNP and troponin-I may predict outcome in COVID-19
patients. (3) Troponin I and NT-pro-BNP correlate with LVEF,
RV-function, and RV pressure at admission. (4) A combined
model including D-dimers, troponin-I, and NT-pro-BNP may
facilitate risk assessment in COVID-19 patients.

The current findings provide further evidence that an
extensive cardiologic assessment of patients suffering from
COVID-19 is required at the earliest time point before severe
respiratory symptoms are evident.

Our current data and previous reports emphasize that
myocardial injury represents a prevalent finding in COVID-19
patients with respiratory insufficiency. Severe respiratory failure

and ARDS are currently considered as themain cause of COVID-
19-associatedmorbidity andmortality (22). Recently, Richardson
and collaborators reported that 12.2% of hospitalized COVID-
19 patients require mechanical ventilation (23). Among those,
up to 20% developed cardiac injury, defined as an increase in
troponin I (24). Interestingly, in our consecutive collective,∼45%
of patients required mechanical ventilation, with 24% showing
significant troponin I elevation. Susceptibility to SARS-CoV-
2 infection seems to be higher in patients with pre-existing
cardiovascular disease (25). Furthermore, these patients suffer
from increased morbidity and mortality (26).

As the precise mechanisms leading to myocardial damage
in COVID-19 await a thorough investigation, current research
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FIGURE 2 | Diagrams (mean ± SD) showing course of cardiac and thrombotic biomarkers stratified according to survival and mechanical ventilation.

FIGURE 3 | Scatter plots showing correlations between troponin I, NT-pro-BNP, and D-dimers with LVEF%, TAPSE, and RV-pressure at admission.
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FIGURE 4 | ROC analyses showing predictive performance of different univariate and multivariable models. (A) Age, arterial hypertension, coronary artery disease,

diabetes mellitus, and impaired LVEF; (B) age, arterial hypertension, coronary artery disease, diabetes mellitus, and impaired RV-function; (C) age, arterial

hypertension, coronary artery disease, diabetes mellitus, and significant TR; (D) age, arterial hypertension, coronary artery disease, diabetes mellitus, and elevated

RV-pressure; (E) D-dimers; (F) NT-pro-BNP; (G) troponin-I; (H) age, arterial hypertension, coronary artery disease, diabetes mellitus, impaired LVEF, impaired

RV-function, significant TR, and elevated RV-pressure; and (I) D-dimers, NT-pro-BNP, and troponin-I.

suggests that myocardial damage may result from direct viral
or inflammatory myocardial injury and may be augmented
by systemic inflammatory response, which further promotes
microcirculatory impairment or arrest (22). Diagnosing
COVID-19-induced direct myocardial damage is a challenging
process requiring myocardial biopsy as a gold standard,
although SARS-CoV-2 genome could not be identified within
the myocardium in biopsy and autopsy findings so far (27).
Furthermore, cardiac MRI may help identify myocarditis as a
cause of impaired LV-function. These two diagnostic modalities
were, however, not applied in our department during the first
COVID-19 wave due to patient overload and protection of
clinic personnel.

According to available echocardiography findings prior to
the diagnosis of SARS-CoV-2 infection, impaired systolic LV-

function was commonly a chronic condition, whereas impaired
RV-function tended to be a new finding in the current
patient cohort. This suggests that elevated RV-pressure and

RV-dysfunction is an acute process caused by COVID-19-
induced ARDS. Significantly elevated BNP and troponin-I levels
found in mechanically ventilated COVID-19 patients in our
cohort support the development of acute right ventricular failure,
which is consistent with recent findings (28, 29). Furthermore,
pulmonary distress could fittingly account for QRS prolongation
and higher amount of abnormal T waves seen in our collective
(30). Impaired LV-function at hospital admission may fasten
this process by congestion caused by elevated LVEDP and
thus raising pulmonary artery pressure. Our hypothesis of
COVID-19-induced right ventricular failure as a result of major
hemodynamic stress is presented in Figure 5.

CONCLUSION

As cardiovascular comorbidities and myocardial injury
significantly contribute to mortality in COVID-19, early
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FIGURE 5 | Right heart failure caused by COVID-19-induced severe ARDS and preexisting left heart failure: A hypothesis. (Figure created with BioRender®).

cardiologic assessment and identification of high-risk patients is
of critical importance to optimize the management and improve
prognosis of COVID-19 patients.

Limitations
The current study offers several major limitations. First, we could
not differentiate between COVID-19-induced and non-COVID-
19-induced impairment of myocardial function, which may have
affected outcome to an unknown degree. Second, the number of
patients enrolled was low, rendering generation of risk prediction
models difficult. Third, we were not able to include all COVID-
19-positive patients admitted to our hospital during the first wave
of the disease. Finally, biomarker levels were not available for
all patients.
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Elderly Male With
Cardiovascular-Related
Comorbidities Has a Higher Rate of
Fatal Outcomes: A Retrospective
Study in 602 Patients With
Coronavirus Disease 2019
Xiao-Yong Zhan 1†, Liang Li 1†, Yuhai Hu 2†, Qiang Li 3†, Huimin Kong 1, Margaret H. L. Ng 4,

Chun Chen 1, Yulong He 1*, Bihui Huang 1* and Mo Yang 1*

1 The Seventh Affiliated Hospital, Sun Yat-sen University, Shenzhen, China, 2Department of Clinical Laboratory, Hankou

Hospital, Wuhan, China, 3Department of Clinical Laboratory, Nanfang Hospital, Southern Medical University, Guangzhou,

China, 4Department of Anatomical and Cellular Pathology, The Chinese University of Hong Kong, Hong Kong, China

Elderly with comorbidities have shown a higher rate of fatal outcomes when suffering

coronavirus disease 2019 (COVID-19). However, a delineation of clinical significances

of hematologic indices and underlying comorbidities in the progression and outcome

of COVID-19 remains undefined. Six hundred two COVID-19 patients with established

clinical outcomes (discharged or deceased) from Hankou Hospital of Wuhan, China

between January 14, 2020 and February 29, 2020 were retrospectively analyzed. Of

the 602 patients with COVID-19, 539 were discharged and 63 died in the hospital. The

deceased group showed higher leukocyte and neutrophil counts but lower lymphocyte

and platelet counts. Longer activated partial thromboplastin time (APTT) and prothrombin

time (PT), as well as higher D-dimer and C-reactive protein levels, were found in

non-survivors. Our observations suggest that these parameters could serve as potential

predictors for the fatal outcome and in the discharged group. A higher neutrophil count

and D-dimer level but lower lymphocyte were associated with a longer duration of

hospitalization. A multivariable Cox regression analysis showed that higher neutrophil

count, prolonged PT, and low lymphocyte count were risk factors for patients with

COVID-19. Also, we found an association of lower lymphocyte count and higher

C-reactive protein levels with the elderly group and those with cardiovascular-related

comorbidities. The significantly different hematologic profiles between survivors and

non-survivors support that distinct hematologic signatures in COVID-19 patients will

dictate different outcomes as a prognostic marker for recovery or fatality. Lymphopenia

and aggressive inflammatory response might be major causes for fatal outcomes in the

elderly male and especially those with cardiovascular-related comorbidities.

Keywords: COVID-19, cardiovascular-related comorbidities, aggressive inflammatory response, lymphopenia,

elderly male
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) emerged and is now a worldwide health threat (1). Up to
December 2020, tens of thousands of patients are still diagnosed
with the coronavirus disease 2019 (COVID-19) every day all over
the world. Typically, affected individuals display a variable extent
of dyspnea and radiological signs (2–4). Through the unremitting
efforts of researchers, we have a deeper understanding of
COVID-19. Clinical studies have detected a cytokine storm
in critical patients with COVID-19 (5), which is considered
to be one of the major causes of acute respiratory distress
syndrome (ARDS) and multiple-organ failure at the beginning
of the SARS-COV-2 outbreak (6). Thrombotic complications
in patients with COVID-19 are common and contribute to
organ failure and mortality (7, 8), which suggests that platelet
hyperreactivity is associated with SARS-CoV-2 infection and
participating in COVID-19 pathophysiology (9). Several reports
have described significant procoagulant events, including life-
threatening pulmonary embolism (PE) (10–12). According to
the last available sex-related study from Italy, lethality is 17.7%
in men and 10.8% in women, suggesting gender might also
be a risk factor for COVID-19 patients (13, 14). Although
many clinical studies have been done on COVID-19, laboratory
indices to predict disease progression and prognosis are not
well-established yet (15).

Hematological findings and thrombocytopenia with SARS
and COVID-19 have been reported in our previous publications
(15, 16). In the present study, we present a retrospective analysis
to describe clinical outcomes, underlying comorbidities, and
hematological indices in 602 laboratory-confirmed hospitalized
COVID-19 patients. We aimed to explore the potential factors
that predict the prognosis and survival outcome of COVID-19
inpatients. With multiple analyses of bio-indices among patients
with different underlying comorbidities or age and gender, we
sought to delineate how underlying comorbidities, age, and
gender influence the disease outcome.

METHODS

Ethical Statement
The study was approved by the Ethics Committee of the Seventh
Affiliated Hospital, Sun Yat-sen University. No informed consent
of patients was required.

Data Sources
We obtained the medical records of 602 hospitalized patients
with a laboratory-confirmed diagnosis of COVID-19 from
Wuhan Hospital between January 14, 2020, and February
29, 2020. Admission criteria are as follows: the patient has
clinical symptoms, a positive nucleic acid test, and CT suggests
viral pneumonia. Demographic information, medical history,
comorbidities, signs and symptoms, and laboratory findings on
admission were collected from electronic medical records.

A laboratory-confirmed case of COVID-19 was defined
as a positive real-time reverse transcriptase–polymerase
chain reaction (RT-qPCR) test result obtained through oral

pharyngeal swab specimens. Investigators collected demographic
information, exposure history, medical history, comorbidities,
signs and symptoms, chest computed tomography, laboratory
findings on admission, and clinical outcomes from electronic
medical records. Laboratory results (blood count, biochemical
analysis, and coagulation testing) were included in laboratory
profile testing. The dates of disease onset, SARS-CoV-2
laboratory confirmation, hospital admission, discharge, and
death were also recorded.

Statistical Analysis
Continuous variables are presented as medians with interquartile
ranges (IQRs). For categorical variables, we calculated the
frequency rates and percentages of patients in each category.
Continuous variables were compared using the Mann–Whitney
U-test. Proportions for categorical variables were compared
using the chi-square test, and Fisher’s exact test was used when
the data were limited. P < 0.05 was considered statistically
significant. Spearman’s correlation analysis was used to analyze
the relationship between different indices. Survival curves were
estimated by the Kaplan–Meier method and compared by the
log-rank test. Multivariate Cox regression was performed to
investigate the hazard ratio by the Cox proportional hazards
model. GraphPad Prism 8 (GraphPad Software) was used for
graphing. Statistical analyses were performed using SPSS 25.0
(IBM software). A principal component analysis (PCA) for
hematologic indices was performed using Origin (OriginLab).

RESULTS

Baseline Clinical Characteristics
A total of 602 patients (383 males and 389 females) with a
laboratory-confirmed diagnosis of COVID-19 were included,
in which 539 were discharged and 63 died in hospital.
The baseline characteristics of these patients are shown in
Table 1. The median age for all patients was 62 years,
with significantly older age for deceased than for discharged
(71.0 vs. 61.0 years; P < 0.0001). Among all deceased
patients, 65.08% were males, which was significantly more
than females (P = 0.039). There were 386 patients (386/580,
66.55%) (due to some data missing, only 580 patients had
underlying comorbidity records) who had at least one underlying
comorbidity, of which 24.66% had only cardiovascular-related
underlying comorbidities (CRUC) including hypertension,
diabetes, coronary heart disease, and cerebrovascular disease;
18.62% had other underlying comorbidities including thyroid
nodules, fracture, chronic renal failure, lymphoma, hepatitis B,
gallstone, etc.; and 23.28% had at least two types of underlying
comorbidities, in which one was CRUC. The incidence of
underlying comorbidities was significantly higher in the deceased
than in the discharged (P < 0.001).

Laboratory Findings Among Hospitalized
Patients With Different Outcomes
The hematologic profile among patients with different outcomes
is shown in Table 1. Compared with the discharged, higher
leukocyte and neutrophil counts (Figures 1A,B), but lower

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 June 2021 | Volume 8 | Article 680604154

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Zhan et al. Cardiovascular-Related Comorbidities and COVID-19

TABLE 1 | Baseline characteristics of the recovered patients and patients who died of COVID-19.

Characteristics All patients

(n = 602)

Discharged

(n = 539)

Deceased

(n = 63)

P-value

Demographic

Survival or death rate (%) 89.53 10.47 N/A

Age, years 62.0 (51.0–70.0) 61.0 (50.0–69.0) 71.0 (64.0–79.0) <0.0001

Gender

Female, n (%) 289 (48.01) 267 (49.54) 22 (34.92) 0.039*

Male, n (%) 313 (51.99) 272 (50.46) 41 (65.08)

Hospitalization, days 18 (12–26) 19 (12–27) 7 (3–13) N/A

Comorbidity

No comorbidity, n (%) 194 (33.44) 186 (35.84) 8 (13.11) <0.001*&

Generalized vascular disease, n (%) 143 (24.66) 121 (32.31) 22 (36.07)

Other comorbidity, n (%) 108 (18.62) 102 (19.65) 6 (9.84)

Two and more comorbidities, n (%) 135 (23.28) 110 (21.20) 25 (40.98)

Laboratory findings

Hematologic

Leukocyte count,109/l 5.70 (4.30–7.88) 5.40 (4.20–7.20) 11.70 (8.50–15.50) <0.0001

<4 × 109/l, n (%) 95 (17.24) 94 (18.91) 1 (1.85) <0.001*#

4–10 × 109/l, n (%) 383 (69.51) 363 (73.04) 20 (3.70)

>10 × 109/l, n (%) 73 (13.25) 40 (8.05) 33 (61.11)

Neutrophil count, 109/l 4.00 (2.70–6.20) 3.80 (2.60–5.40) 10.50 (7.80–13.48) <0.0001

<1.8 × 109/l, n (%) 33 (6.00) 33 (6.65) 0 (0) <0.001*#

1.8–6.3 × 109/l, n (%) 384 (69.82) 375 (75.60) 9 (16.67)

>6.3 × 109/l, n (%) 133 (24.18) 88 (17.74) 45 (83.33)

Lymphocyte count, 109/l 1.00 (0.70–1.50) 1.10 (0.70–1.50) 0.5 (0.30–0.70) <0.0001

<0.8 × 109/l, n (%) 169 (30.73) 127 (25.60) 42 (77.78) <0.001*

0.8–4.0 × 109/l, n (%) 381 (69.27) 369 (74.40) 12 (22.22)

Hemoglobin, g/l 126.00 (115.00–135.00) 126.00 (115.00–135.00) 131.00 (110.00–139.00) 0.2559

Platelet count, 109/l 221.00 (169.00–290.00) 230.00 (174.00–294.00) 170.00 (78.00–231.30) <0.0001

<100 × 109/l, n (%) 25 (6.19) 14 (3.88) 11 (25.58) <0.001*$, 0.117∧

100–300 × 109/l, n (%) 295 (73.02) 268 (74.24) 27 (62.79)

>300 × 109/l, n (%) 84 (20.79) 79 (21.88) 5 (11.63)

Other indices

APTT, s 34.40 (31.30–37.90) 34.20 (31.30–37.20) 37.00 (31.30–42.70) 0.0152

≤47 s, n (%) 386 (94.84) 352 (96.97) 34 (72.27) <0.001*

>47 s, n (%) 21 (5.16) 11 (3.03) 10 (22.73)

Prothrombin time (PT), s 13.85 (12.93–15.00) 13.70 (12.80–14.70) 17.10 (14.60–19.95) <0.0001

≤17 s, n (%) 380 (93.37) 349 (96.14) 21 (47.73) <0.001*

>17 s, n (%) 37 (6.63) 14 (3.86) 23 (52.27)

Thrombin time (TT), s 15.70 (15.00–16.60) 15.70 (15.00–16.40) 16.30 (14.85–17.90) 0.0664

≤19 s, n (%) 393 (96.56) 357 (98.35) 36 (81.82) <0.001*

>19 s, n (%) 14 (3.44) 6 (1.65) 8 (18.18)

D-dimer, mg/l 0.65 (0.18–3.02) 0.54 (0.15–2.02) 6.96 (0.95–8.00) <0.0001

<0.5 mg/l, n (%) 181 (44.47) 177 (48.76) 4 (9.09) <0.001*

≥0.5 mg/l, n (%) 226 (55.53) 186 (51.24) 40 (90.91)

Fibrinogen (FIB), g/l 3.29 (2.58–4.18) 3.29 (2.59–4.18) 3.06 (1.46–4.41) 0.6432

<2, n (%) 35 (8.60) 23 (6.34) 12 (27.27) <0.001*$, 0.412*∧

2–4, n (%) 246 (60.44) 230 (63.36) 16 (36.36)

>4, n (%) 126 (30.96) 110 (30.30) 16 (36.36)

International normalized ratio (INR)

≤1.5, n (%) 385 (94.59) 355 (97.80) 30 (68.18) <0.001*

>1.5, n (%) 22 (5.41) 8 (2.20) 14 (31.82)

(Continued)
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TABLE 1 | Continued

Characteristics All patients

(n = 602)

Discharged

(n = 539)

Deceased

(n = 63)

P-value

C-reactive protein (CRP), mg/l 10.30 (2.08–49.15) 7.97 (1.79–42.20) 115.00 (42.88–199.30) <0.0001

≤10 mg/l, n (%) 152 (49.51) 150 (53.38) 2 (7.69) <0.001*

>10 mg/l, n (%) 155 (50.49) 131 (46.62) 24 (92.31)

*Chi-square tests or Fisher’s exact test was used to compare the COVID-19 mortality between the patients with different indices.&Patients with or without comorbidities were compared.
#COVID-19 mortality of patients with high neutrophil count (>6.3 × 109/l) or leukocyte count (>6.3 × 109/l) was compared with the other two groups. $COVID-19 mortality of low-

platelet-count group (<100 × 109/L) and low-level FIB group (<2.0 g/l) was compared with the other two groups. ∧COVID-19 mortality of high-platelet-count group (>100 × 109/l)

and high-level FIB group (>4.0 g/l) was compared with the other two groups. N/A, not available.

FIGURE 1 | Different levels of hematologic indices (A) leukocyte count, (B) neutrophil count, (C) lymphocyte count, (D) platelet count, (E) CRP level, (F) D-dimer level,

(G) APTT, and (H) INR between the discharged and deceased patients. Data are shown as a violin plot with median and 25 and 75% percentile lines. *P < 0.05,

****P < 0.0001. CRP, C-reactive protein; APTT, activated partial thromboplastin time; INR, international normalized ratio.

lymphocyte and platelet counts (Figures 1C,D), were found in
deceased patients. Lymphopenia (<1× 109/l) wasmore common
in non-survivors than survivors (Table 1).

Compared with discharged patients, the deceased also showed
significantly increased levels of C-reactive protein (CRP) and
D-dimer (Figures 1E,F). Regarding the coagulation indicators,
activated partial thromboplastin time (APTT), thrombin time
(TT), prothrombin time (PT), and international normalized ratio
(INR) were all increased in deceased patients (Figures 1G,H,
Table 1).

Association of Patient Characteristics and
Laboratory Indices With the Survival Rate
of COVID-19 Patients
The Kaplan–Meier analysis with log-rank test for the
hematological indicators showed a significant difference in
survival curve in COVID-19 patients categorized by the levels
of leukocyte (Figure 2A), neutrophil (Figure 2B), lymphocyte
(Figure 2C), CRP (Figure 2D), and those indices related to
coagulation function, including platelets (Figure 2E), APTT
(Figure 2F), PT (Figure 2G), TT (Figure 2H), fibrinogen

(FIB; Figure 2I), INR (Figure 2J), and D-dimer (Figure 2K),
respectively. COVID-19 patients with a higher leukocyte count
(>10 × 109/l) had a worse prognosis. No significant difference
in prognosis was observed in COVID-19 patients with lower
leukocyte count (<4 × 109/l) compared with those with normal
leukocyte levels (Figure 2A). Similar results were found on
neutrophil and FIB, that a low level of neutrophil count (<1.8
× 109/l) and a high level of FIB (>4 g/l) did not significantly
contribute to the worse prognosis than the normal-level group
(Figures 2B,I). Our Kaplan–Meier analysis also showed that
patients with high levels of CRP (>10 µg/l), D-dimer (>0.5
mg/l), extended APTT (>47 s), PT (>17 s), TT (>19 s), and high
INR were associated with worse prognosis (Figures 2D,F–K).
In contrast, normal levels of lymphocyte (>0.8 × 109/l) and
platelet (>100 × 109/l) were associated with better prognosis
(Figures 2A,E). Collectively, these results suggested that these
hematological parameters and patients’ characteristics could be a
potential prognostic marker for COVID-19.

Furthermore, based on the multivariate Cox regression
analysis, we found that among the 11 laboratory indices that
could predict the prognosis of COVID-19 mentioned above,
lymphocyte count <0.8 × 109/l [hazard ratio (HR), 2.911; 95%
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FIGURE 2 | Kaplan–Meier survival curves for different prognostic factors. The curves according to (A) leukocytes, (B) neutrophils, (C) lymphocytes, (D) CRP levels,

(E) platelets, (F) APTT, (G) PT, (H) TT, (I) FIB levels, (J) INR, and (K) D-dimer levels. The patient number of each group was indicated next to the curve. CRP,

C-reactive protein; APTT, activated partial thromboplastin time; INR, international normalized ratio; PT, prothrombin time; TT, thrombin time; FIB, fibrinogen.

TABLE 2 | Risk factors of fatal outcome in the multivariate cox proportional hazards regression model.

Variables Level HR 95% CI P-value

Lymphocyte count (×109/l) <0.8 vs. ≥0.8 2.911 1.172–7.229 0.021

Neutrophil count (×109/l) >6.3 vs. ≤6.3 15.679 4.643–52.945 <0.001

PT (s) >17 vs. ≤17 6.864 3.389–13.901 <0.001

confidence interval (CI), 1.172–7.229], neutrophil count >10 ×

109/l (HR, 15.679; 95% CI, 4.643–52.945), and PT > 17 s (HR,
6.864; 95% CI, 3.389–13.901) on admission were the risk factors
for a fatal outcome (Table 2).

Correlation of Characteristics and
Hospitalization Days Within Discharged
Patients
Here, we defined the correlations of characteristics and
hospitalization days of the discharged patients by using
Spearman’s correlation analysis. Due to the limit of sample size,
|r| > 0.2 and P < 0.05 were set as cutoff values for correlation.
We observed that hospitalization days of discharged patients
were negatively correlated with lymphocyte count and blood
saturation levels on admission (P < 0.0001 and P = 0.0002,
r < −0.2) (Figures 3A,B), while they were positively correlated

with neutrophil count and D-dimer levels (P < 0.0001, r > 0.2;
Figures 3C,D).

Correlation Networks and Principal
Component Analysis for Hematologic
Indices
Both survivors and non-survivors showed strong positive
correlations between leukocytes and neutrophils (r = 0.94 and
r = 0.99, respectively), and between INR and PT (both r = 1.00).
Similarly, a moderate negative correlation between FIB and TT
was found on both survivors and non-survivors (r = −0.31 and
r =−0.59, respectively) (Figure 4).

We observed a negative correlation between lymphocytes
and D-dimer in the survivors (r = −0.3338). However, this
correlation was positive in the non-survivors (r = 0.4323).
Lymphocyte counts and CRP levels had four and three more

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 June 2021 | Volume 8 | Article 680604157

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Zhan et al. Cardiovascular-Related Comorbidities and COVID-19

FIGURE 3 | Correlations between hospitalization days and on admission levels of (A) leukocytes, (B) blood oxygen saturation, (C) neutrophils, and (D) D-dimers.

FIGURE 4 | Correlation networks for hematologic indices. Networks showed different profiles of correlations in COVID-19 survivors (A) and non-survivors (B), on

admission. (C) PCA biplot of hematologic indices on admission. Individuals are shown as dots and colored by outcomes (survivors and non-survivors). Indices

showed as lines with arrows and colored by positive or negative contribution to PC1. The configuration of indices in biplot represented the relationship between

variables and principal components. PCA, principal component analysis.

highly connected hub nodes in the survivors than in the non-
survivors (six and five edges, respectively) (Figures 4A,B). In
contrast, neutrophil counts and PT had two and three more
connected hub nodes in the non-survivors (six and five edges,
respectively) (Figures 4A,B). We did not observe a correlation
between D-dimer and other coagulation indicators including
platelets, APTT, TT, PT, INR, and FIB in both survivors and non-
survivors (Figures 4A,B). We found that APTT lost correlation
with other coagulation indicators including PT, TT, FIB, and
INR in non-survivors (Figures 4A,B). A biplot via PCA indicated
the configuration of hematologic indices on admission, which is
shown in Figure 4C. The first principal component (PC1) could
roughly separate non-survivors from survivors, with neutrophils
(42.20%), leukocytes (38.42%), and CRP (32.32%) having the
biggest positive contribution. In contrast, lymphocytes (26.91%)
and platelets (14.71%) had a negative contribution to PC1.

Cardiovascular-Related Underlying
Comorbidities Were Associated With Poor
Prognosis of COVID-19
Based on the underlying comorbidity description, we categorized
the patients into four groups including the no underlying

comorbidity, CRUC, other-comorbidity group, more than two
comorbidities, and at least one was CRUC. The Kaplan–Meier
analysis with log-rank test showed a significantly different
survival curve among the four groups (Figure 5). Except for
the cardiovascular-related comorbidity (hypertension, diabetes,
coronary heart disease, cerebrovascular disease, etc.), other
comorbidities did not significantly affect the survival rate of the
patients as compared to those without. Although a relatively low
survival rate was observed in patients withmore than two types of
comorbidities as compared to those without, it had no significant
difference as compared with those with only CRUC (Figure 5A).
These results together indicated that CRUC might be the main
factor that decreased the survival rate of COVID-19 patients.

To explore why the four groups of patients had such
significantly different outcomes, we analyzed the hematologic
indices that were associated with mortality in these patients. As
shown in Supplementary Figure 1 and Supplementary Table 1,
we did not find a significant difference in coagulation indices
such as platelet count, PT, TT, D-dimer, INR, and FIB between
patients without any comorbidity and those only with CRUC.
Combined with the above results, the role of coagulation
dysfunction in decreasing the survival rate of patients with CRUC
was excluded.
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FIGURE 5 | Association of underlying comorbidities and hematologic indices. (A) Kaplan–Meier survival curves for different underlying comorbidities. The number of

patients in each group is indicated next to the curve. Hematologic indices in the four groups that showed to be better fit the survival curves including (B) neutrophils,

(C) lymphocytes, (D) leukocytes, and (E) CRP levels. Data are shown as dots with median lines. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

In contrast, we found that neutrophil, lymphocyte, leukocyte,
and CRP levels in the four groups all fit the trend of
survival curves better (Figures 5B–D). Significantly high levels
of neutrophil, leukocyte, and CRP were found in patients
with CRUC as compared with those without any comorbidity.
Comparable levels of neutrophil, leukocyte, and CRP were found
in patients with an underlying comorbidity other than CRUC as
compared with those without any comorbidity (Figures 5B–D).
Similarly, we also found comparable levels of neutrophil,
leukocyte, and CRP between patients with more than two types
of comorbidities and those with only CRUC. Lymphocyte levels
in the four groups showed the opposite trend (Figure 5E).

The Age-Related Poor Prognosis of
COVID-19 Patients Was Associated With
CRUC
The Kaplan–Meier analysis with log-rank tests showed that
elderly patients (>60 years of age) had a poorer outcome than
those who are younger (≤60) (Figure 6A), that at day 47 after
admission, 95.58% of young patients survived, while only 83.24%
of elderly patients did. We also found significantly different
survival curves between patients with or without underlying
comorbidities (Figure 6B). We hypothesized that age-related
poor prognosis might be related to a higher frequency of
underlying comorbidities that happened in the older age group,
which was observed in our dataset (Figure 6C). To validate this
hypothesis, we analyzed the survival curves of the young and the

old with each category of underlying comorbidities. We found
no significant difference in survival curves between the young
and the old who had no underlying comorbidities (Figure 6D).
Similar results were also observed in the patients without CRUC
and patients with only CRUC (Figures 6E,F). However, we found
a significant difference in survival curves between the young and
the old who had CRUC (Figure 6G). Altogether, these results
highlighted the contribution of CRUC in the age-related poor
prognosis. Then, we analyzed the hematologic index differences
between the old and the young. We found a significantly
lower level of lymphocyte and a higher level of neutrophil and
CRP in the old (Figures 6H–J). Besides, significant correlations
(P < 0.05, |r| > 0.2) between the age and these hematologic
indices (lymphocyte count, neutrophil count, and CRP level)
were found in the patients (Figures 6K–M). However, most
other hematologic indices were found not to be significantly
different between the young and old or have a correlation with
age (Supplementary Figures 2A–O, Supplementary Table 2),
except the D-dimer level (Supplementary Figure 2P).

Male COVID-19 Patients Had a Poorer
Outcome
As shown in Figure 7A, a significant difference in survival
curves was observed between male and female patients,
suggesting that male patients had a poorer outcome than
female. We did not observe different occurrences of underlying
comorbidities between the male and female (Figure 7B,
Supplementary Table 3). To explore a possible explanation, we
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FIGURE 6 | Hematologic variations between the young and old. Kaplan–Meier survival curves for (A) age and (B) underlying comorbidities are shown. (C) The

relationship of age and underlying comorbidities was analyzed by chi-square test. Kaplan–Meier survival curves for age in those patients (D) without any underlying

comorbidities, (E) those without cardiovascular-related comorbidities, (F) those with only cardiovascular-related underlying comorbidities, and (G) those with

cardiovascular-related underlying comorbidities. Hematologic indices that were found to have different levels between the young and old including (H) lymphocytes,

(I) neutrophils, and (J) CRP and were also correlated with age (K–M). Data are shown as boxes and whiskers. Correlations are colored by positive (red) or negative

(green). The numbers next to the survival curves indicate quantities of patients in such a group. ***P < 0.001 and ****P < 0.0001.
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FIGURE 7 | Hematologic variations between the male and female. (A) Kaplan–Meier survival curves for genders are shown. (B) Composition of different underlying

comorbidities in the male and female. Different levels of hematologic indices (C) leukocytes, (D) neutrophils, (E) lymphocytes, (F) platelets, (G) CRP level, (H) APTT,

(I) PT, (J) D-dimer level, (K) FIB, and (L) INR between the male and female. Data are shown as a violin plot with median and 25 and 75% percentile lines. **P < 0.01,

****P < 0.0001. The numbers next to the survival curves indicate quantities of patients in such a group.

analyzed hematologic indices between the male and female. By
using the Mann–Whitney U-test, we found that male patients
had significantly higher levels of leukocytes, neutrophils, CRP,
D-dimer, FIB, and INR; extended APTT and PT; and lower
levels of platelets and lymphocytes (Figures 7C–L). However,
when counting the frequencies of normal and abnormal levels of
these indices, we found that most coagulation indices including
platelet, APTT, TT, and INR were not significantly different
between the male and female (Supplementary Table 3).

Taken together, these results indicated that higher
inflammatory conditions that manifested as higher levels
of leukocytes, neutrophils, CRP, and D-dimer and lower
lymphocyte count were the main factors associated with the
poorer outcome of male patients. In contrast, coagulation
disorders might have a limited contribution to the poorer
outcome of male patients.

DISCUSSION

In this study, hematologic biomarkers associated with the
progression of COVID-19 were investigated, and some novel
findings were documented. First, patient characteristics including
the hematologic indices that could predict the fatal outcome
of COVID-19 or be associated with the patient’s duration

of hospitalization in discharged people were detailed and
documented in the present study. Second, lymphopenia, hyper
inflammation status, and coagulation derangements were shown
to be associated with fatal outcome of COVID-19 patients,
and their contribution to the fatal outcome of different
types of patients (patients with different types of underlying
comorbidities, young or old, and male or female) was elucidated.

In our study, results were also found with the incidence of
30.73% (lymphopenia), 24.18% (neutrophilia) (17), and 6.19%
(thrombocytopenia) (18) among all the patients, respectively.
Higher incidences of these hematological changes were found
in deceased patients as compared to the discharged patients
(Table 1). A higher neutrophil level on admission was found
in deceased patients and could predict poor outcomes in
our cohort (Figure 2B). The involvement of elements of the
hematopoietic system is prominent in severe cases and associated
with poor outcomes and mortality (19). Blood counts and
coagulation parameters are also frequently dysregulated in severe
COVID-19 (20, 21). A severe disease is commonly complicated
by lymphopenia (22), thrombocytopenia, and coagulopathy,
often progressing to disseminated intravascular coagulation

(DIC) (23).
Our study also indicated that decreased platelet count

might be able to serve as a potential clinical indicator of
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mortality during hospitalization (Figure 2E). This result was also
consistent with our previous studies (15, 16). The mechanism
of the reduction of platelet counts in COVID-19 patient may
include (1) the inhibition of hematopoiesis in the bone marrow
through certain receptors causes decreased primary platelet
formation (24, 25); (2) the hyperreactivity of platelets increases
the consumption of platelets/megakaryocytes; and (3) the lung
functions as one of the hematopoietic organs (26), and SARS-
CoV-2 may disrupt its function like SARS. An abnormal
coagulation status is an important phase for COVID-19 patients
(27).Many coagulation indices, including APTT, PT, TT, FIB, and
INR, and some other hematologic indices, including leukocyte,
CRP, and D-dimer on admission, were shown to be different
between the survivors and non-survivors and could be used
as prognostic indicators for a fatal outcome of COVID-19
(Table 1, Figure 1). However, the multivariate Cox regression
model suggested that lymphopenia, neutrophilia, and prolonged
PT serve as the predictors of fatal outcome (Table 2). This was
partially consistent with the results obtained by the correlation
networks and PCA, that these three indices had more connected
hub nodes in the survivors or non-survivors or had the biggest
positive/negative contribution for PC1 (Figure 4). Furthermore,
findings on the correlation of hematologic characteristics and
hospitalization days confirmed the role of these biomarkers for
predicting the prognosis and might help us to build a model to
predict the length of hospitalization (Figures 2, 3).

Patients with underlying comorbidities may have a worse
outcome than those without (28, 29). Our present study provides
further evidence to substantiate this notion (Table 1, Figure 5A).
We observed that CRUC, but not other comorbidities, might
contribute to higher mortality for COVID-19 patients. We did
not categorize the comorbidities into smaller types, but into
four major categories mentioned above (Table 1). Then, we
researched the survival curves of the patients with each category
of comorbidity. It was shown that only CRUC, but not other
comorbidities, was associated with poorer clinical outcomes
(Figure 5A).

Hematological indicators fitted this result perfectly including
lymphocyte, leukocyte, and neutrophil counts and CRP levels
(Figures 5B–E). These indicators were found to have identical
trends among the survival curves of the four comorbidity
categories. Thus, these four comorbidity clinical indicators might
carry the implications of specific hematological changes and their
associated poor outcomes in patients with such comorbidities.
First, the decrease in lymphocyte, especially in the T cells, might
be frequently found in those patients with CRUC (30, 31). These
might represent the defects of these cells, which might in turn
cause T cells to unable to efficiently combat viral infections (31).
Second, patients with CRUC also showed higher inflammation
levels in our study, which was manifested as elevated neutrophil
count and CRP levels (Figures 5D,E). Inflammatory processes
and systematic inflammation play a central role in CRUC (32, 33).
Hyperinflammation that drives lung or multiorgan injury was
often found on COVID-19 patients with worse outcomes (34).
Therefore, we could conclude that CRUC contributing to worse
outcomes might be related to lymphocyte dysfunction and high
background inflammatory state.

Our results confirmed that older age was associated with
increased death (Figure 6A). This may be associated with
age-related underlying comorbidities, particularly the CRUC
(Figures 6D–G) and age-dependent defects in T and B-cell
function (Figures 6H,K). As markers of inflammatory reactions,
neutrophil and CRP levels were higher in deceased patients
and associated with fatal outcome (Figures 1B,E, 2B,D, Table 1).
They were found to be positively correlated with COVID-19
patients’ age (r = 0.2292 and 0.3997, P < 0.0001) in our study
(Figures 6L,M). This result further confirmed that irresistible
and overexuberant inflammatory response was a potential risk
factor that caused the death in SARS-CoV-2 infection given
that viral load might not be correlated with the worsening
of symptoms, which highlighted the rationality of combining
antiviral and anti-inflammatory treatments for COVID-19 (35,
36). Another evidence of a higher inflammatory status of
the old was found in the D-dimer level, which was higher
and positively correlated with age (Supplementary Figure 2P).
In COVID-19 patients, D-dimer was found to be related to
markers of inflammation (37, 38). Thus, strengthening cellular
immunity and anti-inflammation could be an option for COVID-
19 therapy, especially for the old with CRUC (39). In contrast,
coagulation disorders were shown not to be the main factors that
contributed to the different outcomes between the old and young
(Supplementary Figure 2). Furthermore, the reverse correlation
of lymphocyte and D-dimer between the survivors and non-
survivors was interesting, and we proposed that it was caused
by an incongruent decrease of lymphocyte and an increase of
D-dimer happened in non-survivors.

We also found that male patients had a worse outcome
than female or the young (Figure 7A). No association of
underlying comorbidities and gender was found in the cohort,
indicating underlying comorbidities may not contribute to such
difference. An explanation showed that the female patients
mounted significantly more robust T-cell activation than male
patients during SARS-CoV-2 infection, which was sustained
in the old (40). As we knew, a large proportion (>70%) of
lymphocytes were T-cells. We also found that lymphocyte level
in female COVID-19 patients was higher than that in the
male. However, this was not observed in the deceased patient
(Supplementary Figure 3). Taken together, we speculated that
the lymphocyte level of COVID-19 patients might reflect the
level of activated T-cells targeting virus-infected cells (41).
Additionally, we also found levels of many hematologic indices
to be different between the male and female, which indicated that
they might contribute to different outcomes (42).

However, the main factors that contributed to the worse
outcome of male patients were lymphocyte dysfunction and
hyperinflammation, while coagulation disorders might have
partly contributed as most of the coagulation indices were
not significantly different between the male and female. The
finding of higher inflammatory conditions in the male than
in the female patients may be associated with sex hormone
differences. Differing in their immunological reactions to foreign
and self-antigens, males and females are distinctively different
in innate and adaptive immune responses. Importantly, these
sex-based immunological differences contribute to variations
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in the incidence of autoimmune diseases and malignancies,
susceptibility to infectious diseases, and responses to vaccines
in males and females (43). Besides, X-chromosome mosaicism
in the female is associated with varied genes involved in
inflammation. This biased response from X chromosome also
promotes differential immunological responses observed in
women and men (44). Taken together, these results might
indicate different treatment strategies for different types of
patients. For example, for patients with CRUC, immune-
supportive treatment and anti-inflammatory therapy were of
ultimate importance, while for the old and male patients,
besides the two above treatment strategies, coagulation support
treatment could not be ignored.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the Seventh Affiliated
Hospital, Sun Yat-sen University. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

X-YZ, LL, BH, YHe, and MY had the idea and designed the
study. X-YZ, LL, and HK contributed to the writing of the
manuscript. BH,MN,MY, CC, YHe, YHu, and QL contributed to
the critical revision of the manuscript. X-YZ and LL contributed
to the statistical analysis. X-YZ, BH, LL, and MY have verified
the underlying data. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 81770116 to MY and 31870001
to X-YZ); the Science, Technology and Innovation Commission
of Shenzhen; the China’s Postdoctoral Science Foundation (Grant
No. 2019TQ0383); and the Sanming Project of Medicine in
Shenzhen (Grant No. SZSM202011004).

ACKNOWLEDGMENTS

We thank Hankou Hospital for providing the data of
these patients.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.680604/full#supplementary-material

Supplementary Figure 1 | Hematologic indices in four categories of underlying

comorbidities that showed to not fit the survival curves including (A) platelets, (B)

APTT, (C) PT, (D) TT, (E) D-dimer, (F) FIB, and (G) INR. Data are shown as dots

with median lines. ∗∗P < 0.01, ∗∗∗∗P < 0.0001.

Supplementary Figure 2 | Hematologic indices that were shown to be not

different between the young and old or the levels of which were not significantly

correlated with age (P > 0.05 or |r| < 0.2), including (A,I) leukocytes, (B,J)

platelets, (C,K) APTT, (D,L) PT, (E,M) TT, (F,N) FIB, (G,O) INR. (H,P) D-dimer

levels between the young and old and its correlation with age. Data are shown as

boxes and whiskers. Correlations are colored by positive (red) or negative (green)

or no correlation (P > 0.05) (gray). ∗P < 0.05, ∗∗∗∗P < 0.0001.

Supplementary Figure 3 | Lymphocyte levels in the male and female survivors

and non-survivors. ∗∗∗∗P < 0.0001; n.s., not significant.

Supplementary Table 1 | Baseline characteristics of patients with or without

cardiovascular-related underlying comorbidities (CRUC). #COVID-19 mortality of

patients with high neutrophil counts (>6.3 × 109/l) or leukocyte counts (>10 ×

109/l) was compared with other two groups. $COVID-19 mortality of

low-platelet-count group (<100 × 109/l) and low FIB (<2 g/l) was compared with

the other two groups. ∧COVID-19 mortality of high-platelet-count group (>300 ×

109/l) and low FIB (>4 g/l) was compared with the other two groups.

Supplementary Table 2 | Baseline characteristics of old and young patients.
∗Fisher’s exact test was used to compare the COVID-19 mortality between the

patients with different indices. &Patients with or without comorbidities were

compared. @Patients with or without CRUC were compared. #COVID-19

mortality of patients with high neutrophil counts (>6.3 × 109/l) or leukocyte counts

(>10 × 109/l) was compared with the other two groups. $COVID-19 mortality of

low-platelet-count group (<100 × 109/l) and low FIB (<2 g/l) was compared with

the other two groups. ∧COVID-19 mortality of high-platelet-count group (>300 ×

109/l) and low FIB (>4 g/l) was compared with the other two groups.

Supplementary Table 3 | Baseline characteristics of male and female patients.
∗Chi-square tests or Fisher’s exact test were used to compare the COVID-19

mortality between the patients with different indices. &Patients with or without

underlying comorbidities were compared. @Patients with or without CRUC were

compared. #COVID-19 mortality of patients with high neutrophil counts (>6.3 ×

109/l) or leukocyte counts (>10 × 109/l) was compared with the other two

groups. $COVID-19 mortality of low-platelet-count group (<100 × 109/l) and low

FIB (<2 g/l) was compared with the other two groups. ∧COVID-19 mortality of

high-platelet-count group (>300 × 109/l) and low FIB (>4 g/l) was compared with

the other two groups.
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Background: Although troponin elevation is common in COVID-19, the extent of

myocardial dysfunction and its contributors to dysfunction are less well-characterized.

We aimed to determine the prevalence of subclinical myocardial dysfunction and its

association with mortality using speckle tracking echocardiography (STE), specifically

global longitudinal strain (GLS) and myocardial work efficiency (MWE). We also tested

the hypothesis that reduced myocardial function was associated with increased systemic

inflammation in COVID-19.

Methods and Results: We conducted a retrospective study of hospitalized COVID-19

patients undergoing echocardiography (n= 136), of whom 83 and 75 hadGLS (abnormal

>−16%) and MWE (abnormal <95%) assessed, respectively. We performed adjusted

logistic regression to examine associations of GLS and MWE with in-hospital mortality.

Patients were mean 62 ± 14 years old (58% men). While 81% had normal left ventricular

ejection fraction (LVEF), prevalence of myocardial dysfunction was high by STE; [39/83

(47%) had abnormal GLS; 59/75 (79%) had abnormal MWE]. Higher MWE was

associated with lower in-hospital mortality in unadjusted [OR 0.92 (95% CI 0.85–0.99);

p = 0.048] and adjusted models [aOR 0.87 (95% CI 0.78–0.97); p = 0.009]. In addition,

increased systemic inflammation measured by interleukin-6 level was associated with

reduced MWE.

Conclusions: Subclinical myocardial dysfunction is common in COVID-19 patients with

clinical echocardiograms, even in those with normal LVEF. Reduced MWE is associated

with higher interleukin-6 levels and increased in-hospital mortality. Non-invasive STE

represents a readily available method to rapidly evaluate myocardial dysfunction in

COVID-19 patients and can play an important role in risk stratification.

Keywords: echo, strain, COVID-19, non-invasive, ultrasoud diagnosis
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INTRODUCTION

COVID-19, the disease caused by the novel coronavirus
SARS-CoV2, carries high acute cardiovascular morbidity and
mortality (1, 2). The mechanisms for cardiac injury are not
fully understood, with hypotheses ranging from systemic
inflammation due to cytokine release syndrome, angiotensin
converting enzyme-2 mediated direct viral myocardial toxicity,
autoimmune myocarditis, and sympathetic stress response
(1, 3). Over 25% of hospitalized COVID-19 patients have
acute cardiac injury as detected by elevated cardiac troponin,
associated with greater in-hospital mortality (1, 3, 4). However,
troponin alone has limited specificity and sensitivity in
myocarditis and can also rise in acute respiratory distress
syndrome (ARDS), another recognized complication of
COVID-19 (5–7). Additionally, although multiple inflammatory
pathways, such as interleukin-6 (IL-6), are implicated in
myocardial injury in COVID-19, their effect on indices of
cardiac function is unknown and a better understanding
of the degree and determinants of myocardial function
may improve risk stratification and lead to new therapeutic
approaches (8–10).

Studies examining the degree of myocardial dysfunction
in COVID-19 are limited, and assessment with cardiac
imaging has been challenging due to exposure concerns
to echocardiography staff. Thus, it is likely that the true
prevalence of cardiac dysfunction is underreported (11).
Speckle tracking echocardiography (STE) can rapidly quantify
myocardial dysfunction (e.g., using global longitudinal strain
[GLS]) with increased sensitivity compared with standard
echocardiographic measures (12–14). More recently, a novel
technique to measure LV function based on STE, global
myocardial work (MW), was developed (15, 16). The advantage
of MW [assessed by myocardial work index (MWI) and
myocardial work efficiency (MWE)], is that it provides a more
load independent measure of LV function by accounting for
afterload; MW is also highly reproducible and adds incremental
value to GLS in predicting adverse events (17).

Given the high mortality and severity of complications
with COVID-19, we conducted a clinical cardiac imaging

study in hospitalized COVID-19 patients with echocardiograms
performed with the following aims: (1) to determine the
prevalence and extent of myocardial dysfunction using STE
(GLS and MWE), (2) to examine the association of myocardial
dysfunction with in-hospital mortality, and (3) to investigate
clinical and inflammatory biomarker risk factors associated with
worsened subclinical myocardial dysfunction.

Abbreviations: COVID-19, SARS-CoV2; ARDS, acute respiratory distress

syndrome; GLS, global longitudinal strain; MW, myocardial work; MWI,

myocardial work index; MWE, myocardial work efficiency; LV, left ventricular;

RV, right ventricular; EF, ejection fraction; LVEDD, left ventricular end diastolic

diameter; RVEDD, right ventricular end diastolic diameter; TAPSE, tricuspid

annular plane systolic excursion; TR, tricuspid regurgitation; STE, speckle tracking

echocardiography; ASE, American Society of Echocardiography; BMI, body mass

index; CRP, C-reactive protein; IL-6, interleukin 6; Pro-BNP, N-terminal pro-

hormone B-type natriuretic peptide.

METHODS

Study Design
This retrospective, single-center cohort study included 136
consecutive patients with confirmed COVID-19 who were
hospitalized at Johns Hopkins Hospital and underwent clinically
indicated transthoracic echocardiogram between March 25, 2020
and May 19, 2020, with follow-up completed by June 22,
2020. All echocardiograms were ordered by the patient’s clinical
care team. The study was approved by the Johns Hopkins
Institutional Review Board and informed consent was waived per
IRB guidelines.

Clinical Data
Patient characteristics, including demographics, medical history,
clinical presentation, laboratory testing, and clinical outcomes
were extracted from the electronic medical record. Initial
values after admission for the following serum biomarkers were
collected: cardiac troponin I, IL-6, C-reactive protein (CRP),
ferritin, fibrinogen, and d-dimer. In- hospital all-cause mortality
during index hospitalization was ascertained from electronic
medical records through the end of follow-up. Two separate
investigators independently reviewed the data.

Transthoracic Echocardiography
Conventional 2D Echocardiographic Analysis
Bedside transthoracic echocardiographic (TTE) examinations
were performed by experienced sonographers using VividTM E95
ultrasound system (GE Vingmed Ultrasound; Horten, Norway).
Both standard 2D and Doppler echocardiography were acquired.
Measurements including LV, right ventricular (RV) parameters
and diastology were performed by a dedicated research
sonographer based on the American Society of Echocardiography
(ASE) guidelines (18, 19). To limit exposure to patients and staff,
measurements that were not essential, including STE analyses,
were performed offline, removed from the patient’s room, and
limited studies were performed according to COVID-19 specific
imaging guidelines (20).

Speckle Tracking Echocardiography Analysis
STE analyses were conducted according to ASE
recommendations in a subset of TTEs that were (1) deemed to be
of fair quality or greater for subendocardial image visualization
by two independent readers and (2) in a patient free of atrial
or ventricular arrhythmias at the time of exam (n = 83) (18).
Two-dimensional images from the apical four-chamber, two-
chamber, and long-axis views were acquired with frame rates
between 50 and 80 frames/s to enable GLS. GLS was quantified
using semiautomated analysis software (EchoPAC version 202;
GE Vingmed Ultrasound). The automated algorithm traces
and tracks the LV myocardium, with manual adjustments
made when appropriate, and the software calculates GLS
from the weighted average of the peak systolic longitudinal
strain of all segments using the 17 segment model. GLS is
quantified as a negative number with cutoff as −18%, and
more negative as normal for this system, but based on prior
literature supporting use of a cutoff of −16% as the threshold

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 June 2021 | Volume 8 | Article 667721166

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Minhas et al. Subclinical Myocardial Dysfunction in COVID-19

for normal, analyses were conducted with > −16% as the
cutoff for normal (21–25). Tracking quality was assessed by
the operator and over-ridden in segments with two or fewer
rejected regions where the operator deemed tracking quality
to be acceptable. Images were analyzed by two independent
observers blinded to clinical data on a dedicated offline research
workstation. Intraobserver and interobserver variability of
STE measures, specifically MWE, were assessed by intra- class
correlation coefficient (individual ICC of 0.994 and average ICC
of 0.997 for intraobserver and 0.992 and 0.995 for interobserver,
respectively), and Bland-Altman analysis (all differences in
measurements within ±1 SD). The time between intraobserver
measurements was 1 day.

Myocardial Work
Myocardial work (MW) was determined from non-invasive LV
pressure-strain analysis, which has previously been described
and validated (26, 27). MW is calculated as the area of
the pressure-strain loop, similar in concept to deriving LV
stroke work using pressure volume loops invasively. In this
technique, pressures are assessed using brachial systolic pressure
and valvular event timing and strain measured with STE (15,
16). MW indices were calculated with the same software as
above to evaluate LV performance by incorporating afterload
determination using blood pressure; this provides a more load-
independent measure compared with GLS (27). Blood pressure
was measured by sphygmomanometry at the time of the

FIGURE 1 | Global longitudinal strain and myocardial work efficiency measurement in patients with COVID-19. Global longitudinal strain and myocardial work index

bull’s eye mapping for two patients with COVID-19. (A) representative patient with relatively normal strain and myocardial work; (B) representative patient with severely

reduced global longitudinal strain (apical predominant), myocardial work index, and work efficiency. ANT, anterior; ANT SEPT, anterospetal; APLAX, apical long axis;

AVC, aortic valve closure; CH, chamber; GS, global strain; HR, heart rate; INF, inferior; LAT, lateral; POST, posterior; PSD, peak systolic dispersion; SEPT, septal; SL,

strain length.
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echocardiogram immediately before acquiring images for STE.
The MW software then constructs a non-invasive LV pressure
curve adjusted according to the duration of isovolumic and
ejection phases defined by the timing of aortic and mitral valve
opening and closing events (28). Global MW was quantified by
calculating the rate of regional shortening by differentiation of
the strain tracing and multiplying by instantaneous LV pressure
(estimated) integrated over time. During LV ejection time,
segments were analyzed for wasted work and constructive work,
with global values determined as the averages of all segmental
values (see example Figure 1). The following parameters were
acquired using EchoPAC software: Global MW index (MWI,
mmHg%) defined as the area within the global LV pressure-
strain loop and global MW efficiency (MWE, %), defined as
constructive MW divided by the sum of constructed work
and wasted work, expressed as a percentage. Abnormal MWE
was defined as <95%, consistent with other studies (16). For
myocardial work, MWE was chosen as the primary variable of
interest as it provides a comprehensive assessment of the ratio
between constructive work performed by the LV and the sum of
both wasted and constructive work, and has previously shown to
have prognostic value in other populations (29–31).

Statistical Methods
Descriptive statistical analyses were performed for clinical
and echocardiographic parameters. Continuous variables are
presented as mean ± standard deviation (normally distributed
variables) or median (IQR) (non-normally distributed variables).
Differences between groups were compared using parametric
two-sample Student’s t-test or non-parametric Mann–Whitney
U-test. Categorical variables are presented as number (%) and
groups compared using Chi-squared test. For relevant analyses,
normal LVEF was defined as >50%.

We then performed unadjusted and adjusted logistic
regression to estimate the odds of mortality with either GLS or
MWE as the primary independent variable of interest, analyzed
continuously. Covariates included were clinical characteristics
(age, sex, diabetes, and hypertension) and echocardiographic
measurements, selected one at a time for addition to the model
as the primary covariate of interest (LVEF, GLS, MWE, TAPSE,
RVSP, TR peak velocity, and E/E′). Clinical covariates selected
for inclusion in the adjusted models were chosen based on prior
literature suggesting possible confounding, and included age, sex,
history of hypertension, and diabetes (32–36). Model 1 included
the echocardiographic covariate of interest, adjusted for age and
sex.Model 2 included the echocardiographic covariate of interest,
adjusted for age, sex, diabetes, and hypertension. All variables for
logistic regression were analyzed as continuous variables.

To further understand the incremental value of STE analysis
over standard echocardiographic LVEF assessment for mortality
prediction, we performed subgroup analyses in patients with
normal (>50%) or abnormal (<50%) LV EF. We also performed
subgroup analyses in patients with the presence or absence of
acute respiratory distress syndrome (ARDS). A p ≤ 0.05 was
considered significant.

Last, for a subset of the cohort, linear regression was then
performed to evaluate inflammatory markers (divided into

tertiles given non-normal distribution) as predictors of MWE.
Values within each tertile are included in the supplement. These
markers included IL6, troponin, ferritin, C-reactive protein
(CRP), d-dimer, and fibrinogen. Missing data were considered to
occur at random, and patients with missing inflammatory data
were not included in this analysis.

RESULTS

Clinical Characteristics of Patients
Undergoing Echocardiogram
Median time of symptom duration prior to admission was 6 days
(3–8 days). Median time to echocardiogram after admission was
4 days (2–8 days) and median overall time of admission was 16.5
days (9–31 days).

Clinical characteristics of hospitalized patients with COVID-
19 who had echocardiogram performed are shown in Table 1

(n = 136). The mean age was 62 years, 79 (58%) were
men and 63 (47%) African American. Approximately 63% of
patients required mechanical ventilation, 57% were diagnosed
with ARDS and 53% had shock (septic, distributive, cardiogenic
or otherwise) (Table 1).

The cohort of patients with echocardiograms performed was
comparable to the subset of patients with GLS and MWE
measured (Table 1). The majority of patients (81%) undergoing
echocardiogram had normal LV systolic function by LVEF
measurement. Follow-up (discharged as alive or deceased)
was complete for 131/136 patients, while 5/136 (3.7%) were
administratively censored (still admitted at the time of analysis).

Clinical and Echocardiographic
Characteristics for Patients With Global
Longitudinal Strain Assessed
Among the patients with GLS performed (n = 83), 44 patients
had normal GLS and 39 (47%) had abnormal GLS (Table 1).
There were no significant differences in age, sex, race, or history
of hypertension or CAD between patients with and without
abnormal GLS. There was higher prevalence of diabetes mellitus
in the abnormal compared with normal GLS group (51 vs. 27%,
p = 0.025). Body mass index (BMI) was significantly higher in
patients with abnormal compared with normal GLS (median 31.4
vs. 27.8 kg/m2, p= 0.017). Patients with abnormal GLS had lower
LVEF (55 vs. 62%, p < 0.001), and lower TAPSE (1.7 vs. 2.0 cm,
p= 0.005) when compared with those with normal GLS.

Among the inflammatory markers, interleukin-6 was higher
among patients with abnormal GLS [median 164 (69–815)]
compared with normal GLS [median 86 (32–167)], p = 0.034.
All other inflammatory markers were not significantly different
(Table 1). The value ranges of each inflammatory marker per
tertile are presented in Supplementary Table 1.

Clinical and Echocardiographic
Characteristics for Patients With
Myocardial Work Efficiency Assessed
Among the subgroup of patients with myocardial work imaging
performed (N = 75), abnormal MWE (defined as <95%) was
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TABLE 1 | Comparison of clinical characteristics and echocardiographic parameters in the cohort of hospitalized patients with COVID-19 and subgroups with normal vs.

abnormal global longitudinal strain (GLS) and myocardial work efficiency (MWE).

Variables Overall cohort

N = 136

Normal GLS

N = 44

Abnormal GLS

N = 39

p-value Normal MWE

N = 16

Abnormal MWE

N = 59

p-value

Age, years 62.4 ± 13.9 61.9 ± 13.4 63.4 ± 14.4 0.614 55.2 ± 16.5 64.3 ± 13.1 0.023

Male 79 (58%) 27 (61%) 22 (56%) 0.647 13 (81%) 32 (53%) 0.039

Race 0.347 0.082

White 34 (25%) 10 (23%) 5 (13%) 3 (19%) 12 (21%)

African American 63 (47%) 20 (45%) 23 (61%) 5 (31%) 33 (57%)

Other 37 (27%) 14 (32%) 10 (26%) 8 (50%) 13 (22%)

Body mass index, kg/m2 30.0 (26.4–35.8) 27.8 (25.6–31.3) 31.4 (26.5–38.4) 0.017 27.7 (25.7–31.8) 28.7 (25.7–34.5) 0.544

Comorbidities

Hypertension 97 (72%) 29 (66%) 30 (77%) 0.269 7 (44%) 46 (78%) 0.008

Diabetes mellitus 55 (41%) 12 (27%) 20 (51%) 0.025 1 (6%) 29 (49%) 0.002

Coronary artery disease 20 (15%) 4 (9%) 8 (21%) 0.140 0 (0%) 10 (17%) 0.077

Heart failure 20 (15%) 2 (5%) 12 (31%) 0.001 0 (0%) 12 (20%) 0.049

Clinical presentation

Heart rate, beats per min 99 ± 20 97 ± 17 103 ± 21 0.151 95 ± 18 100 ± 20 0.392

Systolic blood pressure, mmHg 129 ± 25 129 ± 24 134 ± 24 0.368 126 ± 27 132 ± 23 0.343

Diastolic blood pressure, mmHg 71 ± 16 71 ± 16 74 ± 15 0.389 74 ± 16 71 ± 16 0.546

Laboratory measurements

White blood cell count, K/cu mm 6.7 (5.0–9.3) 6.4 (4.6–8.7) 6.0 (4.8–8.3) 0.773 6.4 (4.8–9.0) 6.4 (4.8–9.1) 0.946

Absolute lymphocyte count, K/cu mm 0.6 (0.1–1.1) 0.6 (0.1–1.0) 0.5 (0.0–1.3) 0.794 0.7 (0.0–1.2) 0.7 (0.03–1.2) 0.992

D-dimer, mg/L 2.0 (0.8–5.3) 2.0 (0.8–4.6) 2.2 (0.9–7.3) 0.433 2.0 (0.4–4.7) 2.2 (0.9–4.5) 0.213

Interleukin-6, pg/ml 130 (51–409) 86 (32–167) 164 (69–815) 0.034 114 (47–422) 125 (45–406) 0.695

CRP, mg/dl 15.3 (4.9–34.7) 11.7 (3.3–20.5) 13.7 (5.1–37.7) 0.410 4.9 (2.3–15.3) 15 (6.6–34.3) 0.009

Ferritin, ng/ml 735 (395–1,424) 737 (427–1,130) 800 (402–2,898) 0.525 830 (289–1,677) 719 (412–1,125) 0.897

Fibrinogen, mg/dl 596 (445–703) 737 (427–1,130) 800 (402–2,898) 0.695 568 (463–729) 597 (457–722) 0.694

Pro-BNP, pg/ml 422 (157–1,956) 242 (99–589) 564 (164–3,992) 0.044 176 (70–385) 392 (164–2,611) 0.032

Troponin I, ng/ml 0.03 (0.03–0.05) 0.03 (0.03–0.03) 0.03 (0.03–0.08) 0.454 0.03 (0.03–0.03) 0.03 (0.03–0.05) 0.305

Clinical events

Shock 72 (53%) 17 (39%) 23 (59%) 0.064 4 (25%) 30 (51%) 0.065

Mechanical ventilation 86 (63%) 22 (50%) 26 (67%) 0.125 5 (31%) 38 (64%) 0.017

ARDS 78 (57%) 19 (43%) 25 (64%) 0.057 5 (31%) 32 (54%) 0.103

DVT or PE 31 (23%) 8 (18%) 8 (21%) 0.788 3 (19%) 12 (20%) 0.888

Death 25 (19%) 7 (16%) 8 (21%) 0.620 2 (12%) 9 (16%) 0.764

Echocardiographic parameters

LA volume, ml 44 (35–71) 41 (29–45) 48 (39–95) 0.046 39.5 (28–42) 47 (39–55) 0.222

LVEDD, cm 4.2 (3.7–4.8) 4.1 (3.8–4.6) 4.3 (3.4–4.9) 0.378 4.4 (3.8–4.9) 4.1 (3.5–4.7) 0.276

LVEF, % 62 (52–62) 62 (57–64) 55 (40–62) <0.001 62 (62–64) 57 (50–62) 0.011

Normal LVEF (>50%) 109 (81%) 43 (64%) 24 (36%) <0.001 16 (100%) 45 (74%) 0.031

RVEDD, cm 3.6 ± 0.7 3.4 ± 0.6 3.6 ± 0.7 0.224 3.4 ± 0.7 3.6 ± 0.6 0.225

Normal RV function 63 (81%) 22 (85%) 18 (72%) 0.274 12 (92%) 24 (73%) 0.147

TAPSE, cm 1.8 ± 0.4 2.0 ± 0.4 1.7 ± 0.4 0.005 2.1 ± 0.3 1.8 ± 0.4 0.003

RVSP, mmHg 37 (30–50) 37 (29–48) 34 (32–53) 0.742 31 (30–33) 37 (29–49) 0.288

Mean PAP, mmHg 34 ± 12 35 ± 9 34 ± 11 0.754 27 ± 12 35 ± 9 0.087

Peak TR gradient, mmHg 31 (25–42) 32 (25–42) 31 (25–40) 0.899 29 (25–38) 31 (24–43) 0.832

PCWP, mmHg 14 (10–18) 13 (9–17) 12 (9–16) 0.820 12 (10–16) 15 (12–21) 0.422

E/E’ 10 (8–13) 10 (7–12) 9 (7–13) 0.665 9 (7–11) 9 (7–13) 0.561

GLS, % −16.1 ± 4.3 −19.2 ± 2.4 −12.6 ± 3.0 <0.001 −19.7 ± 3.1 −15.5 ± 4.1 <0.001

MWI, mmHg% 1,412 ± 425 1,579 ± 362 1,227 ± 417 <0.001 1,723 ± 399 1,331 ± 396 <0.001

MWE, % 92 (87–94) 94 (91–95) 89 (82–92) <0.001 96 (95–96) 91 (86–93) <0.001

Categorical variables are presented as number (%) and continuous variables are presented as mean ± standard deviation or median (interquartile range).

CRP, C-reactive protein; Pro-BNP, N-terminal pro-hormone B-type natriuretic peptide; ARDS, acute respiratory distress syndrome; DVT, deep venous thrombosis; PE, pulmonary

embolism; LA, left atrium; LVEDD, left ventricular end diastolic diameter; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain; RVEDD, right ventricular end diastolic

diameter; TAPSE, tricuspid annular plane systolic excursion; RVSP, right ventricular systolic pressure; PAP, pulmonary artery pressure; TR, tricuspid regurgitation; GLS, global longitudinal

strain; MWI, myocardial work index; MWE, myocardial work efficiency.

The bold values represent significant p-values, with significant defined as <0.05.
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present in the majority (59/75, 79%). There were no significant
differences in demographics or clinical presentation between
patients with normal vs. abnormal MWE (Table 1). A history of
hypertension was more common among patients with abnormal
MWE compared with normal MWE (78 vs. 44%, p = 0.008), as
was a prior history of diabetes (29 vs. 1%, p = 0.002). Patients
with abnormal MWE compared with those with normal MWE
had lower LVEF (57 vs. 62%, p = 0.011), and lower TAPSE (1.8
vs. 2.1 cm, p= 0.003).

Among patients with normal LVEF (n = 67), a high
percentage had evidence of subclinical myocardial dysfunction
using STE: 36% had abnormal GLS (GLS>−16%) and 74% had
abnormal MWE (MWE <95%) (Figure 2).

Association of Clinical Characteristics and Speckle

Tracking Echocardiography Measurements With

Mortality
During hospital admission, 25 (19%) of patients experienced in-
hospital death. No clinical characteristics were independently
associated with mortality in univariate analysis. MWE was
the only echocardiographic parameter independently associated
with mortality [unadjusted OR 0.92 (95% CI 0.85–0.999),
p = 0.048]. In adjusted Models 1–2, MWE remained associated
with mortality, with the strongest association in Model 2 [OR
0.87 (95% CI 0.78–0.97), p = 0.009] (Table 2), suggesting that
a 1% increase in MWE was associated with 13% lower odds
of death.

Additional subgroup analyses performed to confirm the
relationship of MWE and mortality showed similar findings.
Among patients with normal LVEF, higher MWE was again
independently inversely associated with death [unadjusted OR
0.89 (95% CI 0.78–1.00), p = 0.050]. MWE was also associated
with in-hospital death after adjusting for age and sex [aOR 0.85
(95% CI 0.74–0.99), p = 0.038]. GLS was not associated with
death in adjusted or unadjusted analysis. No echocardiographic
parameter (LVEF, GLS, or MWE) was associated with mortality
in subgroup analyses of patients with and without ARDS
(Supplementary Table 2).

As MWE was the only echocardiographic parameter
associated with mortality, we then evaluated systemic
inflammatory markers as predictors of abnormal MWE in
a subset of patients with available inflammatory marker data.
We observed that MWE was 2.04% lower per higher tertile
of IL-6 level (p = 0.021), indicating that greater degree of
inflammation reflected by IL-6 levels were associated with
worse myocardial function as measured using MWE. All other
inflammatory markers tested were associated with no difference
in MWE (Figure 3).

DISCUSSION

We report that subclinical cardiac dysfunction measured
by GLS and MWE on STE is common in hospitalized
COVID-19 patients with clinically indicated echocardiograms
performed. To our knowledge, this is one of the first reports
characterizing novel echocardiographic indices of myocardial
dysfunction (GLS and the newer imaging parameter MWE)

in hospitalized patients with COVID-19. We report several
unique findings in our population: (1) Subclinical myocardial
dysfunction is prevalent among COVID-19 patients even
in the setting of normal LVEF, especially in those with
traditional cardiovascular risk factors, (2) lower, more abnormal
MWE, which is a sensitive measure of load independent
myocardial dysfunction, is associated with greater in-hospital
mortality, and (3) higher level of the inflammatory marker,
IL-6, is predictive of lower MWE. Importantly, the finding
of the association of MWE with mortality held true even
after analyzing patients with normal LVEF, suggesting the
prognostic benefit of MWE over LVEF and supporting use
of MWE in addition to LVEF for hospitalized patients
with COVID-19.

Speckle Tracking Echocardiography for
the Detection of Subclinical Myocardial
Dysfunction in COVID-19 Patients
Both GLS and MWE are sensitive measures of LV function
and cardiac injury, and the current study is among the
first to characterize these indices in the setting of acute
COVID-19 (37, 38). Compared with LVEF, GLS improves risk
stratification, enhances disease classification, and may guide the
treatment approach in asymptomatic patients with subclinical
LV dysfunction (14, 38). Both GLS and MWE measurements
are validated, reproducible, and do not require additional
imaging beyond standard TTE, reducing potential additional
provider exposure during image acquisition. Prior studies have
consistently demonstrated reduced GLS despite a preserved
LVEF among patients at increased risk for cardiac injury and
dysfunction (39). MWE is a newer load-independent measure
that permits both global and regional ventricular mechanics
to be analyzed through the relationship between myocardial
contractility and LV pressure (15). A previous study showed
that non-invasive indices of myocardial work are more sensitive
than GLS for the detection of significant CAD in patients with
normal regional wall motion and preserved LVEF (17). The
present study supports these prior findings, as abnormal MWE
was even more prevalent than abnormal GLS (79 vs. 46% of
patients). Additionally, patients with abnormal STE indices were
more likely to have cardiovascular risk factors than those with
normal indices, even among those with normal LVEF.

Myocardial Work Efficiency and Mortality
While recent data has suggested high incidence of acute cardiac
injury by troponin levels in COVID-19, investigations into the
extent and implications of myocardial dysfunction on adverse
outcomes such as death are limited (1, 7, 13, 40–42). In the
present study, in a cohort with comparable in-hospital mortality
to prior studies in COVID-19, we demonstrate the ability of
MWE to predict mortality while GLS and LVEF did not. Prior
studies suggest that the amount of myocardial work is related to
uptake of fluro-deoxy-glucose at myocardial positron emission
tomography scan, suggesting a relationship between myocardial
work efficiency and metabolism (27). It is possible that impaired
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FIGURE 2 | Echocardiogram evaluation and main findings in hospitalized patients with COVID-19. Flow diagram of the study shows number of patients undergoing

echocardiogram, including with speckle tracking technique for strain measures. GLS, global longitudinal strain; LVEF, left ventricular ejection fraction; MWE, myocardial

work efficiency. Abnormal GLS is defined as ≤16% (the absolute value of −16%). Additional abbreviations in Figure 1.

TABLE 2 | Association of each echocardiographic parameter with mortality in hospitalized patients with COVID-19.

Unadjusted Model 1

(age and sex)

odds ratio (95% CI)

Model 2

(age, sex, diabetes, hypertension)

odds ratio (95% CI)

LVEF 1.00 (0.96–1.03) P = 0.248 1.00 (0.96–1.04)

P = 0.934

1.00 (0.96–1.04) P = 0.918

GLS 1.07 (0.94–1.22) P = 0.287 1.08 (0.94–1.23)

P = 0.287

1.15 (0.98–1.35) P = 0.089

MWE 0.92 (0.85–0.999) P = 0.048 0.90 (0.81–0.98)

P = 0.021

0.87 (0.78–0.97) P = 0.009

TAPSE 0.43 (0.11–1.71) P = 0.230 0.41 (0.10–1.74)

P = 0.228

0.30 (0.06–1.45) P = 0.135

RVSP 1.04 (1.00–1.09) P = 0.051 1.04 (1.00–1.09)

P = 0.073

1.04 (1.0–1.09) P = 0.081

TR peak velocity 1.03 (0.99–1.07) P = 0.182 1.03 (0.98–1.07)

P = 0.219

1.03 (0.98–1.07) P = 0.235

E/E’ 0.97 (0.91–1.05) P = 0.459 0.96 (0.87–1.06)

P = 0.392

0.97 (0.90–1.05) P = 0.498

The bold values represent significant p-values, with significant defined as <0.05.

MWEmay be related to derangements in myocardial metabolism
that can occur in the setting of increased systemic inflammation.

Based on these findings, it is possible that STE measures
of subclinical LV dysfunction may provide incremental value
to standard echo measures in patients with COVID-19. Given
the acuity of presentation and cardiovascular complications of
COVID-19, a better understanding of the extent of myocardial
injury and dysfunction early in the disease course may help
triage at risk patients and implement early interventions aimed
at reducing mortality.

Systemic Inflammation and Cardiac
Dysfunction
Although recent studies have aimed to describe pathophysiologic
processes leading to RV strain and dilation in acute COVID-19
(43, 44), LV dysfunction and particularly subclinical dysfunction
on STE, have not been as well-investigated. Studies suggest that
increased systemic inflammation and impaired immune function
may play a role (6, 7). Potential causes of myocardial dysfunction
include myocarditis, ischemic injury (caused by microvascular
dysfunction or epicardial CAD), stress cardiomyopathy or
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FIGURE 3 | Association of myocardial work efficiency with inflammatory markers. Inflammatory markers are analyzed by tertile of each marker given non-normal

distribution.

cytokine release syndrome (45). Autopsy studies of severe
COVID-19 disease suggest there can also be direct viral-induced
injury of multiple organs, including the heart (46). However,
the relative contribution and determinants of myocardial
dysfunction have not been well-characterized, partially due to
limited ability to obtain widespread cardiac testing in these
patients. Given these limitations, the true prevalence of cardiac
dysfunction has likely been underreported thus far, and is mainly
limited to case reports (6, 7).

In our study, patients underwent echocardiography at a
median 4 days after hospital admission and 6 days of symptom
onset, suggesting that impaired GLS and MWE occur early
in COVID-19 during the systemic inflammatory response, and
cannot entirely be explained by a more chronic myocardial
process such as fibrosis. In addition, COVID-19 patients with
LV dysfunction on STE had more obesity, which is a pro-
inflammatory state that initiates oxidative stress and adversely
affects immune function, leading to cardiac injury (40, 47, 48).
Finally, although inflammatory pathways have been implicated in
myocardial injury related to COVID-19, their effect on important
indices of cardiac function has not been well-characterized. In the
present study, we show that subclinical myocardial dysfunction
is related to the degree of systemic inflammation measured by
IL-6. IL-6 has previously been shown to act as a key cytokine

in producing downstream effects resulting in organ damage,
including reduced myocardial contractility (49–51).

Additionally, IL-6 levels in the setting of COVID-19 have
been reported to be elevated in several studies and have been
shown to correlate with mortality (52–54). Our study, along
with these prior studies, supports a potential role of IL-6 and
heightened inflammation in mediating myocardial dysfunction,
thereby increasing risk of death. Of note, we did not find a similar
relationship with troponin and myocardial dysfunction, likely
related to the primarily normal-range troponin values for the
majority of patients.

By characterizing subclinical myocardial dysfunction using
STE, the present study provides incremental knowledge,
linking increased systemic inflammation (by IL-6 levels) to
the pathophysiology of myocardial injury and dysfunction
in COVID-19.

Limitations
The main limitation of this study is the relatively small
sample size and retrospective cohort study design. Larger
prospective studies are needed to further explore these novel
echocardiographic parameters (GLS and MWE) with regard
to cardiovascular mortality and other clinically meaningful
outcomes in COVID-19 disease. Also, not all hospitalized
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COVID-19 patients underwent echocardiogram and STE, which
could result in selection bias and inability to detect true
prevalence of abnormal GLS or MWE among COVID-19
patients. Lastly, a minority of patients with GLS and MWE
performed did not have all inflammatory markers tested
clinically, thus limiting the analyses.

CONCLUSIONS

In summary, sensitive indices of LV dysfunction, GLS and
MWE, measured with STE are abnormal in a substantial
portion of hospitalized COVID-19 patients who underwent
echocardiograms, even in those with normal LVEF. Impaired
MWE is independently associated with in-hospital mortality
in COVID-19 patients. Higher IL-6 levels are associated with
reduced MWE, providing a possible pathophysiologic link
between increased inflammation and adverse outcomes in
COVID-19. Based on these findings, it is possible that STE
measures of subclinical LV dysfunction may provide incremental
value to standard echocardiographic measures in patients with
COVID-19. Given the acuity of presentation and cardiovascular
complications of COVID-19, a better understanding of the
extent of myocardial injury and dysfunction early in the disease
course may help triage at risk patients and implement early
interventions aimed at reducing mortality. Further longitudinal
studies are needed to investigate persistence of impaired cardiac
function in the setting of COVID-19.
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Background: Cardiomyopathies (CMPs) due to myocytes involvement are among the

leading causes of sudden adolescent death and heart failure. During the COVID-19

pandemic, there are limited data available on cardiac complications in patients with

COVID-19, leading to severe outcomes.

Methods: We conducted a systematic search in Pubmed/Medline, Web of Science,

and Embase databases up to August 2020, for all relevant studies about COVID-19

and CMPs.

Results: A total of 29 articles with a total number of 1460 patients were included.

Hypertension, diabetes, obesity, hyperlipidemia, and ischemic heart disease were the

most reported comorbidities among patients with COVID-19 and cardiomyopathy. In the

laboratory findings, 21.47% of patients had increased levels of troponin. Raised D-dimer

levels were also reported in all of the patients. Echocardiographic results revealed mild,

moderate, and severe Left Ventricular (LV) dysfunction present in 17.13, 11.87, and 10%

of patients, respectively.

Conclusions: Cardiac injury and CMPs were common conditions in patients with

COVID-19. Therefore, it is suggested that cardiac damage be considered in managing

patients with COVID-19.

Keywords: COVID-19, cardiomyopathy, cardiac injury and regeneration, systematic review, SARS-CoV-2

INTRODUCTION

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which was
first reported on 31 December 2019 from Wuhan, China, resulted in an unprecedented outbreak
of Coronavirus disease 2019 (COVID-19). The most common manifestation of COVID-19 is

pulmonary complications. However, this novel disease’s presentations have a broad spectrum of
signs and symptoms from asymptomatic infection or mild flu-like symptoms to multiorgan failure
resulting in death (1, 2). Cardiovascular disease (CVD) has been reported in patients infected with
COVID-19 (3). Based on the literature, 20–30% of hospitalized patients showed cardiovascular
manifestations associated with worse outcomes (4, 5). Cardiovascular complications of COVID-19
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are thought to be a combination of direct viral injury and the
host’s immune response resulting in vascular inflammation,
plaque instability, and myocardial inflammation (6–9).
Cardiomyopathies (CMPs) which resulted from heart muscle
involvement, are among the main causes of adolescent sudden
death and heart failure (10). SARS-CoV-2 infection in patients
suffering from CMPs represents an actual risk of exacerbating
patient clinical status (11).

Although many authors have reported various aspects of
respiratory-related symptoms of COVID-19, the increasing
prevalence of cardiac complications in COVID-19 patients
should be taken into considerations (12–17). Thus, this study was
aimed to systematically review the current published literature
to evaluate clinical and paraclinical characteristics of CMPs in
patients infected with SARS-CoV-2.

METHODS

Search Strategy
In the following bibliographic databases, we carried
out a comprehensive systematic search of literature:
PubMed/Medline, Embase, and Web of Science. We
searched for any relevant articles published in English up
to August 2020. The search included keywords including
COVID-19, severe acute respiratory syndrome coronavirus
2, SARS-CoV-2, in combinations with cardiomyopathy, or
CMP, cardiomyopathies, myocardiopathy, cardiac injury,
or myocarditis.

Additionally, all references of selected papers were searched
manually for additional related articles. The present systematic
review conforms to the “Preferred Reporting Items for Systematic
Reviews and Meta-Analyses” (PRISMA) statement (18).

Study Selection
Studies reported any data about CMPs in patients
with confirmed COVID-19 were included. Abstracts,
commentary, letter to editor, guidelines, and review articles
were excluded.

All retrieved publications were screened for eligibility in two
phases. First, two reviewers independently screened the titles and
abstracts of potentially relevant articles identified in the primary
search. Subsequently, a review of the full texts of all remaining
articles was done by the same authors. Any discrepancy in the
article selection or technical uncertainties were discussed and
resolved between review authors.

Data Extraction

The following variables were extracted from all included studies:
first author, year of publication, type of study, country where
the research was conducted, study population, COVID-19
diagnosis technique, laboratory findings, treatment protocols,
and type of CMPs. Two authors independently extracted
the data from the selected studies. The data was jointly
reconciled, and disagreements were discussed and resolved
between review authors.

RESULTS

As shown in Figure 1, a total of 186 studies were identified
from databases. After removing 45 duplicates, 141 non-duplicate
studies remained for further assessments. After applying the
inclusion/exclusion criteria, 29 articles (22 case reports and 7 case
series) were included with a total number of 1460 unique cases of
COVID-19 with a mean age of 58 years. The characteristics of the
included studies are described in Table 1.

Table 2 shows the outcomes and prognosis of CMPs in
patients with COVID-19. 98 out of 1,212 evaluated patients
developed cardiogenic shock (8.08%). Six studies reported
mortality rates, showing 48 out of 192 (25%) of patients deceased.

As presented in Table 3, hypertension, diabetes, obesity,
hyperlipidemia, ischemic disease, and obstructive sleep apnea
were the most reported comorbidities among them.

As shown in Table 3, cough and fever were reported as the
most prevalent symptoms in 14 out of 29 studies. Dyspnea
was reported in 9 studies. According to these studies, 90%
of the evaluated patients had this complication. Evaluation of
laboratory findings showed elevated troponin levels in 18 studies
with 308 out of 1,412 patients (21.47%). Increased D-dimer levels
were reported in 5 case reports, of which six patients showed this
elevated marker.

CMPs evidence in patients with COVID-19 indicates
in Table 4. Common ECG findings were: tachycardia,
premature beats, ST-segment elevation, blocks, and inverted
T wave. Inverted T waves were seen in EKG findings of 9
studies (91.66% of evaluated patients). Left ventricular (LV)
involvement is a hallmark of primary CMPs. Echocardiographic
findings revealed mild (17.1%), moderate (11.85%), and
severe (9.98%) LV dysfunction, which was discussed in
6, 4, and 11 studies, respectively. Aneurysm formation, a
sign of stress-induced cardiomyopathy followed COVID-
19, was found in all 11 evaluated patients (100%). Regional
wall motion abnormalities (RWMA) as another sign were
found in 46/1,217 (1.15%) patients. Right ventricular (RV)
involvement and high pulmonary artery pressure (PAP) are
signs of the destruction of the right heart. RV enlargement
was presented in 14.88% of tested patients (181/1,216). RV

dysfunction was also found in 26.01% (315/1,211) of patients’
echocardiograms. Findings of Chest X-Ray (CXR) and Chest
CT scan showed ground-glass opacification (GGO) patterns
(26 of 34 patients) and consolidation (7 of 7 patients) as
the most common findings (Table 4). Among the type of
CMPs, COVID CMPs, and hypertrophic cardiomyopathy
were among the most reported type in 39.13 and 18.75%
cases, respectively.

In terms of treatment, 10 out of 14 patients (71.42%) reported
in 11 studies received β-Blocker as part of their treatment
regimen. The use of Diuretic agents was reported in 7 studies
which included 7 out of 9 (77.77%) patients (Table 5).

DISCUSSION

COVID-19 has resulted in other organ involvement, and CMPs
are among the most significant complications of this rapidly
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FIGURE 1 | Flow chart of study selection for inclusion in the systematic review.

emerging disease, causing more severe disease and increased
mortality rates (48, 49). In this systematic review, we studied
the cardiac injuries in patients with SARS-CoV-2 infection that
resulted in CMPs. Echocardiographic results showed a range of
mild to severe left ventricular dysfunction in 10% to 17.13% of
the studied patients.

The patients’ recovery and death rates were assessed in
20 studies that showed that 28.7% of patients with one type
of CMPs died following SARS-CoV-2 infection. Patients with
cardiovascular comorbidities had a higher risk of developing
cardiac injury (50).

In a study on twenty-one critically ill patients admitted in
intensive care units (ICU), one-third developed CMPs (51).
Yang et al. showed 52 critically ill COVID-19 patients 12 (23%)
presented with cardiac injury (52).

The results of a cohort study showed that 23% of patients
experienced new heart failure or exacerbation of chronic heart
failure, of which 28 survived, and 16 died (50).

Based on the included studies that examined patients’
mortality rate with CMPs and COVID-19, 25% of these patients
were deceased. As a result, it can be inferred that cardiac injury is
a significant predisposing factor for increasing the mortality rate

of COVID-19.
Huang et al. demonstrated a “Cytokine storm” model that

results in a pro-inflammatory markers surge that may lead
to myocardial injury (53). Similar effects have been observed

with MERS-CoV and SARS-CoV infections previously (54).
Furthermore, the virus may be involved in a primary myocardial
injury by entering themyocytes through the ACE-2 receptor (55).

Overall, SARS-CoV-2 can cause cardiac complications
through the following pathways: (1) Indirect cardiac injury due
to increased release of cytokines and inflammatory pathways.
(2) Direct invasion of the SARS-COV-2 in cardiac myocytes.
(3) Respiratory damage can cause hypoxia, myocardial supply-
demand mismatch, followed by oxidative stress and damage to
cardiomyocytes (56, 57).

There are different manifestations of cardiac involvement in
COVID-19, including acute myocardial infarction, acute heart
failure, cardiogenic shock, myocarditis, and fatal arrhythmias
(58). Myocardial injury is a common condition in COVID-
19 hospitalized, which is characterized by increased troponin
levels (59). Another definition of cardiac injury is reported
as abnormality in cardiac biomarkers, electrocardiography, or
echocardiography relative to the patient’s previous condition. In
a cohort study of 416 patients, 19.7% of hospitalized patients had
a cardiac injury (34).

Cardiomyopathy was defined as evidence of new
left ventricular systolic dysfunction on trans-thoracic

echocardiography with one of the following criteria: 1. Clinical
signs of cardiogenic shock, 2. Increase in creatine kinase or
troponin level, and 3. Reduction in oxygen saturation of the
central vein below 70% (43).
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TABLE 1 | Characteristics of the included studies.

References Country Type of study No. of patients Male/female Mean age

Doyen et al. (19) Italy Case report 1 1M 69

Paul et al. (20) France Case report 1 1M 35

Huyut (21) Turkey Case report 1 1 F 59

Pasqualetto et al. (22) Italy Case series 3 2 M-1 F 83.33

Deng et al. (23) China Case series 14 10 M-4 F 74

Taza et al. (24) USA Case report 1 1M 52

Roca et al. (25) Italy Case report 1 1 F 87

Minhas et al. (26) USA Case report 1 1 F 52

Juusela et al. (27) USA Case series 2 2 F 35.5

Meyer et al. (28) Switzerland Case report 1 1 F 83

Khalid et al. (29) Italy Case report 1 1 F 76

Nguyen et al. (30) Belgium Case report 1 1 F 71

Bonnet et al. (31) France Case report 1 1M 27

Zhang et al. (32) Multicenter Case series 2 1 M-1 F 59

Dabbagh et al. (33) USA Case report 1 1 F 67

Guo et al. (34) China Case series 187 91 M-96 F 58.5

Tavazzi et al. (35) Italy Case report 1 1M 69

Hua et al. (36) UK Case report 1 1M 47

Villanueva et al. (37) USA Case report 1 1M 68

Kir et al. (38) USA Case report 1 1M 49

Dweck et al. (39) Multicenter Case series 1209 844 M-365 F 62

Irabien-Ortiz et al. (40) Spain Case report 1 1M 59

Craver et al. (41) USA Case report 1 1M 17

Bobeck et al. (42) USA case report 1 1M 80

Arentz et al. (43) USA Case series 21 10 M-11 F 70

Yildirim and Karaagac

(44)

Turkey Case report 1 1 F 7

Chadha (45) USA Case report 1 1 F 85

Kim et al. (46) Korea Case report 1 1 F 21

Luetkens et al. (47) Germany Case report 1 1M 79

TABLE 2 | The outcomes and prognosis of CMPs.

Outcomes No of study n/N Percentage (%)

Deceased 6 48/192 25

Cured 13 14/16 87.5

Prognosis

Cardiogenic shock 4 98/1,212 8.08

MODa 3 81/191 42.40

ARDSb 8 67/215 31.16

n, number of patients with any variables; N, the total number of studied patients.
aMOD,Multi organ disease; bARDS, Adult respiratory distress syndrome.

Our results showed that ARDS was present in 31.45%
of patients following COVID-19 and cardiomyopathy. The
cardiogenic shock occurred in 8% of patients. Reported data from
Germany and the United States (56, 60) showed that cardiogenic
shock is a significant complication of COVID-19. According to
the evaluated studies in our systematic review, ∼8% of patients
developed heart failure/cardiogenic shock as a manifestation
of COVID-19.

We showed that common symptoms of COVID-19 in
patients with cardiac injury include fever, cough, headache, and
fatigue. These findings are broadly consistent with other studies
examining clinical signs in patients with COVID-19 (13, 14).

Our review of published studies showed the most common
abnormal laboratory findings in patients with cardiomyopathy
were increased IL-6 level, elevated ferritin, and High D-dimer.
Some studies were reported that Serum concentrations of IL-
6 were higher in severe cases of COVID-19 compared with
moderate cases. Moreover, in deceased patients, levels of this
cytokine were substantially higher than in recovered ones. So,
continuous measurement of IL-6 level for early prediction of
severity of infection has been suggested (61, 62).

The elevated level of fibrin degradation products, especially
D-dimers (>2590/ng·mL−1), was shown to be an indicator of
pulmonary embolism in hospitalized COVID-19 patients. It also
contributed to poor prognosis and highmortality in patients with
a more severe form of COVID-19 (63).

Our systematic review showed that 21.7% of patients
presented with high troponin levels that were investigated in
14 studies. Gue et al. indicated the importance of monitoring
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TABLE 3 | Clinical and laboratories findings in patients with COVID-19.

Variable No of study n/N %

Clinical

manifestations

Chest pain 9 128/1,232 10.38

Dyspnea 9 9/10 90

Shortness

of breath

11 39/45 88.66

Cough 14 38/49 77.55

Fever 14 40/51 78.43

Fatigue 5 5/5 5

Tachypnea 7 8/21 30.09

Crackles 7 7/8 87.5

Diarrhea 3 3/3 100

Nausea &

vomiting

4 5/6 83.33

Signs Elevated

pulse rate

12 195/1,413 13.8

Elevated

temperature

12 32/33 96.96

Comorbidities Hypertension 15 526/1,424 36.93

Diabetes 10 279/1,440 19.37

Obesity 3 11/17 64.7

Hyperlipidemia 5 5/5 100

Ischemic

disease

4 200–1,431 13.97

Obstructive

sleep apnea

2 10/35 25.57

COPDa 3 12/222 5.4

CKDb 3 17/209 8.13

CAc 3 15/189 7.93

Laboratory

findings

elevated

NTproBNP

11 26/214 12.2

High IL-6 5 5/5 100

High

D-dimer

5 6/6 100

High ferritin 6 6/6 100

High CRPd 14 14/201 6.96

High

Troponin

18 307/1412 21.74

n, number of patients with any variables; N, the total number of studied patients.
aCOPD, Chronic obstructive pulmonary disease; bCKD, Chronic kidney disease; cCA,

Copd/Asthma; dCRP, C-reactive protein.

troponin levels to predict the likelihood of cardiovascular events.
Patients with high troponin levels had higher levels of other
cardiac biomarkers and more fatal arrhythmias (34).

The results of our analysis revealed that hypertension, obesity,
and hyperlipidemia were the most common comorbidities
among patients with COVID-19. The association between
hypertension and inflammation is well-known; inflammatory
responses increase the disease’s severity and complications in
patients (64, 65). In a systematic review study, hypertension
was the most common underlying condition in CMPs following
COVID-19, reported in 33% of patients (66). Moreover, the
presence of hyperinflammatory conditions in the airways
interferes with the virus’s clearance (67). It is inferred that the
potential synergistic effect of inflammation due to hypertension

TABLE 4 | Cardiomyopathy evidence in patients with COVID-19.

Variable No of study n/N %

EKG Sinus tachycardia 7 8/8 100

Bradycardia 2 2/2 100

Premature beats 2 4/4 100

ST elevation 5 5/5 100

ST depression 2 2/2 100

Blocks 2 4/4 100

Inverted T wave 9 11/12 91.66

VTa 2 49/1,403 3.49

Echocardiography LVE (LVb enlargement) 3 68/1,219 5.57

Mild LV dysfunction 6 208/1,216 17.10

Moderate LV

dysfunction

4 144/1,215 11.85

Severe LV dysfunction 11 122/1,222 9.98

RVE (RVc enlargement) 1 181/1,216 14.88

RV dysfunction 3 315/1,211 26.01

High PAPd 1 99/1,216 8.14

Aneurysm formation 10 11/11 100

RWMAe 10 46/1,217 1.15

Pericardial effusion 3 3/3 100

LVHf 4 4/4 100

Pericardial effusion 3 3/3 100

Endocarditis 1 14/1,216 1.15

Tamponade 3 13/1,218 1.06

Echo MIg 2 37/1,230 3

Echo Myocarditis 1 35/1,216 2.87

D shap LV 1 49/1,216 4.02

CXR Diffuse involvement 6 7/7 100

Cardiomegaly 2 2/3 66.66

CT scan Ground-glass opacities 11 26/34 76.47

Consolidation 5 7/7 100

Angiogram Abnormal angiogram 5 6/7 85.71

Normal angiogram 1 1/1 100

Type of

cardiomyopathy

DCMh 3 71/1,225 5.79

HCMi 3 3/16 18.75

Myocarditis 8 55/1,229 4.47

Myocardial injury 13 303/1,408 2.3

Takotsubo 14 32/1,222 2.61

Ischemic after COVID 1 36/1,216 2.96

COVID cardiomyopathy 3 9/23 39.13

n, number of patients with any variables; N, the total number of studied patients.
aVT, Ventricular tachycardia; bLV, Left ventricular; cRV, Right ventricular; dPAP, Pulmonary

artery pressure; eRWMA, Regional wall motion abnormalities; fLVH, Left ventricular

hypertrophy; gM, myocardial infarction; hDCM, Dilated cardiomyopathy; iHCM, Hyper

trophic cardiomyopathy.

and COVID-19 can aggravate this effect on the heart and result
in CMPs.

Studies have shown that obesity is a risk factor for developing
ARDS in COVID-19 (68). Moreover, hyperlipidemia has been
more prevalent among hospitalized and more severe cases of
COVID-19 compared to non-hospitalized ones (69, 70).

One of the common diagnostic modalities for COVID-19
is CT-scan. Bilateral and peripheral predominant ground-glass
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TABLE 5 | Treatment agents used in the included studies.

Variable No of study n/N %

Non-pharmacologic treatment O2 nasal 8 10/11 90.9

Intubation 14 72/223 32.28

Pericardiocentesis 3 3/3 100

Pharmacologic treatment Antimicrobial agents Antibacterial drugs 6 188/193 97.4

Azithromycin 6 6/7 85.71

Antiviral drugs 4 171/192 89.06

Immunomodulators Hydroxychloroquine 9 10/12 83.33

IVIGa 3 23/189 12.16

steroid 8 113/194 58.24

Tocilizumab 4 4/5 80

Anticoagulant Fondaparinux 3 4/5 80

Anti-platelet 3 4/5 80

Heparin/LMWHb 6 6/7 85.71

Others ACE/ARBc 4 4/4 100

β-Blocker 10 10/14 71.42

NEPd 5 5/6 83.33

Diuretic 7 7/9 77.77

Vasopressor 5 5/5 100

a IVIG, Intravenous immune globulin; bLMWH, Lowmolecular weight heparin; cACE/ARB, angiotensin converting enzyme inhibitors/angiotensin-receptor blockers; dNEP, Norepinephrine.

opacity, multifocal patchy consolidation, and interstitial changes
with the peripheral distribution are among these features (71).

According to the included articles in our study, 76.47% of
evaluated patients demonstrated Ground-glass opacities in their
chest CT scan examination.

Different pharmacological and non-pharmacological
treatments have been studied and applied for COVID-19.
The included studies showed that nasal oxygen and intubation
were among the most common non-pharmacological treatments
for patients. Hydroxychloroquine, azithromycin, antiviral
drugs, and β-Blockers were the most common pharmacological
treatments. Due to the wide range of disease symptoms and
complications, further studies related to each organ involvement
are required to manage the disease better and prevent
the complications.

In the end, it is necessary to point out the limitations of the
present study. Since only case reports and case series studies have
been selected for this review, this increases the potential risk
of bias. Another issue is the small number of patients enrolled
in the study. Due to the scarcity of randomized controlled trial
(RCT)/quasi-randomized studies, we could not include them
in the present study. We have not adopted the publications
as abstracts or letters as data presented in this format is not
high quality. Further investigations are required to include a
broader range of studies, including clinical trials in patients with
COVID-19 and CMPs.

In conclusion, cardiac injury and CMPs, including
exacerbation of an underlying CMPs or the emergence of
new CMPs, are common in COVID-19 patients. Moreover, they
are associated with higher mortality and morbidity in these
patients. Common fatal conditions in patients with COVID-19
CMPs include multiorgan damage, ARDS, and cardiogenic
shock. Therefore, diagnostic measures of COVID-19 should
consist of underlying cardiovascular comorbidities. History,
signs, and symptoms of cardiac injury should be considered
in evaluating these patients early in the course of this novel
disease, and prompt therapeutic measures for the prevention of
exacerbating cardiac condition should be sought.
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Alterations in cardiac biomarkers have been reported in patients with coronavirus disease

2019 (COVID-19) in relation to disease severity and mortality. We conducted a systematic

review and meta-analysis with meta-regression of studies reporting B-type natriuretic

peptide (BNP) or N-terminal proBNP (NT-proBNP) plasma concentrations in COVID-19.

We searched PubMed, Web of Science, and Scopus, between January 2020 and

2021, for studies reporting BNP/NT-proBNP concentrations, measures of COVID-19

severity, and survival status (PROSPERO registration number: CRD42021239190).

Forty-four studies in 18,856 COVID-19 patients were included in the meta-analysis and

meta-regression. In pooled results, BNP/NT-proBNP concentrations were significantly

higher in patients with high severity or non-survivor status when compared to patients

with low severity or survivor status during follow up (SMD = 1.07, 95% CI: 0.89–1.24,

and p < 0.001). We observed extreme between-study heterogeneity (I2 = 93.9%,

p < 0.001). In sensitivity analysis, the magnitude and the direction of the effect size were

not substantially modified after sequentially removing individual studies and re-assessing

the pooled estimates, (effect size range, 0.99 – 1.10). No publication bias was observed

with the Begg’s (p = 0.26) and Egger’s (p = 0.40) t-tests. In meta-regression analysis,

the SMD was significantly and positively associated with D-dimer (t = 2.22, p = 0.03),

myoglobin (t = 2.40, p = 0.04), LDH (t = 2.38, p = 0.02), and procalcitonin (t = 2.56,

p = 0.01) concentrations. Therefore, higher BNP/NT-proBNP plasma concentrations

were significantly associated with severe disease and mortality in COVID-19 patients.

Keywords: B-type natriuretic peptide, COVID-19, disease severity, mortality, biomarkers

INTRODUCTION

A significant number of clinical and demographic factors have been studied in patients
with coronavirus disease 19 (COVID-19) in regard to their association with specific clinical
presentations and measures of clinical severity (1, 2). The evidence of an excessive activation
of inflammatory and immunomodulating pathways in patients with the more severe forms of
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the disease, typically characterized by the development of
respiratory failure with or without multi-organ dysfunction, have
prompted the search for specific biomarkers of inflammation
and immuno-activation in order to develop better predictive
models to assist with management (3). The increasing evidence
of significant alterations of different organs and/or systems in
patients with COVID-19 has also led to the investigation of
the predictive capacity of additional, organ-specific, biomarkers.
For example, the presence of myocardial injury, associated
with several cardiac manifestations, including myocarditis,
acute coronary syndrome, and arrhythmias, has been well-
documented in COVID-19 patients with or without pre-existing
cardiovascular history (4). Notably, cardiac abnormalities in this
group are independently associated with an increased risk of
mortality (5). While the exact mechanisms involved in the onset
and progression of COVID-19 related myocardial injury remain
to be elucidated, several circulating markers of myocardial
damage, particularly creatine kinase (CK), and troponin, are
being increasingly studied in terms of their predictive capacity
(6). Another cardiac complication, heart failure, has been
observed in about a quarter of patients with COVID-19 and
has been associated with an increased risk of adverse outcomes
(7, 8). The active peptide B-type natriuretic peptide (BNP)
and the inactive peptide N-terminal proBNP (NT-proBNP) are
both derived from the human BNP precursor proBNP in the
ventricular myocytes. The increased secretion of BNP and NT-
proBNP from the heart, in response to high ventricular filling
pressures, is routinely used as a diagnostic and prognostic marker
in heart failure and, by some, as a marker of the size or severity
of ischaemic insults (9–11). However, its biological and clinical
role in patients with COVID-19 is not well-established. We
addressed this issue by conducting a systematic review and
meta-analysis with meta-regression of studies reporting plasma
BNP or NT-proBNP concentrations in COVID-19 patients with
different disease severity, based on clinical guidelines or need
for hospitalization, mechanical ventilation, or transfer to the

FIGURE 1 | Study selection flow chart.

intensive care unit (ICU), and clinical outcomes, particularly
survival status during follow up.

MATERIALS AND METHODS

Search Strategy, Eligibility Criteria, and
Study Selection
We conducted a systematic literature search, using the terms
“brain natriuretic peptide” or “BNP” or “NT-proBNP” or
“N-terminal pro-brain natriuretic peptide” and “coronavirus
disease 19” or “COVID-19,” in PubMed, Web of Science and
Scopus, from January 2020 to January 2021, to identify peer-
reviewed studies reporting BNP/NT-proBNP concentrations
in COVID-19 patients according to disease severity and/or
mortality. We accessed the references of the retrieved articles to
identify additional studies. Eligibility criteria were (a) reporting
continuous data on plasma BNP/NT-proBNP concentrations
in COVID-19 patients, (b) investigating COVID-19 patients
with different disease severity or survival status during follow
up, (c) adult patients, (d) English language, (e) >10 patients,
and (f) full-text available. Two investigators independently
screened individual abstracts. If relevant, they independently
reviewed the full articles (PROSPERO registration number:
CRD42021239190). We used the Newcastle-Ottawa scale to
assess study quality, with a score ≥6 indicating high quality (12).

Statistical Analysis
We calculated standardized mean differences (SMD) and 95%
confidence intervals (CIs) in BNP/NT-proBNP concentrations
between COVID-19 patients with low vs. high severity or
survivor vs. non-survivor status. A p < 0.05 was considered
statistically significant. When studies reported medians and
interquartile ranges (IQR) the corresponding means and
standard deviations were estimated (13). We assessed between-
study heterogeneity in SMD values using the Q-statistic
(significance level at p < 0.10). Inconsistency across studies
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TABLE 1 | Characteristics of the selected studies.

Low severity or survivor High severity or non-survivor

References Country Study

design

Endpoint NOS

(stars)

n Age

(Years)

Gender

(M/F)

BNP pg/mL

(Mean ± SD)

n Age

(Years)

Gender

(M/F)

BNP pg/mL

(Mean ± SD)

Abdeladim et al. (21) Morocco R Disease severity 6 39 50 11/28 81 ± 50* 34 61 12/22 2,982 ± 3,172*

Aladag et al. (22) Turkey R Survival status 7 35 68 22/13 3,318 ± 5,054* 15 68 6/9 15,511 ± 13,638*

Almeida Junior et al. (23) Brazil R Survival status or MV 7 139 64 86/53 73 ± 90 44 76 34/10 287 ± 485

Bao et al. (24) China P Disease severity 5 129 NR NR 11 ± 25 49 NR NR 53 ± 85

Belarte-Tornero et al. (25) Spain NR Survival status 7 82 77 45/37 518 ± 528* 47 86 18/29 5,192 ± 6,673*

Chen et al. (26) China NR Survival status 8 1,651 57 781/870 67 ± 93 208 70 153/55 685 ± 987

Chen et al. (7) China R Survival status 6 161 51 88/73 92 ± 122* 113 68 83/30 1,002 ± 1,058*

Chen et al. (27) China R Survival status 8 53 64 27/26 336 ± 298* 20 69 15/5 840 ± 898*

Ciceri et al. (28) Italy NR Survival status 8 291 62 207/84 206 ± 259* 95 76 70/25 1,583 ± 2,176*

Cui et al. (29) China R Survival status 8 699 61 353/346 153 ± 158* 137 70 86/51 1,244 ± 1,649*

D’Alto et al. (30) Italy P Survival status 8 69 62 53/16 686 ± 1,224* 25 68 17/8 3,375 ± 3,891*

Deng et al. (31) China R Survival status 8 212 63 97/115 227 ± 293* 52 75 33/19 1,248 ± 1,478*

Du et al. (32) China R Transfer to ICU 6 58 73 31/27 852 ± 620* 51 68 40/11 564 ± 654*

Feng et al. (33) China R Disease severity 6 352 51 190/162 41 ± 64 124 60 81/43 65 ± 67

Ferrari et al. (34) Italy R Survival status 6 40 60 27/13 690 ± 1, 075* 42 74 30/12 6,296 ± 17,528*

Gan et al. (35) China R Survival status 8 56 62 30/26 1,653 ± 289 39 70 28/11 1,848 ± 784

Gavin et al. (36) USA R Survival status 6 118 57 58/60 160 ± 51 18 73 11/7 587 ± 184

Gottlieb et al. (37) USA R Hospitalization 8 7,190 38 3,935/3,255 33 ± 35 1,483 58 792/691 73 ± 74

Guo et al. (38) China R Survival status 8 28 59 NR 1,741 ± 2,363* 46 72 NR 3,544 ± 7,998*

Han et al. (39) China R Disease severity 6 198 59 127/71 145 ± 169* 75 59 26/49 624 ± 1,027*

He et al. (40) China NR Disease severity 6 32 42 15/17 42 ± 66* 21 57 13/8 822 ± 1,100*

He et al. (41) China R Disease severity 8 530 60 241/289 83 ± 95* 501 66 297/204 381 ± 498*

Hui et al. (42) China R Survival status 8 65 55 42/23 176 ± 178* 47 66 29/18 1,631 ± 2,453*

Koc et al. (43) Turkey R Disease severity 6 60 65 37/23 53 ± 35* 30 61 20/10 267 ± 339*

Li et al. (44) China R Transfer to ICU 8 312 49 131/181 100 ± 129* 211 62 119/92 103 ± 132*

Li et al. (45) China R Survival status 6 60 62 33/27 327 ± 455 14 71 11/3 854 ± 849

Liu et al. (46) China P Survival status 8 21 64 15/6 1,859 ± 2,599* 22 65 7/15 7,530 ± 8,820*

Lorente et al. (47) Soain P Survival status 7 118 64 53/65 538 ± 789* 25 71 7/18 3,370 ± 4,218*

Ma et al. (48) China R Disease severity 6 429 42 230/199 180 ± 273 94 50 59/35 663 ± 641

Myhre et al. (49) Norway P Survival status or

transfer to ICU

8 88 58 46/42 126 ± 170* 35 64 25/10 186 ± 181*

Pan et al. (50) China R Survival status 8 35 65 18/17 63 ± 73 89 69 67/22 107 ± 113

Qin et al. (51) China R Survival status 8 239 63 113/126 93 ± 102 23 69 10/13 499 ± 468

Rath et al. (52) Germany P Survival status 7 107 67 65/42 808 ± 1,320* 16 73 12/4 3,376 ± 5,410*

(Continued)
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was evaluated using the I2 statistic, where I2 < 25% indicated
no heterogeneity, between 25 and 50% moderate heterogeneity,
between 50 and 75% large heterogeneity, and >75% extreme
heterogeneity (14, 15). Random-effect models were used
to calculate the pooled SMD and 95% CIs if significant
heterogeneity was present. In sensitivity analyses, the influence
of individual studies on the overall effect size was assessed using
the leave-one-out method (16). The presence of publication bias
was assessed using the Begg’s and the Egger’s test, at the p <

0.05 level of significance (17, 18), and the Duval and Tweedie
“trim and fill” procedure (19). To identify factors contributing
to the between-study variance, we investigated the effects of
several biologically and/or clinically plausible factors on the SMD
by univariate meta-regression analysis. These factors included
age, gender, clinical endpoint, study design (retrospective or
prospective), geographical area where the study was conducted,
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), D-dimer, serum creatinine, myoglobin, troponin, CK,
albumin, ferritin, lactate dehydrogenase (LDH), procalcitonin,
C-reactive protein (CRP), white blood cell count (WBC),
diabetes, hypertension and cardiovascular disease. Statistical
analyses were performed using Stata 14 (STATA Corp., College
Station, TX, USA). The study was fully compliant with the
PRISMA statement (20).

RESULTS

Literature Search and Study Selection
We initially identified 1,815 studies. A total of 1,758 studies were
excluded after the first screening because they were duplicates
or irrelevant. Following full-text revision of the remaining 57
articles, 13 were further excluded because they did not meet the
inclusion criteria. Thus, 44 studies in 18,856 COVID-19 patients,
14,569 (53% males, mean age 48 years) with low severity or
survivor status and 4,287 (59% males, mean age 61 years) with
high severity or non-survivor status, were included in the final
analysis (Figure 1 and Table 1) (7, 21–63). Thirty-two studies
were conducted in Asia (7, 22, 24, 26, 27, 29, 31–33, 35, 38–46, 48,
50, 51, 53–55, 57–63), eight in Europe (25, 28, 30, 34, 47, 49, 52,
56), three in America (23, 36, 37), and one in Africa (21). Thirty-
two studies were retrospective (7, 21–23, 27, 29, 31–39, 41–45, 48,
50, 51, 53, 55, 57–63), eight prospective (24, 30, 46, 47, 49, 52, 54,
56), whereas the remaining four did not report the study design
(25, 26, 28, 40). Clinical endpoints included disease severity
based on current clinical guidelines in 15 studies (21, 24, 33, 39–
41, 43, 48, 54, 55, 57–59, 62, 63), hospitalization in one (37), ICU
transfer in three (32, 44, 49), or need for mechanical ventilation
in one (23), and survival status in 24 studies (7, 22, 25–31, 34–
36, 38, 42, 45–47, 50–53, 56, 60, 61). Sixteen studies reported
plasma BNP concentrations (23, 24, 26, 33, 35–37, 45, 48, 50, 51,
54, 56–58, 62), whereas the remaining 28 reported plasma NT-
proBNP concentrations (7, 21, 22, 25, 27–32, 34, 38–44, 46, 47,
49, 52, 53, 55, 59–61, 63). Only one study reported cumulative
7-day mean plasma NT-proBNP concentrations (34), whereas
another reported BNP concentrations on initial presentation
to the emergency department (37). The remaining 42 studies
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FIGURE 2 | Forest plot of studies reporting BNP concentrations in patients with COVID-19.

reported BNP or NT-proBNP concentrations within the first
24–48 h from admission.

Meta-Analysis
The overall SMD in BNP/NT-proBNP concentrations between
COVID-19 patients with low vs. high severity or survivor vs.
non-survivor status is shown in Figure 2. In two studies, patients
with high severity or non-survivor status had significantly lower
BNP/NT-proBNP concentrations when compared to those with
low severity or survivor status (mean difference range, −0.45 to
−0.67) (31, 59). By contrast, in the remaining studies BNP/NT-
proBNP concentrations were lower in patients with low severity
or survivor status (mean difference range, 0.02 – 5.09), with
a non-significant difference in five studies (35, 38, 44, 50, 63).
Pooled results confirmed that BNP/NT-proBNP concentrations
were significantly higher in patients with severe disease or non-
survivor status (SMD= 1.07, 95% CI: 0.89 – 1.24, and p < 0.001;
Figure 2). There was extreme between-study heterogeneity (I2 =
93.9%, p < 0.001). BNP/NT-proBNP concentrations remained
significantly higher (SMD = 1.06, 95% CI: 0.86 – 1.26, and p <

0.001; I2 = 93.0%, p < 0.001) in patients with high severity or
non-survivor status after excluding two relatively large studies,
accounting for nearly 56% of the overall sample size (26, 37).

In sensitivity analysis, the magnitude and the direction of
the effect size were not substantially modified after sequentially
removing each study and re-assessing the pooled estimates (effect

size range, 0.99 – 1.10; Figure 3). No publication bias was
observed with the Begg’s (p= 0.26) and Egger’s (p= 0.40) t-tests.
However, using the trim-and-fill method, we identified three
potential missing studies to be added to the left side of the funnel
plot to ensure symmetry (Figure 4). The adjusted SMD, albeit
attenuated, remained significant (SMD = 0.90, 95% CI: 0.70 –
1.09, and p < 0.001).

Sub-group analysis of the 42 studies reporting BNP/NT-
proBNP concentrations on admission showed that the SMD
remained significantly higher in patients with high severity or
non-survivor status (SMD = 1.10, 95% CI: 0.88 – 1.31, and
p < 0.001) with an extreme between-study variance (I2 = 94.1%,
p < 0.001). Additionally, the pooled SMD value in studies
assessing disease severity (SMD = 0.87, 95% CI: 0.68 – 1.07, and
p < 0.001; I2 = 79.5, p < 0.001) was non-significantly lower than
those investigating survivor status (SMD = 1.37, 95% CI: 1.08 –
1.66, p< 0.001; I2 = 92.3, p< 0.001; t= 1.63, p= 0.11; Figure 5).
Similarly, non-significantly higher SMD values were observed in
retrospective (SMD = 1.06, 95% CI: 0.86 – 1.27, p < 0.001; I2 =
94.5, p < 0.001) vs. prospective studies (SMD = 0.92, 95% CI:
0.67 – 1.18, p < 0.001; I2 = 59.4, p = 0.016; t = −0.41, p = 0.69;
Figure 6). The pooled SMD value in European studies (SMD =

0.96, 95% CI: 0.67 – 1.26, p < 0.002; I2 = 75.5%, p < 0.001)
was non-significantly lower than that observed in Asian (SMD=

1.01, 95% CI: 0.77 – 1.24, p < 0.001; I2 = 94.5%, p < 0.001) and
American studies (SMD = 2.24, 95% CI: 0.83 – 3.64, p < 0.001;
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FIGURE 3 | Sensitivity analysis of the association between BNP and COVID-19 disease, assessed by investigating the influence of individual studies on the overall

standardized mean difference (SMD). The SMD and the 95% confidence intervals (CIs) are indicated by the middle and the lateral vertical axes, respectively. The

pooled SMD and the 95% CIs are indicated by the hollow circles and the two ends of each broken line, respectively.

FIGURE 4 | Funnel plot of studies investigating disease severity or survival status after trimming and filling. Enclosed and free circles indicate dummy and genuine

studies, respectively.
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FIGURE 5 | Forest plot of studies reporting BNP concentrations in patients with COVID-19 according to disease severity or survival status.

I2 = 98.2%, p < 0.001; t = 1.36, p = 0.18; Figure 7). Finally,
the pooled SMD value in studies reporting plasma NT-proBNP
concentrations (SMD= 0.98, 95% CI: 0.74 – 1.23, p< 0.001; I2 =
93.2%, p < 0.001) was non-significantly lower than that observed
in studies reporting plasma BNP concentrations (SMD = 1.22,
95% CI: 0.93 – 1.52, p < 0.001; I2 = 95.0%, p < 0.001; t =−0.85,
p= 0.40; Figure 8). A relatively lower heterogeneity was observed
in prospective (I2 = 59.4%) and European studies (I2 = 75.5%),
and in those investigating disease severity (I2 = 79.5%).

Meta-Regression
The D-dimer (t= 2.22, p= 0.03), myoglobin (t= 2.40, p= 0.04),
LDH (t = 2.38, p = 0.02), and procalcitonin (t = 2.56, p = 0.01)
concentrations were significantly and positively associated with
the pooled SMD. By contrast, no significant correlations were
observed between the SMD and age (t=−0.30, p= 0.76), gender
(t = 0.26, p = 0.80), AST (t = 0.25, p = 0.81), ALT (t = −0.89,
p = 0.38), creatinine (t = 0.93, p = 0.36), troponin (t = 0.18, p
= 0.86), CK (t = 0.85, p = 0.41), albumin (t = 0.70, p = 0.49),
ferritin (t = −1.29, p = 0.22), CRP (t = 0.96, p = 0.34), WBC (t
= 0.08, p = 0.94), diabetes (t = −0.59, p = 0.56), hypertension

(t = −0.01, p = 0.99), and cardiovascular disease (t = −0.53,
p= 0.60).

DISCUSSION

In our study, plasma concentrations of BNP and NT-proBNP,
generally measured within the first 24–48 h from admission, were
significantly higher in COVID-19 patients with severe disease,
based on clinical assessment or the need for hospitalization,
mechanical ventilation, or ICU transfer, and in those who did
not survive when compared to patients with mild disease or
who survived during follow up. The observed SMD values for
combined natriuretic peptide concentrations or BNP and NT-
proBNP separately, 1.07, 1.22, and 0.98, respectively, suggest a
biologically and clinically significant effect size (64). Although
between-study heterogeneity was extreme, in sensitivity analysis
the effect size was not influenced when individual studies
were sequentially removed. The Begg’s and Egger’s t-tests did
not show any evidence of publication bias. In meta-regression
analysis, significant associations were observed between the
SMD value and D-dimer, myoglobin, LDH, and procalcitonin,
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FIGURE 6 | Forest plot of studies reporting BNP concentrations in patients with COVID-19 according to study design (retrospective or prospective).

but not with age, gender, AST, ALT, creatinine, troponin,
CK, albumin, ferritin, CRP, WBC, diabetes, hypertension, or
cardiovascular disease.

Differently from the inactive NT-proBNP, the BNP
exerts significant biological effects through its binding to
the guanylyl cyclase-coupled natriuretic receptors A and B.
The consequent increase in cyclic guanosine monophosphate
causes vasodilatation, diuresis, natriuresis, inhibition of the
renin-angiotensin-aldosterone system, inhibition of fibrosis,
hypertrophy, cell apoptosis and inflammation, including
suppression of superoxide generation by neutrophils, and
improvement in myocardial relaxation (10). Notably, there
is no evidence of significant associations between BNP and
cyclic guanosine monophosphate concentrations in human
studies. Furthermore, specific BNP-mediated protective effects,
particularly the suppression of neutrophil-mediated generation
of superoxide via nicotinamide adenine dinucleotide phosphate
oxidase, are impaired in the context of acute heart failure, even in
the presence of increased BNP concentrations (65). Whilst such
effects are partially restored with pharmacological treatment, the
failure of BNP-related suppression of superoxide release might

lead to sustained tissue inflammation in heart failure, with or
without concomitant COVID-19. There are other differences
between the BNP and the NT-proBNP, with the latter being
characterized by a higher molecular mass, a longer half-life (>60
vs. 15–20min), a higher degree of in vivo glycosylation, and a
lower degree of intra-individual biological variation (66). The
better analytical characteristics of the available immunoassay
methods for the measurement of NT-proBNP concentrations,
when compared to those for the assessment of the BNP,
have prompted some experts to advocate the measurement and
monitoring of NT-proBNP concentrations as the best strategy for
the management of patients with heart failure (66). These issues
notwithstanding, in our meta-analysis the studies reporting BNP
vs. NT-proBNP plasma concentrations had similar SMD values
and degrees of heterogeneity.

The significant association observed between plasma
BNP/NT-proBNP concentrations, disease severity and mortality
in patients with COVID-19 is likely to reflect the presence of
heart failure and its adverse sequelae in this group. In this context,
these routine and relatively inexpensive biomarkers might assist
the clinician with the early diagnosis of cardiac dysfunction
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FIGURE 7 | Forest plot of studies examining BNP concentrations in patients with COVID-19 according to the geographic area where the study was conducted.

and the prompt initiation of appropriate pharmacological
and non-pharmacological therapies (67). Further research is
warranted to determine whether the assessment of BNP/NT-
proBNP might also be incorporated into predictive tools
that are specifically developed and validated in COVID-
19 patients. The reported associations, in meta-regression
analysis, between the SMD of BNP/NT-proBNP and D-dimer,
myoglobin, LDH, and pro-calcitonin suggests that the effect
size is particularly correlated with markers of pro-coagulant
activity, skeletal muscle and other tissue damage, and severe
sepsis, respectively. Notably, these markers have, in turn, been
shown to have significant associations with COVID-19 severity
and outcomes (68–70). By contrast, the lack of associations
observed with other cardiac biomarkers, e.g., troponin and
CK, suggests that the measurement of BNP/NT-proBNP may
provide complementary, rather than redundant, information
regarding the presence of cardiac abnormalities in patients
with COVID-19.

The extreme between-study heterogeneity represents a
limitation of our study. However, we did not observe significant
publication bias and the overall effect size was not substantially

affected in sensitivity analyses. The lack of significant associations
between the SMD and several patient and study characteristics,
except for D-dimer, myoglobin, LDH, and procalcitonin
concentrations, suggests that other unreported factors might
have contributed to the observed heterogeneity. Such factors
may include the relationship between the SMD values and
the presence of new onset vs. acute on chronic heart
failure and the information regarding the specific analytical
methods used for the determination of BNP and NT-proBNP
plasma concentrations (66). In this context, the lack of
available information on indexes of left ventricular function
prevented the conduct of further meta-regression analyses of
the association between such indexes and the SMD values.
Furthermore, virtually all selected studies reported isolated,
rather than serial, measurements of natriuretic peptide shortly
after hospital admission. This issue is particularly important
as the routine monitoring of BNP/NT-proBNP concentrations
has been shown to be beneficial in heart failure (71). Further
studies should investigate the prognostic value of single
vs. serial BNP/NT-proBNP measurements also in patients
with COVID-19.
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FIGURE 8 | Forest plot of studies examining BNP concentrations in patients with COVID-19 according to whether plasma NT-proBNP or BNP was measured.

In conclusion, higher plasma concentrations of BNP or NT-
proBNP are significantly associated with higher disease severity
and increased mortality in COVID-19. Additional studies are
required to determine whether these cardiac biomarkers can be
incorporated into robust predictive tools that further assist with
early management and monitoring in this patient group.
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Background: The association of known cardiovascular risk factors with poor prognosis

of coronavirus disease 2019 (COVID-19) has been recently emphasized. Coronary

artery calcium (CAC) score is considered a risk modifier in the primary prevention

of cardiovascular disease. We hypothesized that the absence of CAC might have

an additional predictive value for an improved cardiovascular outcome of hospitalized

COVID-19 patients.

Materials and methods: We prospectively included 310 consecutive hospitalized

patients with COVID-19. Thirty patients with history of coronary artery disease

were excluded. Chest computed tomography (CT) was performed in all patients.

Demographics, medical history, clinical characteristics, laboratory findings, imaging

data, in-hospital treatment, and outcomes were retrospectively analyzed. A composite

endpoint of major adverse cardiovascular events (MACE) was defined.

Results: Two hundred eighty patients (63.2± 16.7 years old, 57.5%male) were included

in the analysis. 46.7% patients had a CAC score of 0. MACE rate was 21.8% (61

patients). The absence of CAC was inversely associated with MACE (OR 0.209, 95%

CI 0.052–0.833, p = 0.027), with a negative predictive value of 84.5%.

Conclusion: The absence of CAC had a high negative predictive value for MACE

in patients hospitalized with COVID-19, even in the presence of cardiac risk factors.

A semi-qualitative assessment of CAC is a simple, reproducible, and non-invasive

measure that may be useful to identify COVID-19 patients at a low risk for developing

cardiovascular complications.

Keywords: Corona virus, coronary artery calcium score, major adverse cardiac and cerebral event, chest

computed tomography, risk stratification
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) has significantly
impacted the healthcare system, due to the rapid spread of
infection and unpredictable disease course. Studies have shown
that advanced age and comorbidities including hypertension,
diabetes mellitus, cardiovascular diseases, and cerebrovascular
diseases are predictors of an unfavorable prognosis and mortality
in COVID-19 infection (1–4). Coronary artery calcium (CAC)
score assessed by computed tomography (CT) is considered a
risk modifier in primary prevention of cardiovascular disease
(5, 6).

The CAC score offers two main assets: (1) it has an
independent additional value in the prediction of all-cause
mortality and mortality due to coronary artery disease in
asymptomatic individuals; (2) it may reclassify patients
considered as being at low or intermediate risk according to
the clinical risk scores at high risk of atherosclerotic coronary
events (6–9).

However, data regarding the role of CAC score in the
prediction of cardiovascular events and outcome in COVID-19
patients are still scarce.

We hypothesized that the absence of CAC might have
an additional predictive value for an improved cardiovascular
outcome of hospitalized COVID-19 patients.

MATERIALS AND METHODS

We prospectively included 310 consecutive hospitalized
patients with confirmed COVID-19 by real-time reverse
transcription polymerase chain reaction (RT-PCR) test, between
March 2020 and April 2020. Thirty patients with a history
of coronary artery disease (stable angina, unstable angina,
history of acute coronary syndrome) were excluded from the
analysis. Demographics, medical history, clinical characteristics,
laboratory findings, imaging data, in-hospital treatment, and
outcomes were retrospectively analyzed. A composite endpoint
[major adverse cardiovascular events (MACE)] was defined as
all-cause mortality, heart failure, acute coronary syndrome, atrial
fibrillation, and stroke.

In the absence of widely available RT-PCR at the beginning
of the pandemic, chest CT had been systematically performed in
all suspected COVID-19 patients. All patients were scanned on
an Apex Revolution CT (GE Healthcare, Milwaukee, WI, USA).
The low-dose non-contrast CT thorax scan protocol consisted of
a 128 × 0.625mm spiral acquisition with pitch 1, rotation time
0.35 s, automated kVp selection and automated mA modulation.
Images with 1.25mm slice thickness were reconstructed with
deep learning image reconstruction (DLIR) set at medium
level. The average volume CT dose index (CTDIvol) and dose-
length product (DLP) were 4.4 mGy (95% CI: 4.3–4.5) and 159
mGy·cm (95% CI: 157–162), respectively. Visual assessment of
CAC was performed using ordinal scoring: each of the four
main coronary arteries was identified (left main, left anterior
descending, left circumflex, and right coronary artery). Calcium
was scored as 0, 1, 2, or 3 for every artery, corresponding to
absent, mild, moderate, or severe CAC. Mild CAC was defined as

involvement of less than one third of the vessel length, moderate
as involvement of one to two thirds of the vessel length and severe
CAC as involvement of more than two thirds of the vessel length.
A total score was calculated by summing the score of each vessel.
The total score was then categorized as 0 (undetectable), 1–3
(mild), 4–5 (moderate), and ≥ 6 (severe) (10) (Figure 1).

Intraobserver and interobserver reproducibility analyses of
CAC score were performed by repeating the measurements in
20 random patients by the same primary investigator 2 weeks
after the first assessment and by an additional investigator,
respectively. During the repeated analysis, the investigators were
blinded to any previous results.

The study was approved by the local Ethical Committee of the
University Hospital of Brussels and was carried out in accordance
with the ethical principles for medical research involving human
subjects established by the Declaration of Helsinki, protecting the
privacy of all participants as well as the confidentiality of their
personal information. All data were fully anonymized. The need
for consent in this study was waived by the ethical committee.

Statistical Analysis
Continuous variables were presented as means with standard
deviations (SD) or median [interquartile range (IQR)] for skewed
variables. Categorical variables were expressed as percentages.
Normality of data was tested using Kolmogorov–Smirnov test.
Comparisons of continuous variables were done using Student t-
test or Mann–Whitney U-test and of binominal variables using
chi-square or Fisher exact test, respectively. Intraobserver and
interobserver variability for CAC score assessment was tested
by Cohen’s Kappa coefficient. The following criteria for Kappa
coefficient were used to interpret the results: <0.00 = poor,
0.00–0.20 = light, 0.21–0.40 = fair, 0.41–0.60 = moderate,
0.61–0.80 = substantial, and 0.81–0.99 = almost perfect (11).
Univariate and multivariate logistic regression models were used
to evaluate potential predictors of MACE. Variables included in
the multivariate analysis were chosen based on their statistical
significance in the univariate analysis (p < 0.05) and on
their clinical significance. Specificity, sensitivity, and negative
predictive value of CAC score = 0 were calculated using a cross-
tabulation table. Specificity was defined as the probability that
a test result will be negative when the disease is not present
(true negative rate). Sensitivity was defined as the probability
that a test result will be positive when the disease is present
(true positive rate). Negative predictive value was defined as
the probability that the disease is not present when the test
is negative (12, 13). Statistical significance was considered for
a p < 0.05. Statistical analyses were performed using IBM
SPSS Statistic for Windows, Version 27.0 (IBM Corp., Armonk,
NY, USA).

RESULTS

A total of 280 patients (63.2 ± 16.7 years old, 57.5% male) were
included in the analysis.

Mean length of hospitalization was 13.6 ± 13.2 days. Sixty-
one patients (21.8%) had at least one MACE: 16 (5.7%) patients
presented acute heart failure, 15 (5.3%) patients had atrial
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FIGURE 1 | (A) CAC score zero in left anterior descending (LAD) coronary artery. (B) Mild CAC in LAD. (C) Moderate CAC in LAD. (D) Severe CAC in LAD.

fibrillation, 4 (1.4%) patients presented acute coronary syndrome
[2 (0.7%) patients had a non-ST elevation myocardial infarction
and 2 (0.7%) patients had unstable angina], and 3 (1.0%)
patients presented a stroke, respectively. In-hospital mortality
rate was 16.1% (45 patients). CAC score = 0 was found in
46.7% (131) patients, vs. 53.2% (149) patients with CAC score
≥1. The baseline characteristics of the study population and the
comparison between patients with a CAC score = 0 and CAC
score ≥ 1 are shown in Table 1.

Univariate analysis for the prediction of MACE is shown in
Supplementary Table 1.

Multivariate analysis (Table 2) showed that a CAC score of
0 was inversely associated with the occurrence of MACE [p =

0.027, odds ratio (OR) = 0.209, 95% confidence interval (CI)
0.052–0.833]. The negative predictive value of CAC score for
MACE was 84.5% (sensitivity 72%, specificity 55%).

Reproducibility of CAC score assessment using Cohen’s k
showed substantial intraobserver and interobserver agreement
for the total CAC score assessment (k = 0.859, 95% CI 0.678–
1.000, p < 0.001 and k = 0.795, 95% CI 0.581–1.000, p <

0.001, respectively).

DISCUSSION

The main findings of this study were the following: (1) MACE
rate in COVID-19 hospitalized patients was 21.8%; (2) the
absence of CAC was independently associated with a lower rate
of MACE in COVID-19 hospitalized patients.

COVID-19 promotes a rapid systemic inflammation
and cytokine storm, which can cause vascular dysfunction,

destabilization of atherosclerotic plaques, or myocardial
infiltration, which are potential pathways for cardiovascular
complications (14). The most commonly reported MACE
in COVID-19 hospitalized patients include heart failure,
arrhythmia, and acute coronary syndrome, similar to results
from the present study (14–16). Moreover, patients with
pre-existing cardiac disease are more predisposed to develop
cardiac complications during hospitalization for COVID-19
(14, 15).

Similar to previous reports, in the present study, older age
was independently associated with worse outcome of COVID-
19 patients (17, 18). Moreover, an increased cardiac troponin
independently predicted MACE, which is in line with recent
studies showing evidence of myocardial injury in hospitalized
COVID-19 patients and subsequently increased disease severity
(2, 19).

Current guidelines consider CAC score to be a risk
modifier in primary prevention of cardiovascular disease
(5, 6). Moreover, CAC score has been shown to improve
cardiovascular risk prediction in addition to classical risk factors
(5, 6, 20) and to be a potential tool for risk reclassification
(21–24). The Multi-Ethnic Study of Atherosclerosis
(MESA) showed that CAC improved risk prediction at
10-year follow-up compared with traditional risk factors
alone (25).

Interestingly, multiple studies have focused on the role of the
absence of CAC as a potential downward cardiovascular risk
reclassification (26–29). In the present study, the absence of CAC
score independently predicted lower MACE rate in COVID-19
hospitalized patients.
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TABLE 1 | Comparison between patients with CAC score 0 and those with CAC score ≥1.

Total (n = 280) CAC score = 0 (n = 131) CAC score ≥ 1 (n = 149) p-value

Age (years) 63.2 ± 16.7 53.7 ± 13.1 72.7 ± 13.2 <0.001

Weight (kg) 80.5 ± 16.7 84.4 ± 16.3 76.6 ± 15.8 <0.001

BMI (kg/m2 ) 27.8 ± 5.2 28.9 ± 5.2 26.8 ± 4.9 0.001

Male gender (n, %) 161 (57.5) 76 (58.0) 76 (60.3) 0.707

History

Heart failure (n, %) 6 (2.1) 1 (0.8) 5 (4.0) 0.089

Valve disease (n, %) 6 (2.1) 1 (0.8) 5 (4.0) 0.089

Atrial fibrillation (n, %) 14 (5.0) 3 (2.2) 11 (7.3) 0.023

CKD (n, %) 32 (11.4) 9 (6.9) 23 (18.3) 0.006

Chronic pulmonary disease (n, %) 43 (15.3) 20 (15.2) 23 (15.4) 0.718

Cancer (n, %) 28 (10) 7 (5.3) 21 (16.7) 0.004

Risk factors

Hypertension (n, %) 128 (45.7) 40 (30.5) 78 (61.9) <0.001

DM (n, %) 64 (22.8) 33 (25.2) 31 (24.6) 0.913

Dyslipidemia (n, %) 89 (31.8) 39 (29.8) 50 (39.7) 0.095

Smoking (n, %) 30 (10.7) 13 (9.9) 17 (13.5) 0.373

Laboratory values

Hemoglobin (g/dl) 13.5 ± 1.8 13.7 ± 1.7 13.4 ± 2.0 0.205

Platelets (103/mm3 ) 218.4 ± 86.8 218.3 ± 84.1 212.2 ± 86.5 0.572

WBC (103/mm3 ) 7.8 ± 4.4 7.2 ± 3.0 8.1 ± 5.0 0.072

CRP (mg/L) 135.7 ± 96.5 128.0 ± 97.9 140.1. 94.1 0.312

D-dimers (ng/ml) 1,638.6 ± 2,720.7 1,048.5 ± 1,442.4 1,830.9 ± 2,613.0 0.042

LDH (U/L) 968.4 ± 1,183.8 988.6 ± 608.8 1,000.3 ± 595.8 0.877

Lactate (mmol/L) 1.0 ± 0.6 1.0 ± 0.5 1.1 ± 0.6 0.659

cTnT (µg/L) 0.02 ± 0.04 0.01 ± 0.01 0.02 ± 0.01 <0.001

Creatinine (mg/dl) 1.2 ± 1.2 1.0 ± 0.9 1.3 ± 1.4 0.012

Chest CT

Ground-glass opacity (n, %) 226 (80.7) 115 (87.7) 111 (74.4) 0.854

Interlobular septal thickening (n, %) 25 (8.9) 9 (6.8) 17 (11.4) 0.076

Pulmonary consolidation (n, %) 94 (33.5) 44 (33.5) 50 (33.5) 0.267

Pleural effusion (n, %) 14 (5.0) 4 (3.0) 10 (6.7) 0.068

ICU admission (n, %) 71 (18.2) 33 (25.1) 39 (26.1) 0.500

BMI, body mass index; CKD, chronic kidney disease; DM, diabetes mellitus; WBC, white blood cells; NLR, neutrophil to lymphocyte ratio; CRP, C-reactive protein; LDH, lactate

dehydrogenase; cTnT, cardiac troponin T; CT, computed tomography; ICU, intensive care unit; CAC, coronary artery calcium.

Dillinger et al. (30) evaluated the role of CAC in COVID-
19 patients hospitalized at the intensive care unit (ICU) and
showed that the presence of CAC score was associated with the
occurrence of mechanical ventilation, extracorporeal membrane
oxygenation, or death. Compared to the present study and other
previous series, mortality rate in the study of Dillinger et al.
(30) was significantly lower, even if the authors reported only
the mortality among ICU patients (2, 19, 31, 32). In our cohort,
71 (25.7%) patients were transferred to ICU, among whom
19 (26.7%) died. Surprisingly, the proportion of elevated CAC
score in patients younger than 61 years old was higher in the
study of Dillinger et al. (30) compared to the results from our
cohort. For the same group of ethnicity, the MESA study showed
that CAC score increased with age, which is comparable to
data from the present study (33). In contrast to MESA, there
was no significant difference in CAC score between genders in
this study.

In another recent report by Nai Fovino et al. the presence of
CAC in COVID-19 patients was associated with ICU admission
and in-hospital mortality (34). However, this study had a
small sample population in whom CAC score was evaluated
as high or low-intermediate, and potential confounders were
not included; therefore, the results cannot be compared to our
cohort. Zimmerman et al. also evaluated the role of CAC in the
prediction of ICU admission and death in COVID-19 patients
(35). Nevertheless, in this study, patients with a history of
coronary artery disease were not excluded from the analysis,
and the potential relationship between CAC and inflammatory
markers was not assessed.

Although recent studies focused on the power of CAC score 0
to predict an improved cardiovascular outcome, data regarding
the role of CAC in COVID-19 patients with classical cardiac
risk factors are still limited (27, 36). In this study, the absence
of CAC translated into a low risk for MACE in COVID-19

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 July 2021 | Volume 8 | Article 684528199

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Luchian et al. CAC Score in COVID−19 Patients

TABLE 2 | Predictors of MACE.

OR 95% CI p

Age 1.067 1.009–1.129 0.024

Male gender 0.702 0.221–2.228 0.548

Atrial fibrillation 1.175 0.182–7.595 0.865

Creatinine 1.018 0.49–2.090 0.962

CRP 1.009 1.004–1.015 0.001

cTnT 1.072 1.026–1.120 0.002

CAC score = 0 0.209 0.052–0.833 0.027

CRP, C-reactive protein; cTnT, cardiac troponin T; CAC, coronary artery calcium; OR, odds

ratio; CI, confidence interval; MACE, major adverse cardiovascular events.

patients, independent of age and the presence of risk factors
or inflammation, reinforcing the idea that the assessment of
CAC score in hospitalized COVID-19 patients could be a useful
marker for patients’ risk stratification and management.

At the beginning of the pandemic, RT-PCR tests were not
widely available; therefore, a systematic chest CT was performed
in almost all COVID-19 patients. The ability to assess CAC
score on non-gated chest CT allows the application of CAC to
the risk evaluation of COVID-19 patients with no additional
cost or time consumption. Moreover, most studies report a
low-dose radiation for chest CT in COVID-19 patients (37).
The semi-qualitative assessment of CAC on routine chest CT
has proved to be accurate and reproducible when compared to
Agatston scoring (10). Similarly, in our study intraobserver and
interobserver reproducibility of CAC score was very good.

Evidence that viral infections represent a trigger for
cardiovascular events is increasing, but data regarding long-term
follow-up of patients admitted with respiratory viral diseases
are still scarce (38, 39). Future directions should focus on the
implementation of CAC score into mid-term and long-term
follow-up of this particular population, to provide a more precise
and earlier estimation of cardiovascular risk.

STUDY LIMITATIONS

This was a single-center study, the sample size was relatively
small, and no comparison with a control group was performed;
therefore, the extrapolation of these results is limited. The
method used to assess CAC is a semi-qualitative scoring system
using a non-gated chest CT. The absence of triggering, the
lower temporal resolution, and larger field of view which alters

the voxel size might modify CAC score assessment. However,
this method has been previously validated against quantitative
CAC assessment, and its accuracy to predict Agatston score was
demonstrated (10).

CONCLUSION

In this study, the absence of CAC had a high negative predictive
value for MACE in patients hospitalized with COVID-19,
independent of the presence of cardiac risk factors. A semi-
qualitative assessment of CAC is a simple, reproducible, and non-
invasive measure that may be useful for the risk stratification of
COVID-19 patients.
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Since the first reported case of COVID-19 in December 2019, the global landscape has

shifted toward an unrecognizable paradigm. The sports world has not been immune

to these ramifications; all major sports leagues have had abbreviated seasons, fan

attendance has been eradicated, and athletes have opted out of entire seasons. For

these athletes, cardiovascular complications of COVID-19 are particularly concerning,

as myocarditis has been implicated in a significant portion of sudden cardiac death

(SCD) in athletes (up to 22%). Multiple studies have attempted to evaluate post-COVID

myocarditis and develop consensus return-to-play (RTP) guidelines, which has led to

conflicting information for internists and primary care doctors advising these athletes.

We aim to review the pathophysiology and diagnosis of viral myocarditis, discuss the

heterogeneity regarding incidence of COVIDmyocarditis among athletes, and summarize

the current expert recommendations for RTP. The goal is to provide guidance for

practitioners who will be managing and advising athletes in the COVID era.

Keywords: COVID myocarditis, COVID-19, cardiac complications of COVID, COVID athletes, return to play, sports

after COVID, pre-participation physicals, sudden cardiac death athletes

INTRODUCTION

In December 2019, the first case of COVID-19 caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) was reported inWuhan, China. As the global landscape has shifted to
reflect the pandemic, the sports world has not been immune to these ramifications. Professional and
college athletic seasons were abbreviated, fan attendance eliminated, and estimated losses of $92.6K
per minute for sports occupations, along with 1.3 million jobs lost (1). While COVID infections
have affected competitive athletes in similar rates to the general population, the cardiovascular
implications and their ability to resume athletic participation remains unclear. Of particular
concern is viral myocarditis, cardiovascular inflammation associated with a significant portion of
sudden cardiac death (SCD) in athletes (ranging from 5 to 22% pre-COVID) (2). In 2020, multiple
athletes opted to forgo the season due to uncertainty about returning to play following the diagnosis
of COVID myocarditis, including Boston Red Sox pitcher, Eduardo Rodriguez. We will briefly
review the pathophysiology and diagnosis of viral myocarditis, discuss the incidence of COVID
myocarditis among athletes, and reconcile the current recommendations for return-to-play (RTP).
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PATHOPHYSIOLOGY

Myocarditis is a nonischemic inflammatory process affecting the
myocardium and inducing myocardial injury of varying clinical
severity. The etiology of myocarditis may be infectious (viral,
bacterial) or noninfectious (toxins, hypersensitivity, autoimmune
disorders, and radiation). In viral myocarditis, which may or may
not directly translate to COVID, injury to the cardiac muscle is
attributable to direct virus-induced damage, as well as subsequent
autoimmune inflammation. The acute phase (within hours) of
viral myocarditis is comprised of viral entry into myocytes
mediated by cell surface receptors (3). Once intracellular, the viral
genome is translated into viral proteins, which may disrupt key
dystrophin-glycoprotein interactions to impair cardiac function
and injure myocyte cytoskeleton to cause myocyte death (4).
During the second phase, there is an innate immune response
to the viral antigen mediated by humoral (B-cell) and cell-
mediated (T-cell) mechanisms. In the third phase, the host
immune systemmay recognize intracellular components released
as a result of virus-induced injury as foreign antigens, which may
induce an immunologic response and autoantibodies against the
myocyte (via CD4+ cells stimulating B-cells, cytotoxic CD8+
cells, and cytokines). Over time, these autoantigens may cause
chronic myocardial inflammation, further myocyte necrosis, and
progression of structural heart disease (dilated cardiomyopathy).

Per Siripanthong et al. (5), the pathophysiology of COVID
myocarditis is postulated to be similar with SARS-CoV-2 entering
the cell by binding to angiotensin-converting enzyme 2 (ACE2)
receptors on cardiomyocyte surfaces, inducing viral replication,
and setting off the lymphocytic inflammatory cascade augmented
by interleukin 6 (IL-6) mediated cytokine release (Figure 1).
Based on this animal model, the severity of COVID associated
myocarditis may reflect the immune response generated by the
host, so young, otherwise healthy, athletes may generate a more
robust immunologic reaction to viral infection and experience
greater lymphocytic proliferation and cytokine storm.

DIAGNOSIS

Clinical Presentation
The initial presentation of myocarditis is often nonspecific,
so a high index of suspicion is required by the clinician. A
viral prodrome (congestion, rhinorrhea, cough, and/or fever)
may precede viral myocarditis. Young patients, particularly
athletes, without coronary artery disease (CAD) risk factors
may present with severe chest pain and ST-segment elevations
on an electrocardiogram (ECG), described as an “infarct-like”
pattern associated with viral myocarditis (6). Alternatively,
patients may report various degrees of exertional dyspnea,
atypical chest pain, palpitations, and/or generalized fatigue. In
extreme cases, previously healthy patients may present with
decompensated heart failure or cardiogenic shock (volume
overload, depressed cardiac index, and cool extremities). The
most morbid presentation is one of a patient with life-threatening
arrhythmia or SCD, as a result of the nonischemic ventricular
scarring induced by myocarditis, which is a nidus for re-entrant
circuits (7).

Exam
The physical exam may demonstrate subtle positional or
reproducible chest pain. There may be signs of congestive
heart failure, including jugular venous distension (JVD), ascites,
abdominal pain, peripheral extremity edema, or crackles on a
lung exam. Given the propensity for dysrhythmia, examiners
should keenly evaluate for rhythm irregularities, ectopic beats,
or rate discrepancies (bradyarrhythmia and tachyarrhythmia).
Rarely, patients may present in fulminant cardiogenic shock as
a result of COVIDmyocarditis with hypotension, narrow arterial
pulse pressure, cool extremities, and altered mental status (8).

Biomarkers
If viral myocarditis is suspected, clinicians should obtain markers
of myocardial injury, including elevated troponin (I or T) and
creatinine kinase. Elevated brain natriuretic peptide (BNP) may
indicate ventricular dilation or strain from myocardial injury
(9). Viral serology testing, although low sensitivity, may be
reasonable if evaluating for viral myocarditis [including full
respiratory viral panel, as well as SARS-CoV-2 polymerase chain
reaction (PCR) testing or antibodies]. Particularly in athletes,
alternative etiologies of cardiomyopathy should be excluded,
such as substances (i.e., cocaine) and metabolic derangements
(thyroid) with urine toxicology, and serum thyroid stimulating
hormone (TSH) (10). Inflammatory markers [e.g., C-reactive
protein (CRP)] can be obtained and trended with treatment.

Electrocardiogram
In myocarditis, a 12-lead ECG may demonstrate changes such
as diffuse ST-segment elevations, T-wave inversions, low-voltage
QRS complexes, or even q-waves. As noted above, the infiltrative
nature of viral myocarditis may ultimately result in scarring,
which can impair the electrophysiological components of the
heart. Even transient myocardial inflammation may induce
intraventricular conduction delay, AV-block, supraventricular
tachycardia (SVT), ventricular tachycardia (VT), ventricular
fibrillation (VF), atrial fibrillation, or nonspecific ectopy. If
inflammation extends to the pericardium, the ECG may also
demonstrate PR-interval depressions (11).

Transthoracic Echocardiography
The diagnostic workup for myocarditis should include a TTE,
which can be useful in evaluating for myocarditis as well
as excluding alternative etiologies of cardiomyopathy, such as
valvular pathology or other structural heart disease (11). In the
acute phase of viral infection, myocardial inflammation may
be characterized by impaired ventricular function, abnormal
ventricular dimensions (i.e., dilation or increased myocardial
wall thickness), and/or pericardial effusion. Specifically in this
scenario, increased wall thickness in the setting of low voltage
on the ECG is suggestive of myocardial edema or infiltrative
disease. Chronic myocardial inflammation may cause ventricular
dilation, as well as hypokinesis, which may be global or regional
(12). Although TTE findings in myocarditis can be nonspecific,
specialized modalities that attempt to quantify motion of specific
myocardial segments [such as strain rate imaging (SRI)] are

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 July 2021 | Volume 8 | Article 684780204

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Khan et al. COVID Myocarditis in Competitive Athletes

FIGURE 1 | Proposed mechanism of SARS-CoV-2 entry into myocytes and inflammatory pathways causing viral myocarditis. Reprinted with permission (5).

nonstandardized and have only been utilized in case reports
(13–15).

Cardiac MRI
Given the nonspecific nature of biomarkers, symptoms, ECG,
and TTE in myocarditis, CMR has been heralded as the
noninvasive gold standard to evaluate myocardial inflammation,
including segments not ideal for biopsy (i.e., epicardium,
pericardium) (16). In 2018, the American College of Cardiology
(ACC) updated the CMR diagnostic criteria for myocarditis,
known as Lake Louise Criteria (LLC), to increase specificity
(see Supplementary Figure 1) (12, 17). On CMR, there are
three proposed diagnostic targets indicative of myocardial
inflammation: myocardial edema (mediated by inflammation),
hyperemia (due to increased permeability of vascular beds), and
myocardial necrosis/scar (reflective of myocyte death).

According to Ferreira et al., these changes are reflected in
signal intensity of various modalities within CMR imaging.
Myocardial edema leads to prolonged myocardial relaxation
time, which can be measured on T1 or T2 weighted images,
as well as hyperintensity on T2-weighted images. An expanded
extracellular space within myocardium is visualized by increased
extracellular volume (ECV) or by administration of gadolinium-
based contrast (GBCA), which localizes to inflamed myocardium
when measured in T1 weighted imaging, known as early
gadolinium enhancement (EGE). Finally, myocardial necrosis
leads to scarring, which allows delayed GBCA accumulation
known as late gadolinium enhancement (LGE) in T1-weighted

imaging. To fulfill the updated LLC for acute myocardial
inflammation (Supplementary Figure 1), CMR must identify
at least one criterion of both myocardial edema (T2-based)
AND nonischemic myocardial injury (T1-based). Moreover, the
LLC boasts particularly high sensitivity and specificity in acute
viral myocarditis, which is characterized by a CMR pattern of
subepicardial edema and patchy necrosis [often at the basal
inferolateral or lateral wall of the left ventricle (LV)], which may
extend to mid-myocardial regions (12).

In addition to diagnostic utility, CMR also has prognostication
value, per Gräni et al. In their 2017 CMR evaluation (prior to
revision of LLC in 2018) of 670 suspected myocarditis patients,
a 2–3 fold increase in hazard ratio was observed in development
of major adverse cardiovascular events (MACE) in patients who
had LGE on CMR (18). In a prognostic study more relevant
for COVID myocarditis, which can present with “infarct-like”
findings (positive biomarkers, ST elevations on ECG, and LGE
on CMR), Chopra et al. found a greater risk of MACE compared
to noninfarct-like presentations (6).

While CMR-based LLC is very accurate for diagnosis of
acute inflammation, its sensitivity is reduced as myocardial
inflammation becomes more diffuse. In a cost-conscious world,
CMR and trained radiologists also remain cost-prohibitive for
nonacademic centers.

Endomyocardial Biopsy
The gold standard for identifying myocarditis remains
endomyocardial biopsy (EMB) because it allows for
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histopathological, immunohistochemically, and molecular
biology analysis with few complications (12, 19, 20). Given
the patchy distribution of myocarditis, five or six EMB
samples are recommended to reduce false negative results, but
fewer may be obtained in practice (21). Histological analysis
of viral myocarditis demonstrates lymphocytic infiltration of
myocardium. Suspected myocardial samples can also be analyzed
via viral nucleic acid stains and quantitative PCR or RT-PCR
to evaluate for the presence of a viral genome. However, given
the inherent risks of EMB (albeit cited as <1% by experienced
interventionalists) and low sensitivity of obtaining affected
samples, centers are more inclined to evaluate for myocarditis
noninvasively with CMR and biomarkers.

INCIDENCE

Despite the prowess of diagnostic modalities, reported
cases of COVID myocarditis have varied considerably from
study to study. An in-depth evaluation reveals that earlier
studies were reporting higher incidence of COVID-related
myocarditis compared to those published more recently. In
July 2020, Puntmann et al. (22) evaluated 100 German patients
(nonathletes) recovered from COVID-19 with CMR at a median
of 71 days from initial diagnosis and reported that 78% of
patients had “abnormal CMR” indicative of cardiac involvement,
while 60% had evidence of ongoing myocardial inflammation.
These abnormal CMR findings are described as “at least one
of the following” from increased myocardial T1 or T2 time,
myocardial LGE, or pericardial enhancement. Interestingly,
the authors do not directly reconcile their CMR findings with
updated or original LLC parameters. Additionally, CMR imaging
should ideally be performed in temporal proximity to the acute
phase of infection but was done at a median of 71 days after
COVID-19 diagnosis in the study, which makes it difficult to
interpret clinical significance of the CMR changes. In September
2020, Rajpal et al. (23) published the first major study regarding
COVID myocarditis in athletes from The Ohio State University.
Twenty-six athletes (football, soccer, lacrosse, basketball, and
track), who had PCR-confirmed COVID infection, underwent
CMR, TTE, ECG, and troponin measurements following
recommended quarantine (11–53 days). The published results
indicate that four of these athletes (about 15%) fulfilled 2018
LLC for myocarditis with two out of those four reporting mild
dyspnea, while eight others had evidence of LGE without T2
changes (23). While more expeditious than the Puntmann study,
there was still latency to perform CMR in Rajpal et al., which
may have failed to capture the acute inflammatory period of
myocarditis in some cases. Additionally, while the incidence
of myocarditis was 15%, the presence of LGE in eight athletes
(which represents myocardial scarring) is certainly concerning.

In early 2021, another significant COVID myocarditis study
including 145 student athletes was published by Starekova et al.
(24), from the University of Wisconsin, who were recovering
from COVID asymptomatically or with mild to moderate
symptoms. In this elegantly designed study, these athletes
underwent CMR, a median of 15 days after diagnosis, as well

as measurement of biomarkers, ECG, and TTE. Of the 145
athletes, only two (1.4%) had CMR evidence of myocarditis
per updated LLC, as reviewed by two experienced radiologists
(24). Notably, one athlete was largely asymptomatic with mild
elevation of biomarkers (troponin-I peaked at 0.09 ng/mL), while
the other had mild to moderate symptoms for 3 days in the
setting of normal biomarkers, and both had normal LV function.
As such, the authors questioned the use of CMR as a screening
tool for myocarditis in athletes without significant symptoms or
abnormal ECG/biomarkers. With similar skepticism, Kawakami
et al. (25) published a January 2021 pathological review with
autopsy evaluation of 16 hearts (obtained from patients who had
died from SARS-CoV-2) and found that only two hearts had
PCR-detectable SARS-CoV-2 in the myocardium, but without
pathological evidence of myocarditis. Senior author, Dr. Aloke
V. Finn, noted that incidence of myocarditis with SARS-CoV-
2 is lower than initially reported and cautioned that EMB be
reserved for severe cases but admits that these pathological
findings are mostly from older patients with co-morbidities,
which do not directly translate to a younger population (i.e.,
athletes). Most recently, two large studies have further elucidated
the prevalence of myocardial inflammation in athletes following
COVID infection. In March 2021, Martinez et al. (26) evaluated
789 professional North American league athletes following
COVID infection, ultimately finding that just five (0.6%) of the
789 hadCMR evidence ofmyocarditis/pericarditis. Subsequently,
Moulson et al. (27) released their findings in April 2021 that
among 3,018 collegiate athletes who tested positive for COVID,
21 (0.7%) had cardiac involvement per updated LLC.

EXPERT RECOMMENDATIONS

Based on the known risk of SCD in athletes with myocarditis and
aforementioned data on COVID myocarditis, various cardiology
societies have attempted to generate a RTP consensus. The
most up-to-date RTP recommendations for adult athletes from
American, European, and Canadian societies are summarized
in Figure 2. It too is worth mentioning that each society has
a slight variation with respect to the isolation or convalescence
period in their recommendations (e.g., 7 days to 2 weeks).
While there is data extrapolated from animal models suggesting
that viral replication and subsequent myocardial injury can be
worsened by vigorous activity, there is no guiding data specific
to the SARS-CoV-2 virus. As such, each society is basing their
recommendations on epidemiologic data, which suggests that
SARS-CoV-2 concentration and transmission peaks within the
first week of infection, incubation lasts from 2 to 12 days, and
cultivable virus is absent after 8 days (28). Taking the data
into account, isolation periods ranging from 7 to 14 days seem
reasonable to encompass the incubation period and allow athletes
to resume their respective RTP workup.

According to the AHA/ACC, adult athletes should abstain
from exercise for 10 days (or symptom resolution/no fever for
24 h) following an asymptomatic diagnosis of COVID-19 and
gradually return to their previous level of activity with athletic
trainer supervision. Meanwhile, per these recommendations,
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FIGURE 2 | Summary of return to play (RTP) recommendations from major cardiology societies. ECG, electrocardiogram; TTE, transthoracic echocardiogram; CMR,

cardiac magnetic resonance imaging; CRP, C-reactive protein.

mildly symptomatic athletes recovering from COVID-19 do not
require extensive risk stratification beyond history and physical
exam if their mild symptoms were self-limited. However, in
athletes with moderate to severe or not self-resolving symptoms,
extensive cardiovascular risk stratification is needed, including
ECG, biomarkers, and TTE (29). If testing is normal, then
athletes may RTP gradually with supervision of athletic trainers,
while abnormal testing or development of new cardiovascular
symptoms warrants repeat biomarkers and CMR.

In contrast to the American recommendations, the
European and Canadian societies are more pragmatic
with RTP screening, while acknowledging the inability to
offer universal cardiovascular testing in all COVID-infected
athletes. Yet there are key differences between the Canadian
Cardiovascular Society (CCS) and European Association
of Preventative Cardiology (EAPC)/European Society of
Cardiology (ESC) recommendations particularly when it

pertains to COVID-symptom based stratification. According to
McKinney et al., athletes should not be risk stratified based on
their viral COVID illness symptoms, rather with the reporting
or development of cardiovascular symptoms following recovery
from acute viral illness. The CCS recommendation is based on
the lack of association between severity of COVID illness and
development of myocarditis, which is consistent with recent
studies that have mostly identified myocarditis in asymptomatic
or mildly symptomatic athletes. At that point, a cardiac symptom
questionnaire should be administered; if no cardiac symptoms
are reported, athletes may gradually RTP following at least 7
days of viral symptom resolution. COVID-infected athletes
who report having the aforementioned cardiac symptoms
require a focused history and physical exam, consideration of
ECG/troponin, and referral to cardiology (for TTE and/or CMR)
if any abnormal findings noted (30). Meanwhile, the EAPC and
ESC advocate for use of exercise stress testing in symptomatic
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athletes more than the Canadian or American societies; the
EAPC recommends athletes with mild to moderate symptoms
should undergo ECG and TTE, then exercise stress testing for
eligibility to RTP if normal, while the ESC recommends exercise
ECG in tandem with TTE. However, while the ESC maintains
the same recommendations for severe/hospitalization symptoms
as mild to moderate cases (akin to CCS), the EAPC is more
in line with the AHA/ACC in recommending a more rigorous
cardiovascular evaluation consisting of imaging, biomarkers,
and stress testing.

In athletes diagnosed with COVID myocarditis, the 2015
recommendations for sports eligibility by “Task Force 3”
(comprised of AHA and ACC) (31) should be adapted (see
Supplementary Figure 2).

CONCLUSION

Early pandemic studies in nonathletes reported higher
incidence of COVID-related cardiac involvement, while recent
publications indicate that incidence of COVID myocarditis
in adult athletes is not robust as initially feared. While the
recommendations by various cardiology societies are an
excellent resource, there remain limitations with regards to
stratifying athletes by symptoms of viral illness. In the cited
cases of athletes with CMR-proven COVID myocarditis, the
affected athletes had mild to no symptoms, which means they
could have been eligible for RTP without further workup
per AHA/ACC and CCS guidelines (23, 24). Furthermore,

at least in the Starekova et al. study, both athletes with
COVID myocarditis had normal LV function, so they
may have also evaded the EAPC/ESC recommendations for
further workup. Nonetheless, as suggested by Moulson et al.
(27), primary screening via CMR is also low yield unless
prompted by ECG, TTE, or biomarkers. Mitigating the low
prevalence of cardiac involvement in athletes with COVID
with the risk of SCD, moving forward with a symptom-based
approach, suggested by most societies, to guide RTP seems
most appropriate.
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Objectives: To evaluate the effect of in-hospital pulmonary rehabilitation (PR) on

short-term pulmonary functional recovery in patients with COVID-19.

Methods: Patients with COVID-19 (n = 123) were divided into two groups (PR group or

Control group) according to recipient of pulmonary rehabilitation. Six-min walk distance

(6MW), heart rate (HR), forced vital capacity (FVC), forced expiratory volume in 1 s

(FEV1), diffusing capacity of the lung for carbon monoxide (DLCO), and CT scanning were

measured at the time of discharge, 1, 4, 12, and 24 weeks.

Results: At week one, both PR group and Control group showed no significant changes

in pulmonary function. At 4 and 12 weeks, 6MW, HR, FVC, FEV1, and DLCO improved

significantly in both groups. However, the improvement in the PR group was greater than

the Control group. Pulmonary function in the PR group returned to normal at 4 weeks

[FVC (% predicted, PR vs. Control): 86.27 ± 9.14 vs. 78.87 ± 7.55; FEV1 (% predicted,

PR vs. Control) 88.76 ± 6.22 vs. 78.96 ± 6.91; DLCO (% predicted, PR vs. Control):

87.27 ± 6.20 vs. 77.78 ± 5.85] compared to 12 weeks in the control group [FVC (%

predicted, PR vs. Control): 90.61 ± 6.05 vs. 89.96 ± 4.05; FEV1 (% predicted, PR vs.

Control) 94.06 ± 0.43 vs. 93.85 ± 5.61; DLCO (% predicted, PR vs. Control): 91.99 ±

8.73 vs. 88.57 ± 5.37]. Residual lesions on CT disappeared at week 4 in 49 patients in

PR group and in 28 patients in control group (p = 0.0004).

Conclusion: Pulmonary rehabilitation could accelerate the recovery of pulmonary

function in patients with COVID-19.

Keywords: pulmonary training, corona virus disease 2019, pulmonary function, pulmonary rehabilitation,

2019-nCoV
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INTRODUCTION

Corona Virus Disease (COVID-19) caused by a novel
coronavirus named as Severe Acute Respiratory Syndrome
(SARS)-CoV (Corona Virus)-2 has been rapidly occurring
the world and is not completely controlled till now (1, 2).
Transmissions through fecal-oral route and ocular are also
considered to be possible while evidences are not sufficient
till now (3, 4). All age groups are susceptible to SARS-CoV-
2, while the elderlies and people with underlying diseases
are more likely to develop severe conditions such as severe
pneumonia and respiratory failure in a short period of time
(2). The therapeutic principles of COVID-19 include general
treatment (vital sign monitoring, mechanical ventilation, etc.),
drug therapy (anti-infection drugs, traditional Chinese medicine,
etc.), pulmonary rehabilitation (PR), nutrition management and
mental support.

Pulmonary rehabilitation, as a comprehensive intervention
including exercise training, education and behavioral changes
that aims to improve the physical and psychological condition
in patients with respiratory disease and to promote high long-
term quality of life. It has also been confirmed to be an
important part of the integrated care strategy for chronic
obstructive pulmonary disease (COPD) (5, 6). Its positive effects
in preoperative pulmonary rehabilitation were also discovered
including reducing the sensation of dyspnea, reducing muscle
strength loss associated with dyspnea, and improving psychologic
states (7). As for infectious disease of respiratory system,
Hsieh et al. (8) found that survivors of acute respiratory
distress syndrome (ARDS) caused by influenza A (H1N1)
who received pulmonary rehabilitation for 2 months had
improved pulmonary function, exercise capacity, and quality
of life.

Therefore, the aim of present study was to evaluate the effect of
in-hospital pulmonary rehabilitation on short-term pulmonary
functional recovery in patients with COVID-19.

METHODS

Patients and Data Collection
We conducted a perspective observational study in patients
with COVID-19.

Participants were recruited from Puai Hospital, Wuhan
Forth Hospital and Huazhong University of Science and
Technology, and were divided into two groups according to
whether patients received in-hospital pulmonary rehabilitation.
Patients who underwent in-hospital pulmonary rehabilitation
were based on the clinical judgements by attending physicians.
No patients were directly involved in the design, planning and
conception of this study. Inclusion criteria were: (1) patients
with COVID-19; (2) able to receive pulmonary rehabilitation;
(3) no co-infection of other pathogene; (4) sign the informed
consent. Exclusion criteria include: (1) suffering from high
blood pressure, diabetes, or other chronic or basic diseases;
(2) COVID-19 recurrence during the follow-up period. (3)
infection of other pathogene during the follow-up period. (4)
pregnancy before or during the follow-up period. Data were

collected at the time of discharge and 1, 4, 12, 24 weeks after
discharge. The study was approved by Chinese Clinical Trial
Registry (ChiCTR2000031751).

Pulmonary Rehabilitation
In the PR group, all patients underwent a standardized
rehabilitation scheme (ref) when their clinical condition was
stable and capable of PR. Detailed PR protocol as follow: (1) allow
patients to maintain regular movement, such as chest expansion
and ambulation, in the isolation ward for at least 1 h per day while
monitoring heart rate and respiratory rate during movement
to avoid overexertion in terms of heart and lung function; (2)
provide respiratory control training: Help the patients sit in an
upright position to avoid orthopnea. If the patients could not
sit upright, lift the head of bed by 60 degrees. Let the patients
relax their shoulder muscles by placing one hand on the chest
and the other on the abdomen, instruct the patients to deeply
breathe in through their nose and breathe out through their
mouth to expand the lower chest. (3) pursed lip breathing: Keep
the same patient position as with respiratory control. Let the
patients breathe in through their nose, hold their breath for
2 s, then deeply breathe out using their abdomen for 3–5 s with
their mouth pursed as if they are whistling; this increases the
expiratory resistance and prolongs the expiratory time. For (2)
and (3) above, the patients were trained repeatedly for 10–15min
each and 4 times per day. The patients could train along with light
music if possible. If any discomfort occurred, the training should
be stopped immediately.

Outcome Measures
Six-min walk distance (6MW), Heart rate (HR), forced vital
capacity (FVC), forced expiratory volume in 1 s (FEV1), and
Diffusing capacity of the lung for carbon monoxide (DLCO)
were measured. CT scanning was conducted at discharge, 4,
and 24 weeks. FVC and FEV1 were measure using spirometry.
Spirometry was performed using the Medical Graphics CPXD
(Minneapolis, MN, US). Diffusing capacity of the lung for carbon
monoxide (DLCO) were assessed using the rebreathe technique
and a mass spectrometer (Perkin Elmer, St. Louis, MO, USA)
as previously described (9, 10). CT scan was conducted using a
64-slice spiral CT machine (NeuSoft, NeuViz64). The CT images
was evaluated by two experienced imaging clinicians. If their
opinions were different, a third clinician was invited to make the
final decision.

Statistical Analysis
Statistical analysis was completed using SPSS 21.0. Baseline
differences between groups were analyzed by Student’s t-test
for continuous data and by the χ2 test for categorical data.
Continuous data are expressed as the means ± SDs, and the
normality of distribution was tested by a QQ plot. The data were
analyzed using Student’s t-test and repeated measures analysis
of variance (ANOVA). As for repeated measures ANOVA, post-
hoc test of p-value was adopted by Bonferroni correction and
effect size was expressed as eta-square. A value of p < 0.05 was
considered statistically significant. Because of a small sample size,
p-valued between 0.05 and 0.1 was marked with specific value.
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FIGURE 1 | Flow diagram of the study design.

RESULTS

A total of 158 participants were screened between February 1st
2020 to March 31st 2020, out of whom 20 patients were excluded
because of not meeting the inclusion criteria or declined to
participate in this study (Figure 1). Fifteen participants were lost
to follow-up before 4 weeks follow-up. Baseline demographics
were shown in Tables 1–3.

6MW and HR were shown in Table 4. At the time of
discharge, 6MW distance in PR group was longer than the
Control group and the HR was lower than the Control group,
but did not reach significant. At the time of week 1 and 4, there
were significant improvements of 6MW and HR in PR group
compared to those at the time of discharge (week 1: 495.88
± 34.67 vs. 470.83 ± 35.70 p < 0.05 and 83.24 ± 8.46 vs.
97.05 ± 14.24 p < 0.001; week 4: 557.94 ± 38.44 vs. 514.22
± 43.47 p < 0.01 and 78.59 ± 6.73 vs. 88.61 ± 9.37 p <

0.001). However, in the Control group, only an improvement
of 6MW was found at 4 weeks and was smaller than the PR
group. At 12 and 24 weeks, 6MW and HR were similar in
two groups.

The measurements of FVC and FEV1 is shown in Table 5. At
the time of discharge and week 1, FEV1 in the PR group was
significantly larger than that in the Control group. There was no
significant difference in FVC between the two groups at week
1 (2.05 ± 0.26 vs. 1.91 ± 0.21, p = 0.096). Although FVC and
FEV1 improved significantly in both groups, there was greater
improvement in the PR groups than the Control group at week 4.
FEV1 and FVC in the PR group exceeded 80% of predicted values
at 4 weeks [FVC (% predicted): 86.27 ± 9.14 vs. 78.87 ± 7.55,
p < 0.05; FEV1 (% predicted) 88.76 ± 6.22 vs. 78.96 ± 6.91, p <

0.001]. At 12 and 24 weeks, there were no significant difference in

TABLE 1 | General characteristics in PR and control groups.

No. (%) p-value

PR Group

(n = 63)

Control Group

(n = 60)

Age (years) 36.59 ± 7.01 35.47 ± 7.58 0.40

Gender 0.53

Male 34 29

Female 29 31

Blood pressure (mmHg, at

discharge)

Systolic pressure 116.3 ± 4.4 115.8 ± 5.2 0.57

Diastolic pressure 78.7 ± 3.2 78.1 ± 3.5 0.32

Weight (kg, at discharge) 62.4 ± 11.3 64.0 ± 10.9 0.43

Height (cm, at discharge) 167.6 ± 13.2 167.8 ± 12.9 0.93

Personal habits

Smoking 7 (11.1) 9 (15.0) 0.52

Drinking 4 (6.3) 3 (5.0) 0.75

Education 0.66

Junior high school or below 12 9

High school or vocational school 19 24

College degree 16 17

Bachelor degree 12 8

Postgraduate degree or above 4 2

PR, pulmonary rehabilitation.

FEV1 and FVC between two groups and FEV1 and FVC reached
90% of predicted values. There was no significant change in FEV1

to FVC ratio during the entire follow-up period.
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TABLE 2 | Clinical characteristics in PR and control groups.

No. (%) p-value

PR Group

(n = 63)

Control Group

(n = 60)

Clinical Presentation

Fever 62 (98.8) 59 (98.3) 1.00

Dry cough 45 (71.4) 41 (68.3) 0.71

Headache 5 (7.9) 4(6.7) 1.00

Sore throat 7 (11.1) 5 (8.3) 0.40

Myalgia 21(33.3) 18 (30.0) 0.69

Fatigue 24 (38.1) 19 (31.7) 0.46

Dyspnoea 28 (44.4) 21 (35.0) 0.29

Rhinorrhoea 13 (20.6) 11 (18.3) 0.75

Nausea & vomiting 18 (28.6) 19 (31.7) 0.71

Diarrhea 12 (19.0) 10 (16.7) 0.73

Length of Hospital stay (days) 21.18 ± 4.98 21.94 ± 3.24 0.32

PR, pulmonary rehabilitation.

DLCO was shown in Table 6. At the first week after discharge,
no improvements were discovered in DLCO. Meanwhile, the
DLCO of PR group was higher than Control group (19.65 ±

2.12 vs. 17.03 ± 1.94, p < 0.01). Significant improvements were
discovered at 4 weeks, while level of DLCO in the PR group was
higher than the Control group [DLCO (% predicted): 87.27 ±

6.20 vs. 77.78 ± 5.85, p < 0.001]. At 12 and 24 weeks, DLCO
reached normal level and had no significantly differences between
two groups.

As shown in Figure 2, in the PR group, little parenchymal
bands with group-glass opacity were observed at the time of
discharge in all patients. The lesions of 49 patients (77.8%) in
PR group basically disappeared at 4 weeks follow-up and no
changes were discovered at 24 weeks. The CT images of 60
patients (95.2%) in PR group were basically normal at 24 weeks.
In the control group, little parenchymal bands with more group-
glass opacities were observed at the time of discharge in all
patients. At 4 weeks follow-up, some group-glass opacities still
existed in CT images of 32 patients (53.3%). The lesions of only
28 patients (46.7%, p = 0.0004 vs. PR group) in control group
basically disappeared at 4 weeks follow-up and no changes were
discovered at 24 weeks. The CT images of 56 patients (93.3%,
p = 0.65 vs. PR group) in control group were basically normal
at 24 weeks.

DISCUSSION

Themain physiological change in patient recovery fromCOVID-
19 is poorer cardio-pulmonary function, and lower FVC, FEV1,
and DLCO. Meanwhile most of the values of FEV1/FVC were
still abnormal. The main imaging changes from CT scanning
were little parenchymal bands with residual group-glass opacity.
As a result, the pathologic changes in the lung of patients
after discharge might be: (1) residual unabsorbed exudative
lesion; (2) mild lung fibrosis. These changes result in the

TABLE 3 | Results of laboratory examination at discharge.

PR Group

(n = 63)

Control Group

(n = 60)

p-value

Blood Count

WBC (×109/L) 7.14 ± 3.41 6.86 ± 2.99 0.63

Lymphocyte count (×109/L) 0.62 ± 0.08 0.66 ± 0.09 0.20

PLT at discharge (×109/L) 243 ± 99 216 ± 71 0.09

Hemoglobin (g/dL) 118 ± 23 125 ± 17 0.10

Coagulation Function

PT (s) 14.1 ± 3.3 13.2 ± 1.4 0.08

APTT (s) 37.6 ± 9.0 37.2 ± 6.2 0.82

D-dimer (mg/L) 1.7 ± 2.4 1.3 ± 1.9 0.24

Blood Biochemistry

TP (g/L) 64.5 ± 10.3 66.5 ± 7.2 0.21

Albumin (g/L) 34.6 ± 5.8 37.5 ± 6.4 0.10

ALT (U/L) 35 ± 19 40 ± 22 0.14

AST (U/L) 30 ± 15 34 ± 19 0.20

TB (µmol/L) 11.8 ± 5.5 12.5 ± 6.2 0.51

Sodium (mmol/L) 137.7 ± 5.3 138.5 ± 3.3 0.30

Potassium (mmol/L) 4.1 ± 0.5 3.9 ± 0.4 0.09

Creatinine (µmol/L) 71.2 ± 27.5 69.1 ± 20.4 0.62

BUN (mmol/L) 5.2 ± 2.1 5.4 ± 2.3 0.66

LDH (U/L) 239 ± 133 213 ± 127 0.27

CK-MB (U/L) 10.9 ± 8.5 11.8 ± 7.7 0.53

Infection-Related Biomarkers

CRP (mg/L) 23 ± 34 18 ± 25 0.34

PCT (ng/ml) 0.18 ± 0.45 0.11 ± 0.18 0.21

PR, pulmonary rehabilitation; RBC, red blood cell, WBC, white blood cell; PT, prothrombin

time; PLT, platelet; APTT, activated partial thromboplastin time; FBG, fasting blood

glucose; TP, total protein; ALT, alanine transaminase; AST, aspertate aminotransfera; TB,

total bilirubin; BUN, blood urea nitrogen; LDH, lactate dehydrogenase; CK-MB, creatine

kinase–MB; CRP, hypersensitive C-reactive protein; PCT, procalcitonin.

functional disorders include: (1) decreasing in lung capacity;
(2) decreasing in lung compliance; (3) decreasing in diffusion
function. However, all impairments disappeared within 12
weeks, which means the pathological and functional changes
are reversible.

The residual lesions of lung function are not rarely in
viral pneumonia. Studies have discovered that survivors from
SARS had significantly impaired pulmonary function, limited
physical and psychology function, and reduced life quality
(11, 12). Regarding influenza A virus H1N1, a study found
that over half of these patients had signs of more severe
abnormal pulmonary function, including diffusion disorders
and small airway dysfunction, 1 year after discharge (13).
From our results, we found that the residual lesions of lung
function caused by SARS-CoV-2 is relatively short-term and
reversible. It might attribute to the relatively lower virulence
of the virus or the participants we included were not severe
and critical.

Pulmonary rehabilitation is a comprehensive intervention
that includes but is not limited to exercise training, education
and behavioral changes with the aim to improve the physical
and psychological conditions of people with respiratory disease
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TABLE 4 | Six-min walk distance and heart rate.

Discharge 1 week 4 weeks 12 weeks 24 weeks

6MW (m)

PR group 462.12 ± 31.61 495.88 ± 34.67* 557.94 ± 38.44*† 584.41 ± 20.12*† 598.71 ± 22.35*†‡

Control group 448.56 ± 31.10 470.83 ± 35.70 514.22 ± 43.47*† 573.11 ± 29.20*†‡ 590.33 ± 19.88*†‡

PR vs. control p > 0.05 p < 0.05 p < 0.01 p > 0.05 p > 0.05

p and η2 for ANOVA ptime < 0.001, η2
time = 0.932, pgroup < 0.05, η2

group = 0.124,

ptime*group < 0.001, η2
time*group = 0.168

HR (beats/min)

PR group 90.71 ± 9.30 83.24 ± 8.46* 78.59 ± 6.73* 76.06 ± 6.09*† 76.06 ± 6.09*†

Control group 97.44 ± 10.39 97.05 ± 14.24 88.61 ± 9.37 78.61 ± 9.37*†‡ 77.00 ± 6.16*†‡

PR vs. control p = 0.052 p < 0.001 p < 0.001 p > 0.05 p > 0.05

p and η2 for ANOVA ptime < 0.001, η2
time = 0.778, pgroup < 0.05, η2

group = 0.143,

ptime*group < 0.001, η2
time*group = 0.332

PR, pulmonary rehabilitation; 6MW, 6-min walk distance; HR, heart rate.

P-value of PR. vs. Control was from Student’s t-test between two groups.

P-value of the comparison between different times was from post-hoc test with Bonferroni correction for multiple comparisons [C5(2)]: *p <0.05/10 vs. discharge; †p < 0.05/10 vs.

1 week; ‡p < 0.05/10 vs. 4 weeks.

TABLE 5 | Forced vital capacity and forced expiratory volume in 1 s.

Discharge 1 week 4 weeks 12 weeks 24 weeks

FVC (L)

PR group 2.05 ± 0.26 2.11 ± 0.29 2.75 ± 0.30*† 2.89 ± 0.22*† 2.95 ± 0.15*†

Control group 1.91 ± 0.21 2.02 ± 0.19 2.51 ± 0.20*† 2.86 ± 0.12*†‡ 2.91 ± 0.10*†‡

PR vs. control p = 0.096 p > 0.05 p < 0.05 p > 0.05 p > 0.05

p and η2 for ANOVA ptime < 0.001, η2
time = 0.947, pgroup = 0.053, η2

group = 0.109,

ptime*group < 0.05, η2
time*group = 0.288

FVC (% predicted)

PR group 64.25 ± 7.94 66.29 ± 9.14 86.27 ± 9.14*† 90.61 ± 6.05*† 92.64 ± 3.27*†

Control group 60.04 ± 6.28 63.46 ± 6.32 78.87 ± 7.55*† 89.96 ± 4.05*†‡ 91.51 ± 2.62*†‡

PR vs. control p = 0.090 p > 0.05 p < 0.05 p > 0.05 p > 0.05

p and η2 for ANOVA ptime < 0.001, η2
time = 0.946, pgroup = 0.061, η2

group = 0.102,

ptime*group < 0.05, η2
time*group = 0.295

FEV1 (L)

PR group 1.52 ± 0.12 1.54 ± 0.14 2.12 ± 0.11*† 2.25 ± 0.10*†‡ 2.29 ± 0.14*†‡

Control group 1.43 ± 0.11 1.48 ± 0.09 1.88 ± 0.12*† 2.24 ± 0.10*†‡ 2.31 ± 0.13*†‡

PR vs. control p < 0.05 p < 0.05 p < 0.001 p > 0.05 p > 0.05

p and η2 for ANOVA ptime < 0.001, η2
time = 0.980, pgroup < 0.01, η2

group = 0.302,

ptime*group < 0.001, η2
time*group = 0.499

FEV1 (% predicted)

PR group 63.62 ± 5.82 64.54 ± 7.11 88.76 ± 6.22*† 94.06 ± 0.43*† 95.83 ± 5.29*†‡

Control group 59.81 ± 4.94 61.58 ± 5.29 78.96 ± 6.91*† 93.85 ± 5.61*†‡ 97.01 ± 5.79*†‡

PR vs. control p < 0.05 p < 0.05 p < 0.001 p > 0.05 p > 0.05

p and η2 for ANOVA ptime < 0.001, η2
time = 0.938, pgroup < 0.05, η2

group = 0.152,

ptime*group < 0.001, η2
time*group = 0.198

FEV1/FVC (%)

PR group 74.73 ± 5.89 73.67 ± 8.08 77.70 ± 6.70 78.15 ± 5.96 77.62 ± 4.25

Control group 74.99 ± 5.55 74.39 ± 6.63 75.32 ± 5.43 78.30 ± 4.37 78.55 ± 5.35

PR vs. control p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05

p and η2 for ANOVA ptime < 0.001, η2
time = 0.565, pgroup > 0.05, η2

group = 0.004,

ptime*group > 0.05, η2
time*group = 0.210

PR, pulmonary rehabilitation; FVC, forced vital capacity; FEV1, forced expiratory volume in 1s.

P-value of PR. vs. Control was from Student’s t-test between two groups.

P-value of the comparison between different times was from post-hoc test with Bonferroni correction for multiple comparisons [C5(2)]: *p < 0.05/10 vs. discharge; †p < 0.05/10 vs.

1 week; ‡p < 0.05/10 vs. 4 weeks.
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TABLE 6 | Diffusing capacity of the lung for carbon monoxide.

Discharge 1 week 4 weeks 12 weeks 24 weeks

DLCO [ml/(min·mmHg)]

PR group 18.53 ± 2.03 19.65 ± 2.12 21.76 ± 2.19* 22.88 ± 2.12*† 22.94 ± 2.33*†

Control group 16.00 ± 1.46 17.03 ± 1.94* 18.83 ± 1.86* 21.50 ± 2.38*†‡ 22.72 ± 2.16*†‡

PR vs. control p < 0.001 p < 0.01 p < 0.001 p = 0.079 p > 0.05

p and η2 for ANOVA ptime < 0.001, η2
time = 0.753, pgroup < 0.01, η2

group = 0.271,

ptime*group < 0.01, η2
time*group = 0.145

DLCO (% predicted)

PR group 74.36 ± 6.59 78.81 ± 6.57 87.27 ± 6.20*† 91.99 ± 8.73*† 92.12 ± 8.32*†

Control group 66.24 ± 6.20 70.32 ± 7.46 77.78 ± 5.85*† 88.57 ± 5.037*†‡ 93.94 ± 8.29*†‡

PR vs. control p < 0.01 p < 0.01 p < 0.001 p > 0.05 p > 0.05

p and η2 for ANOVA ptime < 0.001, η2
time = 0.740, pgroup < 0.01, η2

group = 0.283,

ptime*group < 0.01, η2
time*group = 0.143

PR, pulmonary rehabilitation; FVC, forced vital capacity; DLCO, diffusing capacity of the lung for carbon monoxide.

P-value of PR. vs. Control was from Student’s t-test between two groups.

P-value of the comparison between different times was from post-hoc test with Bonferroni correction for multiple comparisons [C5(2)]: *p < 0.05/10 vs. discharge; †p < 0.05/10 vs.

1 week; ‡p < 0.05/10 vs. 4 weeks.

and promote long-term quality of life (6). Previous studies have
confirmed the positive effects of pulmonary rehabilitation on
pulmonary diseases such as COPD and H1N1 pneumonia (8, 12,
14). Besides, pulmonary rehabilitation has been proved to benefit
the lung function and life quality in interstitial lung diseases such
as idiopathic pulmonary fibrosis and interstitial pneumonias (15–
17). Based on clinical practice, the program of pulmonary mainly
contained three aspects: (1) physical training, (2) respiratory
training, and (3) psychological regulation. Therefore, there are
three main benefits of PR: (1) improve the patients’ exercise
capacity, (2) improve the patients’ pulmonary function, and
(3) improve the patients’ psychological state. During the whole
follow-up from the time of discharge to 24 weeks later,
we can find that the pulmonary function of PR group was
basically normal at 4 weeks, while Control group was basically
normal at 12 weeks. As a result, the pulmonary rehabilitation
could accelerate the recovery of pulmonary lesions and cardio-
pulmonary function. According to the changes in CT imaging,
we suspected that the effects of pulmonary rehabilitation may
attribute to the promotion in absorption of exudation and fibrosis
lesions, result in improvement of lung capacity, compliance, and
diffusion function.

Because of the flexibility, feasibility and low cost, pulmonary
rehabilitation could be a relatively practical way to improve
patient condition. Most of patients suffered from COVID-19
are mild and common type, which makes it easy to carry
out pulmonary rehabilitation. As for critical patient, whether,
when, and how to carry out pulmonary rehabilitation should be
further considered. Moreover, the intensity of training relies on
the patients’ condition; hence, the therapists should pay more
attention each patient’s vital signs and subjective feelings to not
only maximize the effectiveness of the training but also avoid
adverse events.

The main limitation of our study is that we only reported the
results of 24 weeks follow-up, whether COVID-19 have sequela
in respiratory system or other systems should be further studied.

FIGURE 2 | Typical CT imaging of each group.

On the other hand, the characteristics of socio-economic of
patients might affect patients’ choice for accepting pulmonary
rehabilitation, which might also lead to a better recovery.
However, the socio-economic data were not available, which
could be another limitation for this research.

In conclusion, pulmonary rehabilitation could accelerate the
recovery of pulmonary function for COVID-19 patients.
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Objective: The COVID-19 pandemic placed heavy burdens on emergency care

and posed severe challenges to ST-segment-elevation myocardial infarction (STEMI)

treatment. This study aimed to investigate the impact of COVID-19 pandemic on

mechanical reperfusion characteristics in STEMI undergoing primary percutaneous

coronary intervention (PPCI) in a non-epicenter region.

Methods: STEMI cases undergoing PPCI from January 23 to March 29 between

2019 and 2020 were retrospectively compared. PPCI parameters mainly included total

ischemic time (TIT), the period from symptom onset to first medical contact (S-to-FMC),

the period from FMC to wire (FMC-to-W) and the period from door to wire (D-to-W).

Furthermore, the association of COVID-19 pandemic with delayed PPCI risk was

further analyzed.

Results: A total of 14 PPCI centers were included, with 100 and 220 STEMI cases

undergoing PPCI in 2020 and 2019, respectively. As compared to 2019, significant

prolongations occurred in reperfusion procedures (P < 0.001) including TIT (420 vs.

264min), S-to-FMC (5 vs. 3 h), FMC-to-W (113 vs. 95min) and D-to-W (83 vs. 65min).
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Consistently, delayed reperfusion surged including TIT ≥ 12 h (22.0 vs.3.6%), FMC-to-W

≥ 120min (34.0 vs. 6.8%) and D-to-W ≥ 90min (19.0 vs. 4.1%). During the pandemic,

the patients with FMC-to-W ≥ 120min had longer durations in FMC to ECG completed

(6 vs. 5min, P = 0.007), FMC to DAPT (24 vs. 21min, P = 0.001), catheter arrival to

wire (54 vs. 43min, P < 0.001) and D-to-W (91 vs. 78min, P < 0.001). The pandemic

was significantly associated with high risk of delayed PPCI (OR = 7.040, 95% CI

3.610–13.729, P < 0.001).

Conclusions: Even in a non-epicenter region, the risk of delayed STEMI reperfusion

significantly increased due to cumulative impact of multiple procedures prolongation.

Keywords: COVID-19, ST-segment-elevation myocardial infarction, primary percutaneous coronary intervention,

mechanical reperfusion, non-epicenter region

INTRODUCTION

ST-segment-elevation myocardial infarction (STEMI) is a major
cardiovascular emergency requiring early diagnosis and timely
reperfusion (1). Mechanical reperfusion is mainly based on rapid
and standardized emergency procedures for chest pain (2). Since
the outbreak in December 2019, over 110 million coronavirus-
2019 disease (COVID-19) infected cases have been diagnosed
and 2.4 million confirmed deaths (3). The continuing pandemic
placed heavy burdens on emergency care and posed severe
challenges to STEMI treatment (4).

On the one hand, protective measures against COVID-19
cause delays in primary percutaneous coronary intervention
(PPCI) and prolonged ischemia time thus may lead to poor
prognosis. On the other hand, emergency process without
protection greatly increases the risk of virus spread, especially
serious infection in hospital (5, 6). Therefore, how to balance
prevention and treatment is a great ordeal for medical
institutions. Considering the pandemic may last for a long time,
as a core issue in health governance, it will profoundly affect the
public health system and chest pain practice. In previous studies,
decline of admitted STEMI was reported both in Europe, US etc,
and increased delays in PPCI were also observed in COVID-
19 epicenters (7–9). However, in non-epicenters, few studies on
detailed mechanical reperfusion characteristics were reported.

METHODS

Study Population
This multicenter retrospective study included 14 PPCI centers,
which were certified by the China Chest Pain Center (CCPC)
with standardized catheterization lab. In light of changes in
epidemic and adjustments in public health response, the COVID-
19 pandemic was defined as the period from January 23 (the

Abbreviations: COVID-19, coronavirus-2019 disease; STEMI, ST-segment-

elevation myocardial infarction; PPCI, primary percutaneous coronary

intervention; SBP, systolic blood pressure; DBP, diastolic blood pressure; Scr,

serum creatinine; EMS, emergency medical service; CCPC, China Chest Pain

Center; FMC, first medical contact; S-to-FMC, symptom onset to FMC; DAPT,

dual antiplalet therapy; D-to-W, door to wire; FMC-to-W, FMC to wire; TIT, total

ischemic time.

day on which Wuhan City entered into a state of full-scale
wartime through the lockdown, and then other regions including
Chongqing City also upgraded their public health response to
prevent the spread of the epidemic) to March 29 in 2020 (the
day on which Chongqing City downgraded local public health
response due to the absolute clearance of COVID-19 cases).
Also, similar patients at the same period last year were included
to reduce the biases of seasonal variation and festive events
on the incidence. The patients with confirmed or suspected
COVID-19 were excluded. Our study protocol complied with the
Declaration of Helsinki and was approved by Xinqiao Hospital
Ethics Committee, Army Medical University.

Treatment Procedure During the Pandemic
Although Chongqing City was a non-epicenter during the
pandemic, local public health response was still upgraded
on January 23 to minimize the spread of virus. Except for
the lockdown, social restrictive measures were implemented
to reduce external input and local transmission. For medical
institutions, all admitted patients were screened for SARS-
COV-2 according to Clinical Guideline of COVID-19 Diagnosis
and Treatment (7 th edition) (10). In brief, the patients with
confirmed or suspected COVID-19 would be transferred to the
designated hospitals as soon as possible; the patients without
exclusion of COVID-19 temporarily would be first transferred
to the special clinics for isolation and treatment, if further
tests were positive, they would be immediately transferred
to the designated hospitals; while non-COVID-19 patients
underwent conventional treatment procedures (11). Reperfusion
therapy was determined based on benefit/risk assessment and
consensus recommendation (12). Compared to the epicenters,
PPCI remained the preferred option for local reperfusion therapy
rather than thrombolysis-first. The flowchart of emergency
procedure was shown in Figure 1.

Definition and Data Collection
Acute myocardial infarction refers to the fourth universal
definition, when troponin value exceeds the 99 th percentile
upper reference limit and combines at least one of following
characteristics: (1) symptoms of myocardial ischemia; (2) new
changes in ischemic electrocardiogram or emerging pathological
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FIGURE 1 | Flowchart of emergency procedure.

Q waves; (3) imaging evidence of new loss of viable myocardium
or new regional wall motion abnormality (13). Global Registry
of Acute Coronary Events (GRACE) risk score is applied to
stratification and prediction of risk in patients with ACS and is
calculated based on the clinical data, electrocardiogram (ECG),
and laboratory parameters at admission (14).

Arrival patterns included walk-in, in-hospital onset,
emergency medical services (EMS) and inter-facility transports;
walk-in and in-hospital onset were defined as non-transferred
pattern, while EMS and inter-facility transports were regarded
as transferred pattern. PPCI parameters mainly included
the period from symptom onset to first medical contact
(S-to-FMC), the period from FMC to wire through culprit
(FMC-to-W), and the period from door to wire through culprit
(D-to-W) (15). Total ischemic time (TIT) was composed of
S-to-FMC and FMC-to-W. D-to-W ≥ 90min, FMC-to-W ≥

120min and TIT ≥ 12 h were deemed as pivotal timelines
for delayed mechanical reperfusion (16). Clinical data and
mechanical reperfusion characteristics were obtained from
medical records.

Statistical Analysis
Continuous variables are presented as mean ± SD for
symmetric distributions and median (interquartile range, IQR)
for skewed distributions. Categorical variables are expressed
as frequency (percentage). In comparisons between groups,
the t-test was performed for symmetric distributed variables,
and nonparametric Mann-Whitney U test was applied for
skewed distributed variables. Differences in categorical variables
were compared by the Chi-squared test or Fisher exact

test. Taking the dichotomous delay PPCI indicators as the
dependent variables, we conducted logistic regression analysis
to explore the association of COVID-19 pandemic with delayed
mechanical reperfusion, and sub-group analysis was utilized
to further assess this correlation. Two-tailed P-values < 0.05
were considered statistically significant. All statistical analyses
were performed using SPSS software version 24.0 (SPSS, Inc,
Chicago, Illinois).

RESULTS

Composition and Grouping
STEMI collaboration network from 14 PPCI centers
implemented a unified procedure in accordance with CCPC
specification in chest pain emergency (17). During the pandemic
from 23 th January 2020 to 29 th March 2020 in China, a total
of 145 consecutive patients admitted to chest pain emergency
were diagnosed with STEMI, and 100 patients (69.0%) met the
inclusion criteria after exclusion of non-mechanical reperfusion
cases among these cases. During the same period in 2019, a
total of 278 consecutive STEMI patients arrived in chest pain
emergency after symptom onset, and 220 cases (79.1%) were
included after screening (Figure 2).

Comparison of Study Population Before
and During the Pandemic
Overall, we identified 320 non-COVID-19 patients with STEMI
undergoing PPCI as the study population (Table 1). As compared
to 2019, the cases of STEMI (decreased by 47.8%) and PPCI
(decreased by 54.5%) had a significant reduction. In terms of
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FIGURE 2 | Flowchart of study population.

clinical characteristics, there were no differences in age, gender,
heart rate, Killip class, serum creatinine and GRACE scores
between the two groups (P > 0.05). Although arrival during non-
offices hours did not differ significantly between the two groups
(P > 0.05), more non-transferred patients with less inter-facility
transports (24.0 vs. 41.4%) and more walk-in (61.0 vs. 48.6%)
appeared during the pandemic (P< 0.05). In terms ofmechanical
reperfusion characteristics, significant prolongations occurred in
PPCI parameters (P < 0.001) including TIT (420 vs. 264min), S-
to-FMC (5 vs. 3 h), FMC-to-W (113 vs. 95min) and D-to-W (83
vs. 65min). Further analysis revealed that median time of TIT
increased by 156min during the pandemic; COVID-19 outbreak
delayed the median time of FMC-to-W for 18min. Consistently,
delayed reperfusion surged including TIT ≥ 12 h (22.0 vs.3.6%),
FMC-to-W ≥ 120min (34.0 vs. 6.8%) and D-to-W ≥ 90min
(19.0 vs. 4.1%) significantly (P < 0.001). Of note, the ratio of S-
to-FMC to TIT increased significantly during the pandemic (72.8
vs. 63.7%, P < 0.001).

PPCI Parameters Between Different
Groups During the Pandemic
No differences occurred in PPCI parameters between office
periods and non-office periods during the pandemic (P > 0.05)

(Table 2). Compared to the transferred patients, the periods of
FMC to ECG completed and FMC to DAPT were decreased by 2
and 3min, respectively, in non-transferred patients (P = 0.002);
whereas the periods of telephone to catheter activated (15 vs.
9min, P < 0.001) and catheter arrival to wire (47 vs. 44min, P <

0.042) significantly extended for non-transferred patients; non-
transferred pattern increased the proportion of patients with TIT
≥ 12 h (P = 0.045) (Table 3).

In Table 4, the patients with FMC-to-W ≥ 120min had
longer durations in FMC to ECG completed (6 vs. 5min, P
= 0.007), FMC to DAPT (24 vs. 21min, P = 0.001), catheter
arrival to wire (54 vs. 43min, P < 0.001) and D-to-W (91 vs.
78min, P < 0.001) than the patients with FMC-to-W < 120min;
while S-to-FMC and TIT showed no differences between the
two groups (P > 0.05).

Association of the Pandemic With the Risk
of Delayed PPCI
Logistic regression analysis was used to explore the association
between the pandemic and delayed PPCI. The binary delayed
PPCI indicators and COVID-19 pandemic status were
included as dependent and independent variables in the
model, respectively. The results indicated the pandemic was
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TABLE 1 | Characteristics of study population before and during COVID-19

pandemic.

From 23rd

January to 29th

March in 2019

From 23 rd

January to 29th

March in 2020

P-value

Characteristics (N = 220) (N = 100)

Male, n (%) 177 (80.5) 77 (77.0) 0.479

Age (years) 63 (54–73) 64 (55–75) 0.768

Heart rate (min) 78 (70–89) 75 (65–88) 0.082

SBP (mmHg) 122 (110–142) 125 (110–150) 0.790

DBP (mmHg) 77 (68–88) 78 (68–92) 0.667

Killip class

Killip class I, n (%) 138 (62.7) 62 (62.0)

Killip class II, n (%) 57 (25.9) 22 (22.0)

Killip class III, n (%) 9 (4.1) 2 (2.0)

Killip class IV, n (%) 15 (6.8) 15 (15.0)

Killip class ≥ II, n (%) 82 (37.3) 39 (39.0) 0.768

Scr (µmol/L) 74.0 (61.9–90.4) 71.3 (60.3–91.4) 0.624

GRACE scores in

hospital

143 (121–163) 139 (119–166) 0.804

Arrival During non-office

hours, n (%)

99 (45.0) 51 (51.0) 0.319

Pattern of patients arrival

Walk-in 107 (48.6) 61 (61.0)

In-hospital onset 2 (0.9) 1 (1.0)

EMS 20 (9.1) 14 (14.0)

Inter-facility transports 91 (41.4) 24 (24.0)

Non-transferred patients,

n (%)

109 (49.5) 62 (62.0) 0.038

S-to-FMC (hours) 3.0 (2.0–4.5) 5.0 (3.0–10.0) <0.001

FMC to ECG completed

(min)

3 (2–6) 5 (3–7) <0.001

Door to Troponin

completed (min)

12 (11–15) 13 (12–14) 0.475

FMC to DAPT (min) 19 (17–22) 22 (19–25) <0.001

Telephone to catheter

activated (min)

9 (6–12) 13 (9–17) <0.001

Catheter arrival to wire

(min)

36 (31–42) 45 (41–53) <0.001

D-to-W (min) 65 (57–76) 83 (75–89) <0.001

D-to-W ≥ 90min, n (%) 9 (4.1) 19 (19.0) <0.001

FMC-to-W (min) 95 (87–108) 113 (106–124) <0.001

FMC-to-W ≥120min, n

(%)

15 (6.8) 34 (34.0) <0.001

TIT (min) 264 (204–367) 420 (295–688) <0.001

TIT ≥ 12 h, n (%) 8 (3.6) 22 (22.0) <0.001

S-to-FMC/TIT ratio (%) 63.7 (50.4–74.5) 72.8 (62.6–83.8) <0.001

FMC-to-W/TIT ratio (%) 36.3 (25.5–49.6) 27.2 (16.2–37.4)

Data are expressed asmedian (interquartile range) or number (percentage) as appropriate.

significantly associated with high risk of delayed TIT (OR =

7.474, 95% CI 3.195–17.484, P < 0.001), delayed FMC-to-W (OR
= 7.040, 95% CI 3.610–13.729, P < 0.001) and delayed D-to-W
(OR = 5.499, 95% CI 2.390–12.655, P < 0.001). Sub-group
analysis stratified by clinical characteristics further examined this

TABLE 2 | Comparison of PPCI parameters between different arrival periods

during COVID-19 pandemic.

During office

hours

During

non-office

hours

P-value

Parameters (N = 49) (N = 51)

Killip class≥II, n (%) 18 (36.7) 21 (41.2) 0.649

GRACE scores in

hospital

137 (120–161) 147 (118–172) 0.546

Non-transferred patients,

n (%)

32 (65.3) 30 (58.8) 0.504

S-to-FMC (hours) 6.0 (3.0–11.0) 4.0 (3.0–9.0) 0.076

FMC to ECG completed

(min)

5 (3–7) 6 (4–7) 0.113

Door to Troponin

completed (min)

13 (11–14) 13 (12–15) 0.186

FMC to DAPT (min) 22 (19–25) 22 (19–27) 0.836

Telephone to catheter

activated (min)

14 (10–17) 13 (9–18) 0.751

Catheter arrival to wire

(min)

45 (41–53) 46 (42–54) 0.394

D-to-W (min) 82 (75–89) 83 (75–87) 0.753

D-to-W ≥ 90min, n (%) 10 (20.4) 9 (17.6) 0.725

FMC-to-W (min) 113 (106–121) 114 (107–127) 0.574

FMC-to-W ≥ 120min, n

(%)

14 (28.6) 20 (39.2) 0.261

TIT (min) 462 (315–750) 374 (289–639) 0.116

TIT ≥ 12 h, n (%) 14 (28.6) 8 (15.7) 0.120

S-to-FMC/TIT ratio (%) 77.3 (64.3–84.0) 67.3 (58.4–82.9) 0.073

FMC-to-W/TIT ratio (%) 22.7 (16.0–35.7) 32.7 (17.1–41.6)

Data are expressed asmedian (interquartile range) or number (percentage) as appropriate.

association (Table 5). Meanwhile, constituent ratios of TIT and
PPCI were shown in Figure 3.

DISCUSSION

In this study, we found that risk of delayed STEMI reperfusion
significantly increased due to cumulative impact of multiple
procedures in a non-epicenter region.

Evidence from Europe indicated that compared with the
same period in 2019, PPCI cases decreased by 19.3%, and
the median time of TIT and D-to-W were delayed by 9 and
2min, respectively (18). The data from North America showed
an estimated 38% reduction in U.S. cardiac catheterization
activation after the outbreak (19). Consistently, the analysis from
China’s epicenter (Hubei Province) also revealed a 62.3% decline
in STEMI cases during the pandemic, while the proportion
of non-transferred patients characterized by walk-in increased
significantly (8). In a non-epicenter, our results also revealed
that a significant reduction occurred in cases of admitted STEMI
and PPCI during the pandemic. Common reasons had been
formulated to explain the reduction in cases including fear
of infection, social distancing, and medical care avoidance.
However, the decline in cases could not be simply ascribed to
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TABLE 3 | Comparison of PPCI parameters between different transferred

methods during COVID-19 pandemic.

Non-

transferred

Patients

Transferred

Patients

P-value

Parameters (N = 62) (N = 38)

Killip class≥II, n (%) 21 (33.9) 18 (47.4) 0.179

GRACE scores in

hospital

134 (115–160) 143 (133–177) 0.053

Arrival during non-office

hours, n (%)

30 (48.4) 21 (55.3) 0.504

S-to-FMC (hours) 5.5 (3.0–11.0) 5.0 (3.0–9.0) 0.322

FMC to ECG completed

(min)

5 (3–6) 7 (4–10) 0.002

Door to Troponin

completed (min)

13 (11–14) 14 (12–15) 0.377

FMC to DAPT (min) 21 (18–24) 24 (20–30) 0.002

Telephone to catheter

activated (min)

15 (12–18) 9 (6–14) <0.001

Catheter arrival to wire

(min)

47 (42–54) 44 (36–50) 0.042

D–to-W (min) 83 (77–89) 83 (74–88) 0.511

D-to-W ≥ 90min, n (%) 12 (19.4) 7 (18.4) 0.908

FMC-to-W (min) 113 (106–122) 115 (107–126) 0.649

FMC-to-W ≥ 120min, n

(%)

17 (27.4) 17 (44.7) 0.076

TIT (min) 443 (294–774) 400 (303–641) 0.347

TIT ≥ 12 h, n (%) 18 (29.0) 4 (10.5) 0.045

S-to-FMC/TIT ratio (%) 76.0 (63.1–84.5) 68.1 (62.2–82.6) 0.248

FMC-to-W/TIT ratio (%) 24.0 (15.5–36.9) 31.9 (17.4–37.8)

Data are expressed asmedian (interquartile range) or number (percentage) as appropriate.

individual behaviors, and we should also pay attention to the
comprehensive impact of the pandemic on chest pain procedure.
STEMI rescue includes pre-hospital and in-hospital segments.
Both S-to-FMC and D-to-W were apparently prolonged, which
led to cumulative delays in reperfusion procedure.

Mechanical reperfusion for STEMI is a competition with time.
The 1-year mortality of STEMI increases by 15% with every
1 h extension in time to reperfusion (20). Quality control of
PPCI based on standardized procedure can help shorten TIT,
reduce infarction sizes and mortality (21). Although COVID-
19 has been shown to directly cause myocardial injury and
induce thrombosis, heart failure, arrhythmia and even cardiac
arrest; for non-COVID-19 patients, delayed PPCI affected by the
pandemic might be the determinant for the poor prognosis in
STEMI (22). In previous studies, Tam et al. (23) showed longer
median time in all components of PPCI parameters compared
with historical data from prior year in Hong Kong, yet limited by
very small sample size (7 cases) and non-contemporaneous data
comparison. Siudak et al. (24) reported that time from FMC to
inflation significantly increased compared with analogous time
period last year in Poland, but the impact of the virus infection
on delayed PPCI had not been ruled out. An observational
study from Canada revealed that significant delay appeared in

TABLE 4 | Comparison of parameters between timely PPCI and delayed PPCI

during COVID-19 pandemic.

FMC-to-W

<120 min

FMC-to-W ≥

120 min

P-value

Parameters (N = 66) (N = 34)

Killip class ≥ II, n (%) 26 (39.4) 13 (38.2) 0.910

GRACE scores in

hospital

137 (115–162) 142 (123–177) 0.142

Arrival during non-office

hours, n (%)

31 (47.0) 20 (58.8) 0.261

Non-transferred patients,

n (%)

45 (68.2) 17 (50.0) 0.076

S-to-FMC (hours) 6.0 (3.0–9.0) 4.0 (3.0–10.0) 0.818

FMC to ECG completed

(min)

5 (3–6) 6 (4–9) 0.007

Door to Troponin

completed (min)

13 (11–14) 14 (12–15) 0.181

FMC to DAPT (min) 21 (18–23) 24 (20–29) 0.001

Telephone to catheter

activated (min)

12 (9–16) 14 (11–20) 0.050

Catheter arrival to wire

(min)

43 (40–48) 54 (47–57) <0.001

D-to-W (min) 78 (69–83) 91 (85–106) <0.001

D-to-W ≥ 90min, n (%) 0 19 (55.9) <0.001

FMC-to-W (min) 108 (101–113) 128 (124–138) <0.001

TIT (min) 462 (289–654) 396 (320–724) 0.702

TIT ≥ 12 h, n (%) 12 (18.2) 10 (29.4) 0.199

S-to-FMC/TIT ratio (%) 77.1 (63.3–84.1) 66.3 (58.3–83.0) 0.137

FMC-to-W/TIT ratio (%) 22.9 (15.9–36.7) 33.7 (17.0–41.7)

Data are expressed asmedian (interquartile range) or number (percentage) as appropriate.

reperfusion procedure and predominantly ascribed to patient-
level and transfer-level during the pandemic (25). Of note, our
study found that delays in mechanical reperfusion should be
attributed to the cumulative effect of multiple processes. In
addition to pre-hospital level, in-hospital delays should also not
be ignored. In a non-hot spot region from America, Hammad
et al. found that although no difference occurred in total D-
to-B between pre-COVID-19 and post-COVID-19, a higher
proportion of patients in the post-COVID-19 period presented
with >12-h delay compared with the pre-COVID-19 period, and
those patients with >12-h delay also had a longer average D-
to-B time (26). Similarly, we also observed the adverse effect
of COVID-19 pandemic on reperfusion procedure in another
non-epicenter region. However, our results revealed the apparent
prolongations in S-to-FMC and FMC-to-W after the outbreak
through detailed parameter analysis. We speculated that this
might be associated with stricter social restrictions and upgraded
public health response after the first wave pandemic in China.
In epicenter region (Hubei Province) from China, although
differences of median time in S-to-FMC and FMC-to-W seemed
to be not significant, delays in timelines was still apparent due to
the highly fluctuated time and limited sample size (8). Compared
with our study, reperfusion strategy of this epicenter had been
adjusted to meet the needs of high-intensity epidemic control. A
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TABLE 5 | Logistic analyses for the association of COVID-19 pandemic with delayed PPCI.

Delayed PPCI

TIT ≥ 12 h FMC-to-W ≥ 120 min D-to-W ≥ 90 min

OR 95% CI P-value OR 95% CI P-value OR 95% CI P-value

Overall 7.474 (3.195–17.484) <0.001 7.040 (3.610–13.729) <0.001 5.499 (2.390–12.655) <0.001

Age

≥65 years 4.694 (1.733–12.717) 0.002 7.759 (3.090–19.479) <0.001 6.803 (2.039–22.694) 0.002

<65 years 25.929 (3.189–210.805) 0.002 6.216 (2.333–16.563) <0.001 4.353 (1.350–14.037) 0.014

Gender

Male 7.475 (2.798–19.973) <0.001 8.514 (3.849–18.832) <0.001 5.541 (2.258–13.598) <0.001

Female 7.235 (1.325–39.497) 0.022 4.053 (1.142–14.392) 0.030 6.300 (0.616–64.426) 0.121

Killip class

Killip class ≥ II 5.850 (1.675–20.435) 0.006 6.333 (2.183–18.370) 0.001 2.868 (0.725–11.343) 0.133

Killip class < II 9.073 (2.821–29.179) <0.001 7.525 (3.192–17.741) <0.001 7.923 (2.707–23.190) <0.001

GRACE score

GRACE > 140 5.294 (1.930–14.524) 0.001 8.053 (3.277–19.793) <0.001 6.568 (1.909–22.594) 0.003

GRACE ≤ 140 24.318 (3.022–195.704) 0.003 6.538 (2.367–18.062) <0.001 4.682 (1.512–14.494) 0.007

Office hours or not

Non–office hours 18.233 (2.211–150.318) 0.007 5.742 (2.425–13.598) <0.001 3.321 (1.111–9.932) 0.032

Office hours 6.514 (2.437–17.412) <0.001 9.280 (3.124–27.569) <0.001 10.085 (2.641–38.518) 0.001

Transferred or not

Transferred 6.412 (1.125–36.548) 0.036 9.175 (3.603–23.359) <0.001 8.129 (1.984–33.304) 0.004

Non-transferred 7.023 (2.612–18.882) <0.001 6.485 (2.399–17.530) <0.001 4.120 (1.461–11.617) 0.007

FIGURE 3 | Constituent ratios of TIT and PPCI.

large number of patients from epicenter received thrombolytic
therapy at the first time, given that thrombolysis could be
considered as the recommended reperfusion option during the
pandemic (12).

Compared to other regions, we discovered that delays in
mechanical reperfusion were still rather serious in non-COVID-
19 STEMI patients from a non-epicenter implying severe
condition might be not the only driving factor for admission.
Medical responses affected by the pandemic might be also
important for seeking assistance at symptom onset. Interestingly,
an observational study from Italy found that althoughmyocardial
infarction hospitalizations significantly decreased, FMC-balloon
time remained unchanged after the outbreak (27). The result
might be firstly attributed to the excellent reorganization for
local hospital activities. Secondly, compared with our study,
Italian patients were younger and had fewer cardiovascular
risk factors, and were more likely to seek medical assistance
timely due to striking symptoms and maintain high medical
compliance in rescue procedure. FITT-STEMI study from
Germany showed high-standard treatment and management for
STEMI, reperfusion parameters were almost unaffected during
the pandemic (16). This achievement was due to quick public
response, very high proportion of EMS transport, high-level
routine procedure and pre-existing care network. Based on
our findings, we noticed that the pandemic might magnify the
shortcomings of the pre-existing treatment pathway, thus still
caused a significant delay even in a non-epicenter region. This
also meant that only a high-level treatment pathway maintained
for a long time could effectively deal with medical burden caused
by the pandemic. In the present study, we further provided
new evidence for cumulative delays in reperfusion procedure;
S-to-FMC was the determinant for prolonged TIT, while slow
activation in hospital was pivotal to delayed PPCI. Furthermore,
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our findings showed the significant correlation between the
pandemic and high risk of delayed PPCI. In our opinion, longer
FMC-to-W might be interpreted by institutional delays due
to protective protocols for screening patients, preparing for
equipment and activating personnel in catheter lab. Meanwhile,
emergency care overload and staff fatigue should also be
taken into consideration certainly. Hence, we proposed the
insight as optimizing mechanical reperfusion by controlling
cumulative delays.

LIMITATIONS

Our study had several limitations. First, this study was subject
to the biases inherent to its retrospective design. Second, clinical
characteristics and PPCI parameters were evaluated by trained
investigators in each center, without central reconfirmation,
potentially resulting biases and errors. Third, our study had a
small sample size and no follow-up data for post-hoc analysis.

CONCLUSION

The COVID-19 pandemic significantly increased the risk of
delayed STEMI reperfusion in a non-epicenter region, probably
due to cumulative impact of multiple procedures prolongation.
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Background: Cardiovascular comorbidities such as hypertension and inflammatory

response dysregulation are associated with worse COVID-19 prognoses. Different

cytokines have been proposed to play vital pathophysiological roles in COVID-19

progression, but appropriate prognostic biomarkers remain lacking. We hypothesized

that the combination of immunological and clinical variables at admission could predict

the clinical progression of COVID-19 in hypertensive patients.

Methods: The levels of biomarkers, including C-reactive protein, lymphocytes,

monocytes, and a panel of 29 cytokines, were measured in blood samples from 167

hypertensive patients included in the BRACE-CORONA trial. The primary outcome was

the highest score during hospitalization on the modified WHO Ordinal Scale for Clinical

Improvement. The probability of progression to severe disease was estimated using

a logistic regression model that included clinical variables and biomarkers associated

significantly with the primary outcome.

Results: During hospitalization, 13 (7.8%) patients showed progression to more severe

forms of COVID-19, including three deaths. Obesity, diabetes, oxygen saturation, lung

involvement on computed tomography examination, the C-reactive protein level, levels

of 15 cytokines, and lymphopenia on admission were associated with progression to

severe COVID-19. Elevated levels of interleukin-10 and interleukin-12 (p70) combined
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with two or three of the abovementioned clinical comorbidities were associated strongly

with progression to severe COVID-19. The risk of progression to severe disease reached

97.5% in the presence of the five variables included in our model.

Conclusions: This study demonstrated that interleukin-10 and interleukin-12 (p70)

levels, in combination with clinical variables, at hospital admission are key biomarkers

associated with an increased risk of disease progression in hypertensive patients

with COVID-19.

Keywords: hypertension, cytokine, COVID-19, biomarker, inflammation, prognosis

INTRODUCTION

COVID-19 may evolve to severe viral pneumonia and acute
respiratory distress syndrome with a high mortality rate.
Importantly, patients with cardiac comorbidities have been found
in various studies to be at greater risk of severe disease (1–
6). In addition, patients with cardiovascular disease are more
prone to myocardial injury development after SARS-CoV-2
infection (7–9).

The pathophysiological mechanisms related to these
increased risks in patients with cardiac comorbidities are not
completely understood. Concern has been raised about the
use of angiotensin-converting enzyme inhibitors (ACEIs) and
angiotensin receptor blockers (ARBs) in hypertensive patients,
as preclinical studies have suggested that renin-angiotensin-
aldosterone system inhibitors increase the expression of
angiotensin-converting enzyme 2, the functional SARS-CoV-2
receptor (10–12). A recent randomized trial from our group (the
BRACE-CORONA trial), in which 659 hypertensive patients
were included, demonstrated that the discontinuation of ACEIs
and ARBs for 30 days does not impact the number of days over
a 30-day follow-up period that patients hospitalized with mild
to moderate COVID-19 remain alive and out of the hospital

(13, 14).
In addition to cardiac risk factors, several studies have

suggested the occurrence of a dysregulated inflammatory
response, characterized by the simultaneous release of pro- and
anti-inflammatory mediators, known as a cytokine storm and
established as a key factor in the physiopathology and clinical
progression of COVID-19 in a subset of patients (15, 16). An
exacerbated immune response is well-accepted to potentially
strongly impair cardiac function (17–20). Several cytokines
have been proposed to be potential biomarkers of COVID-19
severity (21–24); interferon gamma–induced protein 10 (IP-10),
interleukin (IL)-6, and IL-10 have been associated consistently
with greater severity of this disease (25–28).

Abbreviations:ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin

receptor blocker; AUC, area under the receiver operating characteristic curve; CI,

confidence interval; CRP, C-reactive protein; CT, computed tomography; G-CSF,

granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-

stimulating factor; ICU, intensive care unit; IFN, interferon; IL, interleukin; IP-10,

interferon gamma–induced protein 10; LOS, length of stay; MCP-1, monocyte

chemoattractant protein-1; MIP, macrophage inflammatory protein; OR, odds

ratio; TNF, tumor necrosis factor; WHO, World Health Organization.

The uncertainty and variability of the innate immune
response, associated with an unpredictable disease course ranging
from mild to fatal, highlights the need to identify prognostic
factors related to a greater risk of progression to severe disease,
particularly in more susceptible patients with comorbidities such
as hypertension. To our knowledge, however, no data have been
provided about biomarkers that could allow clinicians to identify,
in the first 48 h after hospital admission, hypertensive patients
at increased risk of disease progression, thereby helping them to
choose the best therapeutic option.

This study was conducted to test the hypothesis that the
immunological profiles of hypertensive patients upon admission
to hospital with COVID-19 provide additional information
about disease severity and progression. The analysis of cellular
components, such as lymphocytes and monocytes, and the
quantification of cytokine concentrations were performed to
identify potential biomarkers.

MATERIALS AND METHODS

Population and Design
Patients included in this study were from the BRACE-CORONA
trial (14), an academically led, investigator-initiated phase
IV multicenter open-label registry-based randomized trial
involving 659 patients on ACEIs/ARBs with confirmed
COVID-19 diagnoses at 29 centers in Brazil. The present
study was conducted with blood samples from 167
hospitalized hypertensive patients enrolled consecutively in
the trial at six centers in the state of São Paulo, Brazil. The
samples were collected within 24 h of COVID-19 diagnosis
confirmation between 21 May and 27 June 2020. The
trial protocol (13) was approved by the Brazilian Ministry
of Health National Commission for Research Ethics and
by institutional review boards or ethics committees at
participating sites. All patients provided informed consent
before enrollment.

Patients eligible for the BRACE-CORONA trial were aged
≥18 years and chronic ACEI/ARB users. Patients with clinical
indications for ACEI/ARB treatment termination, such as
hypotension, acute kidney injury, and/or shock, were excluded.
Patients on mechanical ventilation and those with hemodynamic
instability, acute renal failure, or shock also were excluded (14).
The inclusion and exclusion criteria are provided in full in the
Supplementary Data.
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Outcomes
The primary outcome was defined as the highest score during
hospitalization on the modified WHO Ordinal Scale for Clinical
Improvement [range, 0 (no evidence of infection) to 8 (death)].
COVID-19 was classified as non-severe (mild to moderate, scores
of 3–5), ranging from the lack of need for oxygen therapy to
conditions requiring noninvasive ventilation, and severe (scores
of 6–8), including disease necessitating the use of mechanical
ventilation, inotropic support, and/or renal replacement therapy,
and that causing death (Supplementary Table 1) (29). Secondary
outcomes were the lengths of stay (LOSs) in the hospital and
intensive care unit (ICU), acute myocardial infarction, new or
worsening heart failure, hypertensive crisis, transient ischemic
attack, stroke, myocarditis, pericarditis, arrhythmias requiring
treatment, and thromboembolic events.

Biomarker Quantification
Blood samples were collected in tubes containing
ethylenediaminetetraacetic acid as an anticoagulant and
centrifuged immediately for plasma separation. Plasma samples

were then frozen and stored at −20◦C until analysis. Levels of
epidermal growth factor, eotaxin, granulocyte colony-stimulating
factor (G-CSF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), interferon (IFN)-α2, IFN-γ, IL-1α, IL-1β,
IL-1ra, IL-2–8, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15,
IL-17A, IP-10, monocyte chemoattractant protein-1 (MCP-1),
macrophage inflammatory protein (MIP)-1α, MIP-1β, tumor
necrosis factor (TNF)-α, TNF-β, and vascular endothelial
growth factor in undiluted samples were measured using the
MILLIPLEX MAP human cytokine/chemokine magnetic bead
panel (HCYTMAG-60K-PX29; Merck Millipore, Billerica, MA,
USA) according to the manufacturer’s instructions. The assay
plates were read immediately and analyzed in a MAGPIX R©

system (Merck Millipore). All samples and standards were
measured in duplicate. Lymphocyte andmonocyte quantification
was performed in an automized Horiba ABX Micros 60 system
(Horiba Medical, Montpellier, France) using photometry.
C-reactive protein (CRP) was measured by latex-enhanced
immunoturbidimetric assay. Cytokines not detected in >50% of
the patient samples were excluded from further analyses.

TABLE 1 | Baseline patient characteristics by primary outcome*.

Clinical Conditions Total Score 3–5

(n = 154/167)

Score 6–8

(n= 13/167)

Fisher’s exact test P-value

n n (%) n (%)

Sex

Male 110 99 (90.0) 11 (10.0) 0.22

Female 57 55 (96.5) 2 (3.5)

Age

<60 years old 114 105 (92.1) 9 (7.9) 1.00

60 and older 53 49 (92.5) 4 (7.5)

Signs of pulmonary involvement

O2 sat > 93% and CT ≤ 50%† 131 126 (96.2) 5 (3.8) 0.001

O2 sat ≤ 93% or CT > 50% 36 28 (77.8) 8 (22.2)

Obesity

No (BMI < 30 kg/m²) † 79 78 (98.7) 1 (1.3) 0.003

Yes (BMI ≥ 30 kg/m²) 88 76 (86.4) 12 (13.6)

Diabetes

No 126 123 (97.6) 3 (2.4) < 0.001

Yes 41 31 (75.6) 10 (24.4)

Asthma/COPD

No 164 151 (92.1) 13 (7.9) 1.00

Yes 3 3 (100.0) 0 (0.0)

Dyslipidemia

No 138 128 (92.8) 10 (7.2) 0.70

Yes 29 26 (89.7) 3 (10.3)

Coronary disease

No 163 151 (92.6) 12 (7.4) 0.28

Yes 4 3 (75.0) 1 (25.0)

*Highest modified World Health Organization WHO Ordinal Scale for Clinical Improvement.
†Extent of lung involvement on CT examination.

BMI, body mass index; O2 sat, oxygen saturation; COPD, chronic obstructive pulmonary disease; CT, computed tomography.
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Statistical Analysis
Continuous variables were described as medians, means, and
standard deviations; categorical variables were characterized by
proportions. For the primary outcome, 95% confidence intervals
(CIs) were calculated. Fisher’s exact test was used to detect
statistical associations between the outcome and categorical
clinical variables. For continuous variables, receiver operating
characteristic (ROC) curves were used to discriminate between
severe and non-severe cases, and those associated statistically
with the primary outcome were dichotomized using cutoff points
of 90% sensitivity. P ≤ 0.05 was used to define significance and
for automatic forward stepwise selection of clinical variables for
inclusion in a binary logistic regression model. The significance
levels for entry and removal of variables selected by the automatic
regression model were defined at 5 and 10%, respectively. The
beta coefficients and odd ratios were calculated for all variables
in each step of the model to quantify the association with the
outcome. The goodness of fit for the final model was evaluated
by the Hosmer–Lemeshow test and by ROC curve. Predicted
probabilities for the primary outcome were estimated using
variables showing significant associations in the final model. All
analysis were performed using SPSS software (version 24.0; IBM
Corporation, Armonk, NY, USA).

RESULTS

Of the 167 hypertensive patients, 13.8% were using ACEIs
and 86.2% were using ARBs. The mean patient age was 54.1
± 12.3 years; 57 (34.1%) patients were female, 88 (52.7%)
were obese, 41 (24.6%) had diabetes, and 29 (17.4%) had
dyslipidemia. Coronary artery disease and chronic pulmonary

disease were present in 2.4% of the cases each, and 2.4% of the
patients were smokers. Data on all comorbidities are provided in
Supplementary Figure 1.

Cough (62.3%), fever (57.5%), myalgia (46.7%), shortness of
breath (44.9%), and fatigue (44.9%) were the most common
symptoms at presentation (Supplementary Figure 2). The mean
interval from symptom onset to hospital presentation was 5± 3.1
days, and 20.4% of patients had≤93% baseline oxygen saturation.
All patients included in this study had non-severe COVID-
19 (WHO scores of 3–5) on admission. On chest computed
tomography (CT) examinations, 59.9% of patients showed≤25%
lung involvement, 35.3% showed 26–50% involvement, and
4.8% showed >50% lung involvement. Thirty-six (21.6%) cases
presented criteria for significant pulmonary involvement (oxygen
saturation ≤ 93% and/or >50% lung involvement on CT) at
admission (Supplementary Table 2).

Primary Outcome
Worst WHO clinical improvement scores during hospitalization
were 3 (mild disease) in 81 (48.5%; 95% CI, 41.0–56.1%) cases,
4 or 5 (moderate disease) in 73 (43.7%; 95% CI, 36.3–51.3%)
cases, and 6–8 (severe disease) in 13 (7.8%; 95% CI, 4.4–12.6)
cases (Supplementary Table 3). Progression to severe disease
was associated with obesity (p= 0.003), diabetes (p < 0.001), and
oxygen saturation (p = 0.001) and lung involvement (p = 0.001)
on admission, but not with age or sex (Table 1).

Secondary Outcomes
The mean hospital LOS was 9.1 ± 6.9 days. In total, 119 patients
were admitted to the ICU; the mean ICU LOS was 7.6 ± 6.8
days (Supplementary Table 4). According to the report on the

FIGURE 1 | Main complications occurring during hospitalization (%).
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TABLE 2 | Biomarker levels according to WHO Ordinal Scale for Clinical Improvement.

All Non-severe (score 3–5) Severe (score 6–8)

Median Mean SD Median Mean SD Median Mean SD

Lymphocytes* 1.40 1.51 0.74 1.44 1.53 0.65 0.73 1.30 1.45

Monocytes* 0.23 0.36 0.38 0.23 0.35 0.32 0.10 0.53 0.82

CRP† 2.23 4.53 5.28 2.08 4.05 4.95 10.70 10.20 6.01

MIP-1β 21.8 22.5 11.1 22.0 22.9 11.0 13.8 17.6 10.5

VEGF 57.2 80.5 83.9 55.0 81.1 86.8 67.4 72.8 34.6

TNF-β 0.9 27.1 102.1 0.8 28.9 106.1 2.6 6.4 11.1

TNF-α 15.8 16.0 7.4 15.6 15.8 7.4 18.5 18.1 6.6

MIP-1α 5.1 7.3 11.0 5.1 7.3 11.4 7.6 7.4 5.1

MCP-1 466 584 428 435 573 435 792 721 316

IP-10 2,357 2,765 2,482 1,842 2,509 2,155 5,434 5,798 3,904

IL-17A 0.4 2.7 5.9 0.2 2.6 6.0 2.0 4.3 5.2

IL-15 5.1 6.1 4.8 5.1 5.9 4.8 9.2 9.2 3.9

IL-13 1.7 13.1 43.0 1.3 13.8 44.6 1.7 4.7 11.4

IL-12 (p70) 0.8 1.4 2.1 0.6 1.4 2.0 1.6 2.5 2.3

IL-12 (p40) 1.3 4.2 6.6 1.2 4.1 6.6 4.3 6.3 6.2

IL-10 15.5 26.3 29.4 13.4 23.2 25.2 43.8 62.0 49.2

IL-8 8.9 14.2 18.5 8.6 13.8 18.5 13.9 18.8 19.2

IL-7 7.7 10.0 12.7 7.0 10.1 13.2 9.1 9.1 5.0

IL-6 5.5 28.4 76.8 5.1 28.1 78.8 12.6 32.1 49.3

IL-5 1.5 6.4 19.1 1.4 6.6 19.8 2.0 4.3 6.8

IL-4 0.0 239 916 0.0 254 951 10 62 185

IL-3 0.0 0.06 0.11 0.0 0.05 0.11 0.13 0.12 0.08

IL-2 0.48 1.11 2.01 0.29 1.06 2.03 1.15 1.72 1.71

IL-1ra 52 112 196 48 91 138 231 358 464

IL-1β 0.58 1.25 2.08 0.58 1.26 2.15 0.83 1.12 0.93

IL-1α 25.4 59.6 137.8 23.6 59.9 143.1 48.7 55.9 39.0

IFN-γ 5.5 12.6 22.5 5.4 12.5 23.2 11.9 13.4 11.2

IFN-α2 28.2 40.8 54.2 26.4 37.8 54.1 74.1 75.7 43.2

GM-CSF 2.68 4.01 5.00 1.92 3.84 5.09 5.37 5.97 3.37

G-CSF 57.8 65.7 55.4 53.4 61.3 52.7 118.6 118.3 61.2

eotaxin 177 195 96 177 196 99 182 186 51

EGF 208 247 205 204 251 211 214 197 111

CRP, C-reactive protein; EGF, epidermal growth factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL,

interleukin; IP-10, interferon gamma-induced protein 10; MCP-1, monocyte chemoattractant protein 1; MIP, macrophage inflammatory protein; SD, standard deviation; TNF, tumor

necrosis factor; VEGF, vascular endothelial growth factor; WHO, World Health Organization.

*109 cells/L, †mg/L; all other biomarker units are pg/mL.

BRACE-CORONA trial (13), the mean numbers of days alive
and out of hospital did not differ among patients hospitalized
with mild to moderate COVID-19 according to ACEI/ARB
discontinuation or continuation.

At least one complication occurred during hospitalization in
29 (17.4%) patients. The number of complications per patient
ranged from one to nine. The most common complication was
acute renal injury [n = 13 (7.8%); Figure 1]. The criteria used
for the identification of these complications have been provided
in the BRACE-CORONA trial (13). The most commonly
administered treatments were antibiotics (98.2%), anticoagulants
(68.3%), and corticosteroids (59.9%; Supplementary Figure 3).

Biomarkers
Blood samples were collected a mean of 2.8 days after
hospitalization. Levels of IL-10, IP-10, G-CSF, IFN- α2, IL-1ra, IL-
15, IL-1α, IL-12 (p70), IL-2, IL-17A, GM-CSF, IL-8, IL-6, MCP-1,
and CRP were higher in patients with severe than in those with
non-severe disease. In contrast, levels of lymphocytes and MIP-
1β were lower in patients with severe than in those with non-
severe disease (Table 2). IL-3 and IL-4 were not detected in>50%
of patients and were excluded from further analyses.

Fifteen cytokines were found to be useful for the prediction
of progression to severe COVID-19 [areas under the ROC
curve (AUCs), 0.667–0.836]. Increased levels of 14 cytokines
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TABLE 3 | Distinction of severe (modified WHO score 6–8) and non-severe

(modified WHO score 3–5) cases by areas under ROC curves.

Biomarkers Area under curve P-value Cut-off for

90% sensitivity

IL-10 0.836 <0.001 26.0

CRP
†

0.825 <0.001 2.70

IP-10 0.812 <0.001 2400

G-CSF 0.788 0.001 54.0

IFN-α2 0.775 0.001 19.4

IL-1ra 0.759 0.002 29.5

IL-15 0.750 0.003 5.1

Lymphocytes*§ 0.742 0.004 2.11

IL-1α 0.731 0.006 26.1

IL-12 (p70) 0.730 0.006 0.91

IL-2 0.715 0.010 0.35

IL-17A 0.711 0.012 0.21

GMCSF 0.710 0.012 2.69

MIP-1β§ 0.686 0.026 32.6

IL-8 0.682 0.030 6.2

IL-6 0.678 0.033 2.6

MCP-1 0.667 0.045 406

IL-12 (p40) 0.664 0.051 #

TNF-β 0.644 0.085 #

TNF-α 0.607 0.202 #

IFN-γ 0.607 0.200 #

IL-1β 0.601 0.225 #

MIP-1α 0.584 0.313 #

IL-5 0.581 0.330 #

IL-7 0.576 0.366 #

VEGF 0.564 0.441 #

IL-13 0.539 0.637 #

Eotaxin 0.503 0.971 #

EGF 0.473 0.743 #

Monocytes* 0.378 0.143 #

CRP, C-reactive protein; EGF, epidermal growth factor; G-CSF, granulocyte colony-

stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN,

interferon; IL, interleukin; IP-10, interferon gamma-induced protein 10; MCP-1, monocyte

chemoattractant protein 1; MIP, macrophage inflammatory protein; ROC, receiver

operating characteristic; SD, standard deviation; TNF, tumor necrosis factor; VEGF,

vascular endothelial growth factor; WHO, World Health Organization.

*109 cells/L, †mg/L; all other biomarker units are pg/mL; § In contrast to other biomarkers,

reduced values are predictors of disease progression; Bold values indicate significance at

p < 0.05.
#Not calculated due to lack of statistical association at established value.

and decreased levels of MIP-1β were associated with COVID-
19 severity. AUCs for IL-10, IP-10, G-CSF, IFN- α2, IL-1ra, and
IL-15 were ≥0.75 (Table 3). Increased CRP levels and reduced
lymphocyte counts were also associated with disease severity
(AUCs, 0.825 and 0.742, respectively; Supplementary Figure 4).

Predictive Model
The initial model for the prediction of the risk of progression
of COVID-19 included diabetes, obesity, hypoxemia, lung
involvement on CT, the CRP level, the lymphocyte count, and
levels of 15 cytokines. Five variables were selected automatically

TABLE 4 | Forward stepwise logistic regression results for COVID-19 severity.

Variables in the equation β P-value Odds ratio

Step 1 IL-10 > 26 3.47 0.001 32.0

Step 2 Diabetes 2.82 < 0,001 16.8

IL-10 > 26 3.68 0.001 39.6

Step 3 IL-12 (p70) > 0.91 3.30 0.009 27.1

Diabetes 3.54 0.000 34.3

IL-10 > 26 3.89 0.002 49.1

Step 4 Obesity 2.86 0.046 17.5

IL-12 (p70) > 0.91 3.33 0.024 28.0

Diabetes 3.89 0.001 49.0

IL-10 > 26 4.35 0.002 77.2

Step 5 (final model)* Lung involvement† 2.16 0.045 8.7

Obesity 3.81 0.032 45.2

IL-12p70 > 0.91 3.89 0.026 49.0

Diabetes 3.58 0.004 35.9

IL-10 > 26 4.36 0.005 78.3

IL, interleukin.

*Constant = −14.15 and Hosmer–Lemeshow test p = 1.000.
†Significant lung involvement on admission (oxygen saturation ≤ 93% or >50% lung

involvement on computed tomography examination).

Biomarker values are presented in pg/mL.

in a forward stepwise manner: the IL-10 level (>26.0 pg/mL),
diabetes, the IL-12 (p70) level (>0.91 pg/mL), obesity, and
significant lung involvement on admission (oxygen saturation
≤ 93% or >50% lung involvement on CT). The IL-10 level was
associated strongly with disease severity [odds ratio (OR) = 32].
The ORs for the other four variables also showed associations
with progression to severe disease (Table 4), and the predictive
value of the model increased strongly with the addition of these
variables (OR = 78.3). The ROC curve for the predictive model
showed a very high discriminatory power between the two groups
with an AUC of 0.981 (Supplementary Figure 5).

In the presence of two or three clinical comorbidities, the
predictive capability of these biomarkers increased markedly
(Figure 2). In patients with diabetes and obesity, for example,
the likelihood of disease progression increased from 0.1% with
low IL-10 and IL-12 (p70) levels to >80% with levels of these
cytokines exceeding the 90% sensitivity thresholds. Similarly, the
risk of progression to severe disease in the presence of three
clinical comorbidities was 1.0% with IL-10 and IL-12 (p70)
levels below the thresholds and 97.5% with levels exceeding the
thresholds (Table 5).

DISCUSSION

In this study, we analyzed immune response patterns, including
levels of 29 cytokines, CRP, monocytes, and lymphocytes, in a
large sample (n = 167) of hospitalized hypertensive patients
from the BRACE-CORONA trial (13). In univariate analysis,
progression to severe COVID-19 was associated with clinical
factors (diabetes, obesity, and lung involvement on admission)
and levels of biomarkers, including 15 cytokines, CRP, and
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lymphocytes. We propose a logistic regression model that
includes clinical variables (diabetes, obesity, and significant
lung involvement) and critical biomarkers [IL-10 and IL-
12 (p70)]. This combined use of clinical risk factors and
biomarkers for the prediction of COVID-19 severity at admission
is novel.

Clinical comorbidities, particularly diabetes, hypertension,
and other cardiovascular diseases, have been associated with
COVID-19 severity, as they are more prevalent in non-survivors
and patients requiring ICU care (1, 30–32). However, the
mechanisms involved in the increased risk of COVID-19 in
these patients are not understood completely. Infections are

FIGURE 2 | Schematic illustration of the main findings: model for the

prediction of the risk of progression of COVID-19 including three clinical

variables and two biomarkers: IL-10 and IL-12 (p70).

more prevalent and have more complicated courses in patients
with diabetes, possibly due to disturbances in humoral and
cellular immunity and exaggerated pro-inflammatory cytokine
responses (33, 34). In addition, obesity has been associated
with ICU admission and mortality in patients with COVID-19,
which may be related to the presence of angiotensin-converting
enzyme 2 receptors in adipose tissue, elevated pro-inflammatory
cytokine levels, increased susceptibility to infection by various
pathogens (35), and pro-coagulant profiles (36). Moreover, the
extent of CT lung involvement has been correlated with COVID-
19 severity, and severity scores for chest CT findings have been
proposed to enable the differentiation of clinical forms and
prediction of clinical outcomes (37, 38). The lack of association
between age and the outcome in the present study may be
related to the relative young mean age of our sample, due to
the exclusion of patients with severe disease in the first 24 h
after admission.

In this study, admission levels of 17 biomarkers (increased
levels of CRP and 14 cytokines and reduced levels of MIP-1β and
lymphocytes) were associated significantly with progression to
severe disease. Our biomarker findings are similar to previously
reported associations of the levels of several cytokines (e.g.,
IL-1ra, IL-2, IL-6, IL-8, IL-10, and IP-10) with COVID-19
severity and mortality (25, 27, 39–41). The association of the
IL-10 level with COVID-19 progression to severity has been
reported in a considerable number of publications (40–42). IL-
10 is an immunoregulatory cytokine with the main functions
of limiting inflammatory responses and regulating immune cell
differentiation and proliferation (43). Information about the role
of IL-12 (p70) in COVID-19 is more limited. Consistent with
our findings, higher levels of IL-12 (p70) have been associated
with severe COVID-19 (44, 45). IL-12 is a heterodimeric
cytokine composed of p35 and p40 subunits that enhances
connections between the innate and adaptive immune responses;
its expression is induced via a pathogen-associated molecular
response when a virus enters a cell (46).

Although the ability of clinical and laboratory variables to
independently predict COVID-19 severity has been assessed

TABLE 5 | Probability of COVID-19 progression according to the final logistic model.

IL-10 ≤ 26 and

IL12p70 ≤ 0.91

IL10 ≤ 26 and

IL12p70 > 0.91

IL10 > 26 and

IL12p70 ≤ 0.91

IL10 > 26 and

IL12p70 > 0.91

No clinical risk factors† <0.1% <0.1% <0.1% 0.3%

Only diabetes <0.1% 0.1% 0.2% 8.9%

Only obesity <0.1% 0.2% 0.3% 10.9%

Only significant lung involvement‡ <0.1% <0.1% <0.1% 2.3%

Diabetes + obesity 0.1% 5.3% 8.3% 81.5%

Diabetes + significant lung involvement < 0.1% 1.1% 1.7% 45.9%

Obesity + significant lung involvement < 0.1% 1.3% 2.1% 51.6%

Diabetes + obesity + significant lung involvement 1.0% 32.8% 43.9% 97.5%

IL, interleukin.

Biomarker values are presented in pg/mL.
†Clinical risk factors in the model are diabetes, obesity, and significant lung involvement on admission.
‡Oxygen saturation ≤ 93% or >50% lung involvement on computed tomography examination.
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extensively and predictive models have been proposed, no
definitive prognostic biomarker or effective predictive model
for the identification, at the time of hospital admission, of
patients who will require ICU care, mechanical ventilation,
or inotropic support has emerged (47, 48). According to the
model we propose, the probability of progression to severe
disease in hypertensive patients with obesity and diabetes
is 0.1% in the absence of increased IL-10 and IL-12 (p70)
levels, but 81.5% with levels of these two cytokines exceeding
the 90% sensitivity thresholds. Similarly, in the presence of
the three clinical comorbidities (obesity, diabetes, and oxygen
saturation ≤93% or >50% lung involvement on CT), the
probability of progression is 1% with lower IL-10 and IL-
12 (p70) levels, but 97.5% with elevated levels of these
biomarkers. A practical approach to model application for the
estimation of the risk of progression to severe COVID-19
would be to measure IL-10 and IL-12 (p70) levels on admission
in hypertensive patients with two or three of the relevant
clinical comorbidities.

Limitations
This study has some limitations. Blood samples were collected a
mean of 2.8 days after hospitalization (usually within 24 h after
confirmation of SARS-CoV-2 infection); with a median 6-day
interval between symptom onset and hospital admission, and
our population included only hypertensive patients who were
taking ACEi or ARBs, which might limit the generalizability of
our results. Nevertheless, we believe that the widespread use of
these drugs in the hypertensive population associated with the
multicentric nature of the study might help to ensure a good
external validity. Besides, we were not able to validate our model
with a different patient sample. Additional studies are needed
to validate the results obtained here in more heterogeneous
populations of hypertensive patients and also to evaluate
the applicability of the proposed model in non-hypertensive
COVID-19 populations.

CONCLUSION

The measurement of IL-10 and IL-12 (p70) levels on admission
may be useful for the identification of hypertensive patients
at greater risk of COVID-19 progression, particularly in
the presence of classical clinical comorbidities (obesity,
diabetes, and extensive lung involvement). We propose a
new biomarker-based approach to improve the prediction
of COVID-19 progression in hypertensive patients,
which may help physicians identify patients at high
risk who would benefit from more intensive surveillance
and treatment.
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Case Report: Co-occurrence of
Myocarditis and Thrombotic
Microangiopathy Limited to the Heart
in a COVID-19 Patient
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We report on an impressive case of a previously healthy 47-year-old female Caucasian

SARS-CoV-2 positive patient who died within 48 h after initial cardiac symptoms.

Autopsy revealed necrotizing myocarditis and extensive microthrombosis as the cause

of death. The interesting feature of this case is the combination of both myocarditis

and extensive localized microthrombosis of cardiac capillaries. Microthrombosis was not

present in other organs, and the patient did not show typical features of diffuse alveolar

damage in the lungs. Taken together, our morphologic findings illustrate the angiocentric,

microangiopathic, thromboinflammatory disease with significant thrombotic diathesis

prevalent in COVID-19, which has been previously described in the literature, likely

warranting thromboprophylaxis even in oligosymptomatic circumstances. This case also

delineates several potential etiologies for microthrombosis, i.e., inflammatory reactions

and primary hypercoagulative states. Further systematic analyses on risk stratification

for receipt of prophylactic anticoagulation in COVID-19 are urgently required.

Keywords: COVID-19, heart, myocarditis acute and fulminant, thrombus, thromboinflammation

INTRODUCTION

Based on early empiric evidence and autopsy observations (1–3), anticoagulation has emerged
as an important topic in treatment of COVID-19 (4). It is now well-established that thromboses
significantly contribute to disease burden in COVID-19 and thus warrant immediate attention by
treating physicians regardless of disease severity (5, 6). Myocarditis is also rare but nevertheless an
acknowledged comorbidity in COVID-19 (7). Few cases have been examined by histopathology so
far, and they showed divergent features ranging from subtle inflammatory infiltrates not fulfilling
diagnostic criteria for borderline myocarditis to overt necrotizing inflammation (8–10).

Here, we present a case of a previously healthy patient positive for SARS-CoV-2 who died of
cardiac complications consisting of necrotizing myocarditis and extensive microthrombosis within
48 h after initial cardiac symptoms.

CASE

A 47-year-old female suffered from oligosymptomatic flu-like disease for a week before she was
found unconscious and apneic at home. Advanced cardiac life support was promptly administered
by paramedics. Upon hospital admission, electrocardiography (ECG) showed ST-segment
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FIGURE 1 | Cardiopathological findings. (A) Morphology of the heart showing multifocal inflammatory infiltrates consisting of neutrophilic granulocytes, lymphocytes

and histiocytes, capillarostasis, and perifocal single-cell necroses of cardiomyocytes (arrow) (H&E, ×400). (B,C) Immunohistochemical staining for fibrin demonstrating

cross section and longitudinal section of capillaries with prominent microthrombi occluding the lumens (immunohistochemistry for fibrin, ×400).

depression in all the leads and elevations in augmented vector
right (aVR). Subsequently performed coronary angiography
revealed no relevant coronary stenosis. Echocardiography
detected moderately reduced left ventricular function (left
ventricular ejection fraction (LVEF) 30%) and normal right
ventricular size and function. There was no evidence of
left ventricular hypertrophy or dilatation. Computerized
tomography excluded pulmonary thromboembolism but showed
bilateral lower-lobe consolidations. High-sensitivity troponin T
(hsTropT) was elevated (272 ng/l at admission; peak of 507 ng/l
10 h after admission), as were brain natriuretic peptide (>70,000
ng/l) and C-reactive protein (282 mg/l). The leucocyte count
was within normal range. A nasopharyngeal swab was positive
for SARS-CoV-2. Apart from mild thrombocytopenia (140 G/L)
and mildly prolonged activated partial thromboplastin time
(aPTT) (39 s) at the time of admission, all other coagulation
parameters were within normal ranges. Despite exhaustive
invasive intensive care interventions including continuous

adrenalin/noradrenaline infusion, prophylactic antibiotic
therapy (piperacillin/tazobactam), and two further attempts
of cardiac resuscitation, the patient died of cardio-respiratory
failure within 48 h of admission. Her detailed clinical course is
shown in the timeline section. Previous clinical history included
episodes of depression, which had been treated with venlafaxine,
and a cholecystectomy.

An autopsy was performed. No relevant comorbidities apart
from obesity [body mass index (BMI) 31.6] were noticed.
Major findings included moderate bilateral suppurative
pneumonia with COVID-19-characteristic capillary stasis,
yet without diffuse alveolar damage. Most notably, the
heart presented as normotrophic and irregularly perfused
with mild diffuse necrotizing myocarditis (Figure 1A)
accompanied by extensive thrombotic microangiopathy of
cardiac capillaries (Figures 1B,C; microthrombi in cardiac
capillaries immunohistochemically stained for fibrin),
which was determined as the cause of death. RT-qPCR of
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heart tissue was positive for SARS-CoV-2-N-gene (Ct 35.7).
Immunohistochemistry for adenovirus was negative.

TIMELINE

Date Event

1 week before

admission to

hospital

Flu-like symptoms with symptomatic treatment (SARS-CoV-2

test negative)

Day 1 Advanced cardiac life support due to asystole (after at least

10min without basic life support measurements) with return

of spontaneous circulation after 10 min

Referral to the emergency department of a tertiary care

center (SARS-CoV-2 test positive)

Diagnostics: moderate left ventricular ejection dysfunction

(LVEF 30%), lower pulmonary lobe opacities, no evidence of

coronary artery disease or thrombosis, nor pulmonary

embolisms or pneumothorax, normal electrolyte values

Day 2 Admission to intensive care unit requiring mechanical

ventilation and with multiorgan failure

One episode of ventricular fibrillation treated with defibrillation

Extracorporeal membrane oxygenation not performed, as the

time period between first reanimation attempts was

prolonged, inducing severe hypoxic encephalopathy with

extensively elevated neuron-specific enolase in the absence

of hemolysis

Day 3 Death after renewed unsuccessful reanimation for 20 min

DISCUSSION

The interesting feature of this COVID-19 case study is the
combination of both myocarditis and extensive microthrombosis
of cardiac capillaries.

Our group, amongst others, has previously presented
comprehensive autopsy cohorts of patients succumbing to
COVID-19 describing microthrombosis predominantly in the
lungs and further organs (2, 11, 12). Microthrombi in
the pulmonary capillary bed and subsequently increased
intravascular pressure in the pulmonary circulation have been
attributed to heart failure in several studies. A recent report
focusing on heart pathology described microthrombi in 12/15
COVID-19 cases (13); thrombi were also found in some
control cases with influenza infection, metastatic carcinoma, or
advanced severe bacterial pneumonia. In line with this case, we
have previously investigated cardiopathological characteristics of
patients succumbing to COVID-19 associated respiratory failure,
similarly demonstrating a high incidence of capillary dilatation,
stasis, and microthrombosis, especially in cases with detectable
SARS-CoV-2 cardiac viral load (14).

It is well-acknowledged that COVID-19 predisposes to
a procoagulatory state. The underlying pathophysiology for
thromboinflammation is likely multifaceted, involving direct
endothelial damage by SARS-CoV-2, secondary inflammatory
endothelial damage, an overexpression of procoagulatory genes
(e.g., SERPINE genes) in target organs, and generation of

neutrophilic extracellular traps, and immunological, particularly
antiphospholipid-mediated processes [rev. in (15)].

Myocarditis, in particular borderline myocarditis, in COVID-
19 patients has been described (7). In a systematic review of 41
studies compiling 316 cases of COVID-19 autopsies, Roshdy et
al. identified five cases (i.e., 1.5%) with inflammatory infiltrates
fulfilling the Dallas criteria of myocarditis (8). In ≈10% of cases,
mild focal inflammatory infiltrates in the myocardial interstitium
had been noticed. In one study on endomyocardial biopsies taken
for elucidating the cause of acute heart failure or in suspicion
of myocarditis (16), isolated cases showed both presence
of SARS-CoV-2 genomes and inflammatory infiltrates also
affecting small vessels, while thrombi had not been described in
this series.

In our case, the patient exclusively presented with localized
cardiac microthrombi; other organs were not affected (also
confirmed by immunohistochemistry). Microthrombi were
partially associated with inflammatory infiltrates and single-
cell cardiomyocyte necrosis, which we interpret as a sequela
of the thrombotic microangiopathy. Acute heart failure, which
is the non-disputable cause of death, can be attributed to
both features—myocarditis andmicrothrombi—and our findings
strongly support that both morphological features can be
collectively interpreted as a rare but severe COVID-19-related
thromboinflammatory cardiac complication. There was no
evidence of a preexisting heart condition based on imaging
and autopsy findings as well as the clinical history of the
patient. Admittedly, it has to be considered that her intake of
antidepressant (venlafaxine) might have contributed to cardiac
pathology, yet the features described in single case reports
and a review article of individuals treated with venlafaxine
and cardiac problems were not evident in this case (17–19).
Furthermore, there was no evidence of serotonin syndrome,
mydriasis, or seizures.

Taken together, our morphologic findings and the preexisting
literature illustrate that COVID-19 is an angiocentric,
particularly microangiopathic, thromboinflammatory disease
with significant thrombotic diathesis, in all likelihood
warranting thromboprophylaxis even in oligosymptomatic
circumstances. This case also delineates several potential
etiologies for microthrombi: inflammatory reaction and primary
hypercoagulative state. Further systematic analyses on risk
stratification for receipt of prophylactic anticoagulation in
COVID-19 are urgently required.

PATIENT PERSPECTIVE

Heart failure is a severe complication of COVID-19. As
illustrated in this case, it can also arise in previously healthy
patients and might develop independently of pulmonary
findings. Myocarditis and microthrombosis of the cardiac
capillaries are potentially treatable etiologies of heart failure
in such instances, yet their diagnosis may be difficult without
histological examination. Thorough investigation of both
coagulation parameters and the myocardium might be
therefore required in patients with unexplained or rapidly
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deteriorating heart failure in the setting of COVID-19. It
remains to be determined if prophylactic anticoagulation even in
oligosymptomatic COVID-19 patients is feasible.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein binds to

angiotensin-converting enzyme 2 (ACE2) receptor on vascular cells. As a consequence,

patients with COVID-19 have an increased incidence of thromboembolic complications

of the SARS-CoV-2 infection and subsequent endothelial cell damage with consequence

of development of systemic vasculitis and diffuse intravascular coagulation. The present

case describes a COVID-19 female patient with ischemic dilated cardiomyopathy, who

presented with congestive heart failure and echocardiographic evidence of biventricular

apical thrombi. The peak antegrade longitudinal velocity (Va) of each thrombotic mass

was measured by pulsed wave tissue Doppler imaging (PW-TDI). Both left ventricular

and right ventricular apical thrombi were found with a TDI-derived mass peak Va < 10

cm/s. There was no clinical evidence of neither systemic nor pulmonary embolization,

probably due to the hypomobility of both left and right ventricular masses.

Keywords: COVID-19, biventricular thrombosis, pulsed wave tissue Doppler imaging, ACE2, dilated

cardiomyopathy

INTRODUCTION

Left ventricular (LV) thrombosis can complicate both ischemic and non-ischemic
cardiomyopathies and can lead to arterial embolic complications such as stroke (1, 2). However, the
occurrence of biventricular thrombi is very rare and only few cases have been previously described
in literature (3–9). Here, we report the case of an 80-year-old woman infected by Coronavirus
2019 (COVID-19), presenting with congestive heart failure (CHF) due to ischemic dilated
cardiomyopathy (DCM), who was diagnosed with biventricular apical thrombi by transthoracic
echocardiography (TTE).
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CLINICAL COURSE

An 80-year-old woman, BSA 1.62 m2, body mass index (BMI)
22.6 Kg/m2 with history of coronary artery disease presented
to the Emergency Department (ED) with worsening dyspnea,
non-productive cough, fatigue, and bilateral leg swelling. She had
prior anterior myocardial infarction treated with percutaneous
transluminal coronary angioplasty of the proximal left anterior
descending coronary artery in 2019 and subsequent unfavorable
evolution in DCM with severe systolic dysfunction (estimated
left ventricular ejection fraction of 20%) and chronic renal
failure (estimated glomerular filtration rate of 30 ml/min/1.73
m2). She was in home-therapy with acetyl salicylic acid 75
mg/die, furosemide 50 mg/die, spironolactone 25 mg/die, and
rosuvastatin 5 mg/die.

Parameters recorded at the admission were the following:
body temperature 36.5◦C, heart rate 82 beats per minute, blood
pressure 150/90mmHg, respiratory rate 28 times per minute, and
oxygen saturation 90% on ambient air.

Blood tests showed a white blood cell count of 8,720/mmc
(88.0% neutrophils and 8.0% lymphocytes), hemoglobin 16.5
g/dl, C-reactive protein at the level of 11.1 mg/dl (reference
range 0.05–0.50 mg/dl), estimated glomerular filtration rate
25 ml/min/1.73 m2, B-type natriuretic peptide level >20,000
pg/ml, D-dimer at the level of 17,108 ng/ml (reference range 1–
500 ng/ml), and troponin I at the level of 0.08 ng/ml (reference
range 0.00–0.04 ng/ml).

The electrocardiogram showed sinus rhythm, poor R wave
progression in precordials, suggestive of old large anterior
myocardial infarction and QRS voltage <5mm in all limb leads.

Chest x-ray showed cardiomegaly, bilateral interstitial
infiltrates and bilateral pleural effusions (Figure 1). A positive
rapid antigen test for Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV2) was confirmed by themolecular test
at hospital admission. Therefore, the patient was transferred from
the ED to the semi-intensive care unit for COVID-19 patients.

A bedside TTE revealed the presence of large and roundish
masses in the apex of both ventricles associated with severe
biventricular dilatation (LV end-diastolic short axis diameter of
65mm, right ventricular inflow tract of 45mm) and dysfunction.

Left ventricular ejection fraction (LVEF) estimated by modified
Simpson’s method was 15%, with dyskinesia/aneurism of the
apex, and interventricular septum and marked hypokinesis
of the other segments of the left ventricle. Right ventricular
(RV) systolic function, measured by the tricuspid annular
plane systolic excursion (TAPSE), was also severely impaired
(TAPSE= 9 mm).

Both masses were acoustically distinct from underlying
myocardium, with hypoechoic central space and hyperechoic
border, well-circumscribed and sessile, attached to the apex of the
left ventricle and of the right ventricle. The LV mass measured
23mm× 21mm, while the RV mass measured 18mm× 15mm.
Both the masses were hypomobile and prominent in the apical
4-chamber view. Bilateral ventricular thrombi were diagnosed.

To precisely assess the mobility of the intracardiac thrombi,
we employed pulsed-wave tissue Doppler imaging (PW-TDI)
placing the sample volume at the level of the body of each mass.

The peak antegrade longitudinal velocity (Va) of both LV and RV
apical thrombi was measured.

Figure 2 illustrates the LV apical thrombus (Figure 2A) and
the corresponding TDI-derived peak mass Va (Figure 2B), while
Figure 3 depicts the RV apical thrombus (Figure 3A) and the
relative TDI-derived peak mass Va (Figure 3B). Moderate mitral
and tricuspid regurgitation, dilatation of the inferior vena cava
and moderate pulmonary hypertension (the estimated systolic
pulmonary artery pressure was 60 mmHg) were also detected.

The above-mentioned echocardiographic examination was
compared with a previous TTE performed in October 2020
that showed severe biventricular dilatation and dysfunction (LV
ejection fraction of 20%, TAPSE of 13mm), with no evidence of
ventricular thrombi.

The diagnosis of CHF due to ischemic DCM complicated
with biventricular thrombi in a COVID-19 patient was
made. Thrombosis at other sites was excluded; no deep vein
thrombosis of the abdomen and lower extremities was found
by ultrasonography.

Conventional treatment for CHF with loop diuretics
(intravenous furosemide 120 mg/die and canrenone 100 mg/die)
and beta-blockers (bisoprolol 2.5 mg/die) was started. Moreover,
the patient received antibiotic treatment (intravenous piperacillin
and tazobactam three times daily) and oxygen therapy via nasal
cannula (2 l/min). Low molecular weight heparin (enoxaparin
sodium) was administered for the treatment of biventricular
thrombosis (4,000 IU twice daily by subcutaneous injection).

During the hospitalization, the patient underwent diagnostic
thrombophilia testing. Results showed that serum levels of
protein C, protein S, antithrombin III, factor V Leiden, and
antiphospholipid antibody were normal.

A subsequent TTE, performed after 10 days of anticoagulant
treatment, showed the complete dissolution of both left and right
ventricular thrombi (Figure 4). There was no clinical evidence of
neither systemic nor pulmonary embolization, probably due to
the hypomobility of both left, and right ventricular masses.

However, severe biventricular dysfunction persisted, and
refractory CHF occurred, despite intensive diuretic therapy.
The patient underwent serial chest x-ray which showed
progressive increase of pulmonary congestion and interstitial
infiltrates. Computed tomography scan was not performed due
to the critical condition of the patient and the absence of
clinical signs of pulmonary/systemic embolization. Finally, the
patient’s clinical conditions worsened, and she died 15 days
after hospitalization.

DISCUSSION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) spike protein binds to angiotensin-converting enzyme 2
(ACE2) receptor on vascular cells (10, 11). On endothelial
cells from arterial and venous vessels there is ACE2 expression
and there is evidence that endothelial cells are prone to
SARS-CoV-2 infection which causes subsequent endothelial
cell damage with development of systemic vasculitis and
disseminated intravascular coagulation (DIC) (10). Since the
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FIGURE 1 | Posteroanterior chest x-ray view revealing cardiomegaly, bilateral interstitial infiltrates and bilateral pleural effusions.

beginning of the COVID-19 pandemic, severe hypercoagulability
and serious thrombotic complications have been reported in
infected patients, especially in those patients who are admitted to
intensive care unit (12–16). The most common thromboembolic
complications detected in COVID-19 patients were deep
vein thrombosis, acute pulmonary embolism, coronary and
cerebral thrombosis, systemic arterial embolism, and placental
thrombosis (17–21).

The occurrence of biventricular thrombi is a rare, but
serious condition which may increase the risk of both
systemic and pulmonary embolization. Previous cases of
biventricular thrombosis have been described in patients with
severe ventricular dysfunction, autoimmune disease, HIV
infection, nephrotic syndrome, hypereosinophilic syndrome,
heparin-induced thrombocytopenia, and antiphospholipid
syndrome (3–9).

To date, there are only three case reports in literature who
described biventricular thrombi in a COVID-19 patient (22–24).

One patient, a 63-year-old woman, with a known medical
history of emphysema and active smoker, 2-week history of
worsening dyspnea, nonproductive cough, and chills, she was
positive for SARS-CoV-2 as detected by PCR (22). After,
few hours from admission she had a cardiac arrest with
successful cardiorespiratory resuscitation. The patient had 93%
oxygen saturation, elevated troponin I, creatinine kinase, and
lactate, with normal platelet count, coagulation parameters,
and fibrinogen (22). Cardiac tomography revealed a right
ventricular thrombus, measuring 4mm by 10mm, a left
ventricular thrombus 12-mm in thickness extending over a 6-cm
perimeter (22). The patient died of cardiogenic and pulmonary
septic shock.

Another patient, a 58-year-old man, had obesity (BMI
of 31 kg/m2 on admission) and hypertension, he presented
with intermittent fever and worsening shortness of breath
on exertion he was positive for PCR SARS-CoV-2 (23). The
patient initial clinical examination was normal except for an
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FIGURE 2 | Apical 4-chamber echocardiographic view showing a large and roundish LV apical thrombus with hypoechoic central space and hyperechoic border (A,

red arrow). The LV thrombotic mass measured 23mm × 21mm. The TDI-derived LV mass peak Va was 5 cm/s, as depicted in panel (B). LA, left atrium; LV, left

ventricular/left ventricle; TDI, tissue Doppler imaging; RA, right atrium; RV, right ventricle; Va, antegrade velocity.

FIGURE 3 | Right ventricular focused 4-chamber echocardiographic view demonstrating RV (A, yellow arrow) and LV (A, red arrow) apical thrombi: both masses were

found with hypoechoic central space and hyperechoic border. The RV thrombotic mass measured 18mm × 15mm. The TDI-derived RV mass peak Va was 7 cm/s,

as depicted in panel (B). LV, left ventricular/left ventricle; TDI, tissue Doppler imaging; RV, right ventricular/right ventricle; Va, antegrade velocity.

outstanding oxygen requirement. The patient had high C-
reactive protein (CRP) D-dimer was significantly elevated, with
normal prothrombin time and activated partial thromboplastin
time, no pulmonary thromboembolism appeared on CT
pulmonary angiography (23). On day 4 the D-dimer levels were
noted to have risen, and on day 9 they were steadily rising. On day
9, CT pulmonary angiography revealed simultaneous bilateral
pulmonary thromboembolism, biventricular cardiac thrombi
(23). The patient with multiple thromboses had appropriate
prophylactic and therapeutic LMWH is this case (23). The patient
was successfully discharged on day 19.

A 58-year-old African-American male, with a history of
hypertension and diabetes mellitus, was brought to emergency
room (24). He had 60% oxygen saturation the clinical laboratory
test showed a hypercoagulable state (Fibrinogen was low and high
D-dimer levels, PT 36 s, INR 3.6, and aPTT of 100 s) normal
troponin I, CK, CK-MB at normal levels (24). He was taking care
of parents, confirmed positive with COVID-19. In this patient
transthoracic echocardiography has seen left ventricle extensive
mural thrombus and highly mobile thrombus the in right atrium
with extensive biventricular thrombi (24). The patient died of
ventricular fibrillation within 24 h.
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FIGURE 4 | Apical 4-chamber echocardiographic view showing disappearance of both RV and LV thrombotic masses after 10 days of anticoagulant treatment.

LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

Obesity is one of the complications of the COVID-19 patients
(25). The BMI of the African-American male, with a history
of hypertension and diabetes mellitus, and 63-year-old woman
active smoker and emphysema was not mentioned in these case
reports (22, 24). In all the case reports of biventricular thrombi
and COVID-19 the patients were∼60 years.

In this case report, a 80 years COVID-19 patient with
CHF due to ischemic DCM was diagnosed with LV and RV
apical thrombi. Our patient had severely depressed systolic
biventricular function, suggesting a high risk of ventricular
thrombi. However, she was never diagnosed with ventricular
thrombi prior to admission and was tested negative for
thrombophilia screening during hospitalization. As far as we
know, this is the first case of biventricular thrombi described in a
COVID-19 patient with ischemic dilated cardiomyopathy.

As proposed by Mehta et al. (26), the combination of a
progressive dysregulated coagulative response to SARS-CoV-2

with consequent activation of a state of hypercoagulability
and the blood stasis due to severe biventricular dilatation and
contractile dysfunction might have contributed to the formation
of LV and RV apical thrombi.

In the present case, the D-dimer level of the patient was
17,108 ng/ml, well-above reference values, and the patient was
treated with low-molecular-weight heparin, while the surgical
thrombectomy was not considered due to the patient’s advanced
age and the severe CHF. The 63 years woman patient coagulation
parameters were normal, but the authors mention the D-dimer
(22). In the two male cases D-dimers were highly elevated (23,
24).

In the present case, contrast echocardiography, which is
particularly advantageous for detection of small or mural
thrombi (27), was not performed to confirm the diagnosis
of LV and RV apical thrombi, because both thrombotic
masses were large in size and protuberant in shape. On the
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other hand, PW-TDI was useful to precisely assessing the
mobility of the intracardiac thrombi. Therefore, the diagnosis
of biventricular thrombosis was performed and confirmed by
TTE, whereas PW-TDI provided a rapid characterization of
mass-mobility. Differently from previous case reports which
described biventricular thrombi detected by TTE in different
clinical settings (3–9), our case is the only one that employed a
TTE implemented with PW-TDI assessment of the thrombotic
mass mobility in a COVID-19 patient.

Our previous prospective analysis performed on 72 patients
with echocardiographically detected LV thrombi revealed that a
TDI-derived mass peak Va ≥ 10 cm/s, was the most important
and independent predictor of outcome at mid-term follow-up
(28). Therefore, we demonstrated that the TDI-derivedmass peak
Va might represent a new objective marker of thrombotic mass
motility and that a mass peak Va ≥ 10 cm/s might stratify the
hospitalized patients with increased probability of embolic events
in a mid-term follow-up, regardless of the mass dimension.

In this present case, both LV and RV apical thrombi were
found with a mass peak Va < 10 cm/sec, as assessed by PW-
TDI, and the clinical course was not clinically complicated by
systemic nor pulmonary embolization. However, the patient’s
clinical conditions quickly worsened due to SARS-CoV-2
severe pneumonia.

CONCLUSION

This is a rare case of ischemic dilated cardiomyopathy
complicated with biventricular apical thrombi early detected
by TTE in a patient that was infected by COVID-19. The
present case demonstrates the clinical usefulness of TTE
implemented with PW-TDI for detecting ventricular thrombi
and for measuring the thrombotic mass mobility. Although

a biventricular thrombosis is a rare COVID-19 complication,
performing appropriate diagnostic tests could decrease COVID-
19 mortality in patients with dilated cardiomyopathy.
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A close and intriguing relationship has been suggested between heart failure (HF) and

coronavirus disease 2019 (COVID-19). First, COVID-19 pandemic represented a global

public health emergency in the last year and had a catastrophic impact on health systems

worldwide. Several studies showed a reduction in HF hospitalizations, ranging from 30

to 66% in different countries and leading to a subsequent increase in HF mortality.

Second, pre-existing HF is a risk factor for a more severe clinical course of COVID-19

and an independent predictor of in-hospital mortality. Third, patients hospitalized for

COVID-19 may develop both an acute decompensation of chronic HF and de-novo

HF as a consequence of myocardial injury and cardiovascular (CV) complications.

Myocardial injury occurred in at least 10% of unselected COVID-19 cases and up to

41% in critically ill patients or in those with concomitant CV comorbidities. Few cases

of COVID-19-related acute myocarditis, presenting with severe reduction in the left

ventricular (LV) ejection fraction and peculiar histopathological findings, were described.

However, recent data suggested that COVID-19 may be associated with both systolic

and diastolic LV dysfunction, with LV diastolic impairment, pulmonary hypertension, and

right ventricular dysfunction representing themost frequent findings in echocardiographic

studies. An overview of available data and the potential mechanisms behind myocardial

injury, possibly leading to HF, will be presented in this review. Beyond the acute phase,

HF as a possible long-term consequence of cardiac involvement in COVID-19 patients

has been supposed and need to be investigated yet.

Keywords: COVID-19, SARS-CoV-2 infection, heart failure, myocardial injury, epidemiology, myocarditis,

pathophysiology

INTRODUCTION

Coronavirus disease 2019 (COVID-19) rapidly spread around the world becoming a global public
health emergency. It is caused by a novel enveloped, positively stranded RNA beta coronavirus
named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). So far, more than one
hundred million of confirmed COVID-19 cases can be counted worldwide, with a total of more
than three million deaths, as of June 1, 2021, according to the World Health Organization (2).
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Although COVID-19 was initially considered a respiratory
disease, it has rapidly become clear that a multiorgan
involvement was common. In particular, the heart often
represents a target organ and patients may develop heart failure
(HF) (3–6).

Of note, the link between COVID-19 andHF ismore complex.
First, COVID-19 pandemic has an impact on HF management
and a reduction of hospitalizations due to HF has been shown
during the pandemic period, possibly leading to an increase inHF
mortality. Second, history of HF is a risk factor for a more severe
clinical course of COVID-19. Third, HF can be a consequence of
COVID-19-related myocardial damage.

The aim of this review is to describe the epidemiology of
HF during the pandemic, the role of cardiac injury and HF in
COVID-19, and its pathogenetic mechanisms.

HEART FAILURE EPIDEMIOLOGY DURING
COVID-19

COVID-19 pandemic upsets the epidemiology and the
management of acute HF. Urgent cardiovascular (CV) hospital
admission showed a general decline during the pandemic
period, with also a delay in urgent care and an increased risk
of complications (7, 8). Similarly, several studies reported
a reduction in HF hospitalizations ranging from 30 to 66%
(Table 1) (9–13). An analysis from a tertiary Heart Failure Unit
in London showed that the number of HF hospitalizations had
a significant decline by 66% during the COVID-19 pandemic,
compared both with a pre-COVID period in the same year
and the corresponding time periods from 2017 to 2019 (9).
Patients hospitalized for HF during the pandemic were sicker,
with higher rates of NYHA class III or IV symptoms and
severe peripheral oedema, which are known predictors of poor
outcomes in acute HF. The authors speculated that patients
with less severe acute HF might have avoided presenting to
hospital during the pandemic, due to the fear of acquiring
infection (9). Further studies aimed to compare not only the
rates of HF hospitalizations but also in-hospital outcomes.
Despite similar demographic characteristics, patients admitted
with HF in two referral centers in South London in 2020
experienced worse outcomes compared with those admitted
in the previous year (12). Hospitalization for HF in 2020 was
independently associated with increased mortality risk (12).
Similarly, in Germany, there was a decrease by 30% in urgent
HF hospitalizations during the pandemic (p < 0.01) with a
concomitant higher in-hospital mortality compared with both
same-year and previous-year control groups (13).

COVID-19 AND CARDIOVASCULAR
COMORBIDITIES

The clinical presentation and the course of COVID-19 is
extremely variable, ranging from an asymptomatic or pauci-
symptomatic illness, presenting with mild symptoms (e.g.,
fever, dry cough, and fatigue), to a severe disease [e.g., severe
pneumonia and acute respiratory distress syndrome (ARDS)]

with possibly fatal outcome (14–18). The earliest reports from
China and Italy showed a high prevalence of comorbidities and
their association with the severity of COVID-19 and increased
mortality (19–21). In a report of 72,314 cases, the overall case-
fatality rate of COVID-19 was 2.3%, with higher rates in patients
with pre-existing comorbidities [10.5, 7.3, 6.3, and 6.0% in
patients with cardiovascular disease (CVD), diabetes, chronic
respiratory disease, and hypertension, respectively] (22). A more
recent meta-analysis suggested that CVD and cardiovascular risk
factors (hypertension and diabetes) were closely related to fatal
outcomes in COVID-19 patients, across and independently from
all ages (23).

IMPACT OF PRE-EXISTING HEART
FAILURE ON COVID-19 CLINICAL COURSE

Further studies showed that the prevalence of HF as a comorbid
condition ranged from 3.3 to 21% among SARS-CoV-2-infected
patients (Table 2) (19–21, 24–28). In a multicenter retrospective
study from New York City area, including nearly 3,000
patients with laboratory-confirmed SARS-CoV-2 infection, the
prevalence of HF was 10.1% (25). HF patients were more prone
to develop myocardial injury, defined as increased troponin
levels. HF history was also found to be associated with an
increased risk of hospitalization and a severe clinical course
in COVID-19 patients. In a prospective cohort study, among
5,279 people with laboratory confirmed SARS-CoV-2 infection,
more than a half were admitted to hospital, of whom 1,904
(69.5%) were discharged alive (19). Besides age, HF was one
of the strongest predictor for in-hospital admission [odds ratio
(OR), 4.43; 95% confidence interval (CI), 2.59–8.04; p < 0.001]
and critical illness (OR, 1.9; 95% CI, 1.4–2.5; p < 0.001) (19).
A retrospective analysis conducted in Spain showed that HF
was associated with higher risk of mechanical ventilation and
mortality among patients hospitalized for COVID-19, regardless
of left ventricle ejection fraction (LVEF) (28). Similar results
were found in an Italian multicenter study, with HF resulting as
an independent predictor of mortality and a risk factor for in-
hospital complications, namely, acute HF, acute renal failure, and
multiorgan failure (27).

THE PATHOPHYSIOLOGY OF COVID-19
MYOCYTE INJURY

Indirect Mechanisms
The pathogenesis of myocardial injury in COVID-19 is still not
completely clear and likely involves multiple pathways. Overall,
myocardial damage can be summarized distinguishing two
different mechanisms of injury: the first, “indirect” or “aspecific,”
common with other severe infections, and the second, “direct” or
“specific,” related to the peculiar effects mediated by SARS-CoV-
2 (3). The mechanisms of myocardial damage are highlighted in
Figure 1.

First, COVID-19 has general deleterious effects on the
cardiovascular system, which were already described in other
infections (i.e., influenza and community-acquired pneumoniae).
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TABLE 1 | Reduction in hospitalizations due to HF during COVID-19 pandemic period, compared with same period in the previous year or a different period in the same

year (before COVID-19).

Study (year) Number of

patients

Country Study and control periods Reduction in HF

hospitalizations

Bromage et al. (9) 104 England and Wales 2 March−19 April 2020 vs. control period in 2020

(pre-COVID) and the same periods in 2017–2019

−66%, p < 0.01

Cox et al. (10) – Vanderbilt University

Medical Center, Nashville,

Tennessee

22 March−20 April 2020 vs. same period in 2019 −62 ± 7%, p < 0.01

Hall et al. (11) – USA Mean weekly hospitalization from January 2020 to

11 April. The significant and progressive decline

described in 2020 was not observed in 2019,

excluding potential confounding based on

seasonal trends.

−50% (after the first

case of COVID-19)

Cannatà et al. (12) 1,372 South London 7 January−14 June 2020 vs. same period in 2019 −40%, p < 0.001

Konig et al. (13) 13,484 Germany 13 March−21 May 2020 vs. control periods in 2020

(1 January−12 March) and 2019 (13

March−21 May)

−30%, p < 0.01

COVID-19, Coronavirus Disease 2019; HF, heart failure.

Fever and sympathetic activation cause tachycardia with a
consequent increase in myocardial oxygen consumption (29–
31). Moreover, prolonged bed rest and systemic inflammation
favor coagulation disorders. Both venous and unusual arterial
thromboembolic events were observed in COVID-19 patients
(32, 33). Hypoxemia, another hallmark of COVID-19, is
associated with enhanced oxidative stress with reactive oxygen
species production and subsequent intracellular acidosis,
mitochondrial damage, and cell death (29, 34).

A second series of indirect mechanisms are those related with
the peculiar abnormal inflammatory response that COVID-19
may elicit: the presence of a proinflammatory surge, the so-called
cytokine storm, may happen in a week after the infection and
is thought to be central in the pathogenesis of the acute lung
injury/ARDS spectrum, as it is reported in severely ill patients
(35, 36). Indeed, during the acute phase of the infection, an
imbalanced response of types 1 and 2 T helper cells may lead to
a hyperinflammatory response (35, 36), resulting in an excessive
release of cytokines: in particular, higher levels of interleukin-1β
(IL-1β), interleukin-6, interferon-γ, tumor necrosis factor (TNF),
macrophage inflammatory protein, and vascular endothelial
growth factor (VEGF) have been described in patients affected
by severe COVID-19 (16–18), and are independently associated
with a severe course of the infection and eventually death
(16, 37). In addition, the hyperinflammation syndrome seems
to be pivotal in the development of cardiac injury, since a
positive correlation has been described between the increase in
inflammatory markers and myocardial damage in COVID-19
(38–41). Consistently, previous in-vitro studies have shown that
the release of proinflammatory cytokines such as TNF and IL-
1β, in other septic conditions, were responsible for myocardial
cells depression (42–44), through modulation of calcium channel
activity and nitric oxide production (43, 44).

Cytokine storm may be as well the cause of acute HF: the
inflammatory activation and oxidative stress are similarly present
in HF and may predispose, combined with COVID-19, to a more

severe clinical course (45–47). Finally, the marked inflammatory
response takes place also in the endothelium, as demonstrated
by post-mortem histological findings showing lymphocytic
endotheliitis with apoptotic bodies and viral inclusion structures
inmultiple organs (48, 49). Endotheliitis can lead to disseminated
intravascular coagulation with small or large vessels thrombosis
and infarction and significant new vessel growth through a
mechanism of intussusceptive angiogenesis (49, 50).

Consequently, anti-inflammatory therapies and
thromboprophylaxis have been the mainly studied drugs
for COVID-19 (51–54). Dexamethasone was found to be
associated with lower 28-day mortality in the controlled,
open-label Randomized Evaluation of COVID-19 Therapy
(RECOVERY) trial (51). Beneficial effects were limited to those
patients receiving ventilatory support (either invasive or non-
invasive), while neutral effects were reported among patients not
requiring oxygen therapy. The efficacy of steroids was confirmed
in further retrospective series and in one meta-analysis of seven
randomized trials, including 1,703 patients (53).

Finally, drugs that have been used as COVID-19 therapy
may cause themselves myocardial injury. At the beginning
of the pandemic, many drugs were proposed in an expedited
manner (55). Hydroxychloroquine was initially proposed
as an effective drug for the therapy of COVID-19. It is
known that hydroxychloroquine has cardiovascular toxicity,
as it may cause arrhythmias and heart failure (56). A
recent meta-analysis, including a total of 5,652 COVID-19
patients, showed that treatment with hydroxychloroquine
or chloroquine was associated with risk of drug-induced
QT prolongation and higher incidence of torsades de
pointes, ventricular tachycardia, or cardiac arrest (57),
while no efficacy was found in the treatment of hospitalized
patients with COVID-19 for hydroxychloroquine in the
RECOVERY trial (58). Similarly, azithromycin was initially
recommended in patients with COVID-19, but it may
increase the risk of adverse CV events (high risk of QTc
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TABLE 2 | Prevalence, incidence, and mortality of pre-existing and acute HF in COVID-19.

Study (year) Number of

patients

Number of

patients

with history

of HF

Prevalence of HF

history (%)

Main outcome of patients

with history of HF

Incidence of

acute HF during

COVID-19 (%)

Outcome in acute HF

patients

Inciardi et al. (21) 99 21 21 Higher mortality in HF vs.

non-HF patients (57 vs.

18%, p = 0.009)

– –

Shi et al. (24) 671 22 3.3 History of HF was more

prevalent in dead patients

vs. survivors (21 vs. 1.5%, p

< 0.001)

– Acute HF was the cause of

death in 19.4% of cases.

Petrilli et al. (19) 5,279 367 7 Adjusted HR for death 1.77

(95% CI, 1.43–2.2, p <

0.001)

– –

Lala et al. (25) 2,736 276 10.1 HR for death 1.03 (95% CI,

0.77–1.37, p = 0.867)

– –

Richardson et al.

(20)

5,700 371 6.9 – – –

Rey et al. (26) 3,080 152 4.9 Higher mortality in HF vs.

non-HF patients (48.7 vs.

19%, p < 0.001)

2.5 Acute HF patients had

higher mortality (46.8 vs.

19.7%, p < 0.001

Tomasoni et al. (27) 692 90 13 Adjusted HR for death 2.25

(95% CI, 1.26–4.02, p =

0.006)

9.1 Acute HF patients had

higher mortality (40.0 vs.

21.8%, p = 0.004)

Zhou et al. (17) 191 – – – 23 Acute HF was more

prevalent in dead patients

vs. survivors (52 vs. 12%, p

< 0.0001)

Alvarez-Garcia et al.

(28)

6,439 422 6.6 Adjusted OR for death 1.88

(1.27–2.78, p = 0.002)

0.6 (de-novo HF) De-novo HF patients had

increased risk of ICU (HR,

2.2; 95% CI, 1.2–3.8) and

intubation (HR, 2.2; 95% CI,

1.2–4.3), but not mortality

(HR, 1.1, 95% CI, 0.6–2.0)

CI, confidence interval; COVID-1, Coronavirus Disease 2019; HF, heart failure; HR, hazard ratio; OR, odds ratio.

prolongation, especially when administered concomitantly
with hydroxychloroquine (59). Several antiviral drugs are
known to cause mitochondrial dysfunction and cardiotoxicity
(60, 61).

Direct Mechanisms: the Role of ACE 2
Angiotensin-converting enzyme (ACE)2 is the key to understand
the consequences of SARS-CoV-2 infection on the CV system.
ACE2 is a membrane protein, that is highly expressed in different
organs, including heart, lungs, gut, and kidneys. It mediates
SARS-CoV-2 entry into the host cells (62). Thus, ACE2 may
facilitate organ damage by direct virus entry, with different
clinical implications, according to the target organ. The virus,
once inside the cell, uses host’s ribonucleic acid (RNA)-dependent
RNA polymerase to replicate its own structural proteins and,
when assembled, new virus is released from the cells; as a
consequence, host cell can be damaged/destroyed in this process
(5). Consistently, SARS-CoV-2 positivity in cardiac tissues could
be documented in autoptic studies in consecutive patients
who died as a consequence of COVID-19 (63). Supportively,
in engineered heart tissue model of COVID-19 myocardial

pathology, SARS-CoV-2 was found capable to directly infect
cardiomyocytes through ACE2, resulting in contractile deficits,
cytokine production, sarcomere disassembly, and cell death (64).

In addition, ACE2 may be not only a simple bystander in
the pathophysiology of myocardial injury: indeed, besides being
the receptor of SARS-CoV-2, is an enzyme involved in the
renin–angiotensin–aldosterone system (RAAS). Once binding
is complete, the virus attaches ACE2 throughout membrane
fusion and invagination, causing a downregulation in the activity
of ACE2 (65). Particularly, ACE2 cleaves angiotensin II into
angiotensin 1–7, which has vasodilating and anti-inflammatory
effects. ACE2 has also a weak affinity for angiotensin I and
can convert it into the non-apeptide angiotensin 1–9, limiting

angiotensin II synthesis by ACE, and with vasodilatatory effects
through angiotensin type 2 (AT2) receptor stimulation. Thus,
ACE2 can counteract the untoward effects of angiotensin II
with vasodilatatory, antioxidant, and antifibrotic effects (66).
Interestingly, ACE2 has also immunomodulatory properties
both direct, through its interaction with macrophages, and
indirect, reducing angiotensin II which stimulates inflammation
(67). ACE2 downregulation by SARS-CoV-2 infection may
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FIGURE 1 | COVID-19 and Heart Failure: mechanisms of myocardial damage in COVID-19. ACE2, angiotensin-converting enzyme2; Ang II, angiotensin II; COVID-19,

coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; HF, heart failure.

increase angiotensin II levels, favoring AT1 receptor activity,
with a subsequent vasoconstriction, fibrotic, proliferative, and
proinflammatory effects (3).

CLINICAL PRESENTATIONS OF
MYOCARDIAL INJURY IN COVID-19

COVID-19 often affects the heart. The clinical manifestations
of cardiac involvement could range from an absolute lack of
symptoms in the presence of increased troponin levels, with
or without ECG or imaging abnormalities, to arrhythmia and
sudden cardiac death, pulmonary embolism, acute coronary
syndromes, myocarditis, acute HF, and cardiogenic shock (3, 68,
69). The majority of patients with cardiac injury, as assessed by
serum troponin elevation, do not have clear cardiac symptoms,
whereas a minority is diagnosed with myocarditis or acute
myocardial infarction. In more than a half of cases, ECG
abnormalities compatible with myocardial ischemia (T-wave
depression and inversion, ST segment depression, Q-waves) were
described (38).

Recently, it has been shown that patients with cardiac injury
have a greater prevalence of left ventricle (LV), right ventricle
(RV), and pericardial abnormalities (69). Diastolic dysfunction
was more frequent in patients with myocardial injury, possibly
reflecting the higher prevalence of hypertension, diabetes,
and chronic kidney disease among those patients, known
risk factors for HF with preserved ejection fraction (HFpEF)

(70). Transthoracic echocardiography (TTE) abnormalities and
concomitant cardiac injury were correlated with an increased risk
of death; thus, TTE evaluation might be useful to characterize the
underlying cardiac substrate, for risk stratification, and to guide
clinical decisions (69).

SUBCLINICAL ACUTE MYOCARDIAL
INJURY IN COVID-19

Since the first Chinese reports, a high incidence of cardiac
injury, defined as the presence of elevated troponin (Tn)
levels above the 99th percentile of the reference interval,
was found in COVID-19 patients. The prevalence of cardiac
injury ranges from 12% in unselected COVID-19 cases up
to 41% in critically ill patients and patients with pre-existing
cardiovascular diseases with a further rise to 75.8% in non-
survivors (Table 3) (14, 17, 18, 24, 25, 38, 39, 71–82). The
presence of elevated Tn levels is associated with abnormal
laboratory findings (including white blood cells count, neutrophil
and lymphocyte count, C-reactive protein, procalcitonin, N-
terminal pro-B-type natriuretic peptide, D-dimer, transaminases,
lactate dehydrogenase, total bilirubin, albumin, prothrombin
time, and cytokines) (18) and a higher grade of pulmonary
involvement in radiographic findings, suggesting an important
multiorgan involvement (21, 38, 73). This may be a consequence
of the derangement in the innate and adaptive immune response,
with a cytokine storm, similar to that previously observed in
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TABLE 3 | Cardiac injury prevalence and risk of in-hospital death in different geographical settings.

Study (date of

publication)

Country Number of

patients

Severity Patients with

cardiac injury (n

(%))

In-hospital

deaths among

cardiac injury

patients (n (%))

HR (95%CI) for

death in cardiac

injury group

OR (95% CI) for death

in cardiac injury group

Huang et al. (18) China 41 Mixed (inpatients) 5 (12%) – – –

Shi et al. (38) China 416 Mixed (inpatients) 82 (19.7%) 42 (51.2%) 3.41 (1.62–7.16) –

Guo et al. (39) China 187 Mixed (inpatients) 52 (27.8%) 31 (59.6%) – –

Zhou et al. (17) China 191 Mixed (inpatients) – (17%) – – 80 (10.3–620.4)

(univariate)

Chen et al. (14) China 274 Moderate to

severe/critical

– (41%) – – –

Deng et al. (71) China 112 Mixed (inpatients) 42 (37.5%) 14 (33.3%) 8.9 (1.9–40.6) (peak

troponin T)

–

Wei et al. (72) China 101 Mixed (inpatients) 16 (15.8%) 3 (18.8%) – 6.63 (2.24–19.65)

(univariate) (progression

to severe disease)

Shi et al. (24) China 671 Severe and critical – (15.8%) 4.56 (1.28–16.28)

(multivariate)

–

Lala et al. (25) USA 2,736 Mixed (inpatients) Troponin I >0.03 to

0.09 ng/ml: n =

455 (16.6%);

troponin I > 0.09

ng/dl: n = 530

(19.4%)

– 1.75 (1.37–2.24);

3.03 (2.42–3.80)

Lombardi et al. (73) Italy 614 Mixed (inpatients) 278 (45.3%) 104 (37.4%) 1.71 (1.13–2.59)

(multivariate)

–

Calvo-Fernandez et al. (74) Spain 872 Mixed (inpatients) (34.6%) (29.3%) 2.91 (1.21–7.04)

(multivariate)

–

Fan et al. (75) China 353 Mixed (inpatients) 79 (22.4%) 45 (57%) 1.65 (1.17–2.34)

(multivariate)

–

Giustino et al. (69) International

(USA,

Italy)

305 Mixed (inpatients

with TTE and ECG)

190 (62.3%) 51 (26.8%) – 6.67 (2.76–16.11)

(univariate)

He et al. (76) China 1,031 Mixed (inpatients) 215 (20.7%) 131 (60.9%) – 2.34 (1.23–4.45)

(multivariate) (among

severe patients)

De Almeida et al. (77) Brazil 183 Mixed (inpatients) – – 1.12 (1.03–1.47)

(multivariate)

–

Manocha et al. (78) USA 446 Mixed (inpatients) 112 (25.1%) 51 (45%) – 4.38 (2.32–8.28)

(multivariate) (30-day

in-hospital mortality)

Bardaji et al. (79) Spain 186 Mixed (inpatients) 41 (22%) – 3.54 (1.70–7.34)

(multivariate)

–

Efros et al. (80) Israel 320 Mixed (inpatients) 91 (28.4%) 33 (36%) 4.32 (2.8–8.99)

(multivariate)

–

Ali et al. (81) Pakistan 466 Mixed (inpatients) 168 (36%) 130 (77.4%) 3.61 (0.70–1.86)

(multivariate)

–

Tanboga et al. (82) Turkey 14,855 Mixed (inpatients) 1,027 (6,9%) – 1.89 (1.62–2.21)

(multivariate) (30-day

in-hospital mortality)

–

CI, confidence interval; ECG, electrocardiogram; HF, heart failure; HR, hazard ratio; OR, odds ratio; TTE, transthoracic echocardiogram; USA, United States of America.

SARS and Middle East Respiratory Syndrome (MERS) (3). The
presence of cardiac injury in COVID-19 is associated with more
severe manifestations, complications, and adverse prognosis (14,
17, 18, 24, 25, 38, 39, 71–82). Data about the association between
cardiac injury and mortality are summarized in Table 3.

Chinese reports firstly described the impact of comorbidities
and underlying CVD on the development of myocardial injury

and subsequent fatal outcomes (15, 39). In-hospital mortality
was 7.6% for patients without underlying CVD and normal Tn
levels, 13.3% for those with underlying CVD and normal Tn
levels, 37.5% for those without underlying CVD but elevated Tn
levels, and 69.4% for those with underlying CVD and elevated Tn
(39). Moreover, the mortality rate increases with the magnitude
of the troponin elevation: the mortality rate is higher among
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patients with vs. without cardiac injury [42 (51.2%) vs. 15 (4.5%);
p < 0.001] (39). After adjusting for multiple variables (e.g., age,
pre-existing cardiovascular diseases, cerebrovascular diseases,
diabetes mellitus, chronic obstructive pulmonary disease, renal
failure, cancer, ARDS, creatinine levels, and NT-proBNP levels),
the hazard ratio (HR) for death among patients with cardiac
injury was 4.26 (95%CI, 1.92–9.49), p< 0.01 (39). The prognostic
role of cardiac injury was confirmed in further and larger
studies from different countries (including European, American,
and Asiatic nations), with mortality HR ranging from 1.12 to
8.9 depending on the regression model used and OR up to
80 in a single univariate model (17, 71–82) (Table 3). Data
from a recent meta-analysis including 12,262 patients from 13
studies summarized that elevated Tn is associated with increased
mortality (OR, 4.75; 95% CI, 4.07–5.53; p < 0.001; I2 = 19.9%),
with 55% sensitivity and 80% specificity (83). Therefore, Tn test
offers an important prognostic tool for the stratification of the
risk of mortality in patients affected by COVID-19.

THE DILEMMA OF MYOCARDITIS IN
COVID-19

Sometimes, cardiac involvement is clinically evident, and besides
elevation of serum Tn, patients complain of chest pain,
palpitation, or symptoms of HF (14, 17, 84). They may develop
LV or biventricular dysfunction, in the absence of obstructive
epicardial coronary disease, raising the clinical concern for
myocarditis. Plenty of clinical reports described cases of acute
myocarditis, presenting with cardiogenic shock, as a possible
manifestation of COVID-19 (85–90).

However, myocarditis diagnosis can be controversial. Most
of those cases were diagnosed based on cardiac magnetic
resonance (CMR) findings that may show diffuse ventricular wall
thickening and edema with wall pseudohypertrophy, with or
without late gadolinium enhancement. Tissue diagnosis criteria
were met only in few cases with endomyocardial biopsy (EMB)
showing different degrees of aspecific myocardial inflammation
and limited or absent myocardial necrosis (85, 86, 88, 90–92).
Tissue findings in COVID-19 related to supposedmyocarditis are
enlisted in Table 4 (5, 48, 85, 86, 88, 92–106).

SARS-CoV-2 was shown within macrophages, but not in
cardiomyocytes, in an earliest case report of clinically suspected
acute myocarditis (88). Further studies documented viral
invasion and necrosis of myocytes (5, 107). In a series of
104 EMB, performed in COVID-19 patients with suspected
myocarditis or unexplained HF, SARS-CoV-2 was identified
through RT-PCR only in five samples (102). In a multicentric
post-mortem study, Basso et al. found that the most common
cardiac autoptic evidence in patients dying for COVID-19 was
aspecific interstitial macrophage infiltration (in 86% of cases),
whereas 14% of the patients presented a multifocal lymphocytic
myocarditis (92) (Table 4). A literature review, identifying 277
cardiac autopsies from 22 studies, showed that the prevalence
of myocarditis in SARS-CoV-2-infected patients was 1.4% (108).
The most common histopathologic findings were myocardial
hypertrophy (from 70 to 100% of cases) and myocardial fibrosis

(80–100% of cases). Lymphocytic infiltrate and pericarditis
were present in <25% of cases, while common findings were
endothelitis, macro- or microvascular thrombi, and macrophage
infiltrate (86% of cases) (108). Macrophage infiltration is an
aspecific inflammatory histological finding, which can be found
also in normal human hearts or in patients dying from bacterial
sepsis and may be due to systemic hyperinflammatory response
or other underlying disease rather than COVID-19 itself (109,
110).

Although a few cases of direct virus-related myocarditis
may exist, the most common cardiac findings were non-
myocarditis inflammatory infiltrate and single cell ischemia,
showing how multiple and complex mechanisms are responsible
for myocardial injury in COVID-19 patients, as stated above
(67, 111–113).

CARDIOVASCULAR INVOLVEMENT AFTER
COVID-19 VACCINATION

COVID-19 vaccines are a critical tool for controlling the ongoing
global pandemic. In large, randomized controlled trials, COVID-
19 vaccines were found to be safe and efficacious in preventing
symptomatic, laboratory-confirmed, COVID-19. However, many
adverse effects, namely, CV complications, have been described.
Myocarditis may be a complication after mRNA COVID-19
vaccination (i.e., Pfizer-BioNTech and Moderna). Up to June
2021, more than a thousand cases of possible myocarditis
and pericarditis have been signaled to the Vaccine Adverse
Event Reporting System (VAERS) in the USA1. The cases are
rare (hundreds of millions of doses have been administrated
up to now) and were reported to be more common in
young and adolescent males and after the second dose of the
vaccine1. Similarly, the European Medicines Agency (EMA)
reports less than a thousand cases of myopericarditis up to
June 20212. The cases described in literature usually present
with fever, chest pain, and dyspnea, together with changes
on the electrocardiogram and cardiac magnetic resonance
findings consistent with myocarditis; the symptoms usually
resolved rapidly (114–120). The patients were treated with
non-steroidal anti-inflammatory drugs (NSAIDs) only, but, in
some cases, required intravenous immune globulin (IVIG)
and corticosteroids (114–120). However, up-to-date, no causal
relationship between vaccine administration and myocarditis has
been established.

The Centers for Disease Control (CDC) continues to
recommend COVID-19 vaccination for everyone 12 years of age
and older1. Another possible but life-threatening complication
of COVID-19 vaccination is vaccine-induced thrombotic
thrombocytopenia (VITT) (also referred to as vaccine-induced
prothrombotic immune thrombocytopenia or thrombosis
with thrombocytopenia syndrome); VITT is characterized by
thrombosis, often in unusual sites (specifically, cerebral venous
sinus thrombosis or thrombosis in the portal, splanchnic, or

1https://www.cdc.gov/coronavirus/2019-ncov/vaccines/safety/myocarditis.html.
2https://www.ema.europa.eu/en/news/covid-19-vaccines-update-ongoing-

evaluation-myocarditis-pericarditis.
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TABLE 4 | Studies reporting cardiac tissue findings in COVID-19 patients.

Study (year) Number of

patients

Design Findings

Basso et al. (92) 21 Multicenter pathology study,

post-mortem

Increased interstitial macrophage infiltration was present in 86% of the cases, whereas

lymphocytic myocarditis was present in 14% of the cases

Varga et al. (48) 3 Case reports, post-mortem Lymphocytic endotheliitis in lung, heart, kidney, and liver but no sign of lymphocytic myocarditis.

Menter et al. (93) 21 Multicenter, post-mortem Myocardial hypertrophy (71% of cases), senile amyloidosis (29% of cases), peracute

myocardial necrosis (14% cases), acute myocardial infarction (5% cases)

Lax et al. (94) 11 Single-center, prospective

study, post-mortem

Myocardial hypertrophy (100%), coronary small vessel disease (54%), myocardial fibrosis

(91%), focal lymphocytic infiltrate (9%)

Buja et al. (95) 3 Multicenter, post-mortem Lymphocytic myocarditis was reported in 1 case.

Duarte-Neto et al. (96) 10 Single-center, case series,

post-mortem

Cardiomyocyte hypertrophy (90%), myocardial fibrosis (90%), previous myocardial infarction

(40%), interstitial oedema (90%) myocarditis (20%), and fibrin thrombi (20%)

Bradley et al. (97) 14 Multicenter, case series,

post-mortem

Cardiac findings were mostly non-specific: fibrosis (100%) and myocyte hypertrophy (93%).

Myocarditis was present with aggregates of lymphocytes surrounding necrotic myocytes in 7%

Rapkiewicz et al. (98) 7 Single-center, case series,

post-mortem

1 case had focal acute lymphocyte-predominant inflammation in the myocardium. Otherwise,

cardiac histopathological changes were limited to minimal epicardial inflammation (n = 1), early

ischemic injury (n = 3), and mural fibrin thrombi (n = 2)

Grosse et al. (99) 14 Single-center, case series,

post-mortem

Myocardial hypertrophy (92.9%), acute myocardial infarction (21.4%), focal myocardial fibrosis

(42.9%), amyloidosis (7.1%), mononuclear inflammatory cells in the myocardial interstitium

(100%)

Hanley et al. (100) 10 Multicenter, case series,

post-mortem

Acute coronary thrombosis (10%), thrombi in the microcirculation (56%), aright atrial thrombus

(11%). Pericarditis (22%); marantic endocarditis in 11%

Oprinca et al. (101) 3 Single-center, case series,

post-mortem

Mild to moderate perivascular edema, vascular congestion, small number of scattered

lymphocytes between the myocardial fibers

Sala et al. (86) 1 Case report with EMB Diffuse T-lymphocytic inflammatory infiltrates with huge interstitial oedema and limited foci of

necrosis. No replacement fibrosis

Tavazzi et al. (88) 1 Case report with EMB Low-grade interstitial and endocardial inflammation, with macrophages containing virions of

coronaviruses. Cardiac myocytes showed non-specific features consisting of focal myofibrillar

lysis and lipid droplets.

Escher et al. (102) 104 Multicenter, EMB study 5 EMBs were positive for SARS-CoV-2 E-gene-specific sequences. Other findings were active

myocarditis (13.4%), inflammatory cardiomyopathy (32.6%), borderline myocarditis (2.9 %);

dilated cardiomyopathy (41.3%), and amyloidosis (9.6%)

Lindner et al. (63) 39 Cohort study, post-mortem Viral presence within the myocardium could be documented in 41% but was not associated

with an influx of inflammatory cells

Kawakami et al. (103) 15 Literature review,

post-mortem

None of the cases met the criteria of myocarditis, although in 3 cases microvascular infarction

was described. In 2 cases, the virus was detected by RT-PCR in the atria, but no inflammation

was described.

Haslbauer et al. (104) 23 Multicenter, post-mortem 60% of cases had myocardial RT-PCR positivity by SARS-CoV-2 PCR. Significantly higher

levels of capillary fibrin deposition, capillary dilatation, and parenchymal microhemorrhages

(consistent with microvascular dysfunction) compared with 10 autopsies without SARS-CoV-2.

Five cases presented with increased cardioinflammatory infiltrate presented but without

cardiomyocyte necrosis. Only while 1 case presented with active lymphohistiocytic myocarditis.

Bearse et al. (105) 41 Single-center, consecutive

cases, post-mortem

Cardiac infection by SARS-CoV-2 (assessed by RT-PCR) was present in 30/41 cases. Cardiac

infection by SARS-CoV-2 is associated with more cardiac inflammation (monocytes and

macrophages). Four cases met criteria for myocarditis.

Fox et al. (106) 10 Single-center, case series,

post-mortem

No evidence of lymphocytic myocarditis. In the COVID-19-affected cases, diffuse number of

infiltrative cells of monocytes/macrophage lineage was noticed, with upper quantiles as

compared to both matched control hearts.

EMB, endomyocardial biopsy; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; RT-PCR, reverse transcriptase-polymerase chain reaction.

hepatic veins), and concomitant thrombocytopenia (121). The
cases reported were noticed after adenovirus-based vaccination
(i.e., AstraZeneca or Johnson & Johnson/Janssen) in patients
without prior exposure to heparin (122–124). The majority of
patients in these cases were women younger than 50 years of age,
some of whom were receiving estrogen-replacement therapy or
oral contraceptives (122–125). The pathogenesis is similar to

heparin-induced thrombocytopenia (HIT): the enzyme-linked
immunosorbent assay test in these cases identified antibodies
directed against the platelet factor 4 (PF4)-heparin complex
which activate platelets, similar to HIT antibodies (121–125).
Patients usually presented with a median platelet counts at
diagnosis of 20,000–30,000/mm3 with concomitant high levels
of D-dimer and low levels of fibrinogen; almost 40% of the
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patients died, some from ischemic brain injury or superimposed
hemorrhage (122–125). In the case of cerebral venous sinus
thrombosis (CVST), patients usually presented with headache
and progressive lethargy. The consensus treatment is based
on the administration of intravenous immunoglobulin or
corticosteroids (126).

The estimated incidence of CVST is 3.6 per million people
after the AstraZeneca COVID-19 vaccine and 0.9 per million
people after Johnson and Johnson vaccine (which is much
lower than the rate of CVST in COVID-19, estimated at 207
per million) (127). According to the EMA, the risk of death
and serious outcomes of COVID-19 (including thrombosis)
outweighs the risk of VITT3.

HEART FAILURE AS A CONSEQUENCE OF
COVID-19

Acute HF was found to be a possible consequence of COVID-
19, with a dramatic impact on mortality (26). During COVID-19
hospitalization, about one-third of patients with previous HF had
an acute decompensation of HF (27); however, acute HF can be
developed not only as a decompensation of chronicHF but also as
a new-onset HF (128) (Table 2). In an Italian multicenter study,
acute HF occurred in 9.1% of patients during hospitalization
for COVID-19, and almost half of them were “de-novo” HF
in patients with no HF history (27). Among 3,080 consecutive
patients with confirmed COVID-19 infection hospitalized in a

tertiary center inMadrid (Spain), 2.5% of patients were diagnosed
with acute HF and suffered from significantly higher mortality as
compared with patients without HF(46.8 vs. 19.7%; p < 0.001)
(128). Arrhythmias during hospital admission and chronic HF
were the main predictors of acute HF; however, 77.9% of acute
HF did not have a previous history of HF (128).

In COVID-19 patients presenting acute HF, LV systolic
function is not usually compromised; on the contrary,
impairment of right ventricular (RV) systolic function and
LV diastolic function can be found (129). Out of 100 patients
hospitalized for COVID-19, 32% were reported to have normal
echocardiography, whereas 39% presented RV dilatation
and dysfunction and 16% LV diastolic dysfunction, whereas
reduced LV EF was reported only in <10% (130). Similar
results are described in other small series (131, 132) and
in a large international cohort study (69). Accordingly, LV
diastolic impairment with elevated LV filling pressures (E/e’
ratio) could be observed in a quarter of patients admitted
for COVID-19 (132). Consistently, patients hospitalized with
COVID-19 showed high likelihood of presence of HF with
preserved ejection fraction (HFpEF) as compared with patients
without COVID-19 according to the score of the Heart Failure
Association (HFA) of the European Society of Cardiology (ESC),
and HFpEF was found associated with cardiac structural and
functional alterations andmyocardial injury (133). Moreover, the
longitudinal function could be impaired earlier than LVEF: in a
Danish prospective multicenter cohort study, no differences were

3https://www.ema.europa.eu/en/news/covid-19-vaccine-astrazeneca-benefits-

still-outweigh-risks-despite-possible-link-rare-blood-clots.

found between cases and controls from the general population
regarding LVEF; on the contrary, LV global longitudinal strain
(GLS) was significantly reduced (134). Speckle tracking was
found to be able to identify a reduced basal LV longitudinal
strain in more than a half of hospitalized COVID-19 patients
(135, 136). Moreover, RV systolic function [assessed by RV
longitudinal strain and tricuspid annular plane systolic excursion
(TAPSE)] can be impaired in COVID-19 patients (137). A
more pronounced reduction of mean values of LV-GLS and RV
longitudinal strain could be found in severe COVID-19 patients,
and speckle tracking analysis could predict mortality even after
adjusting for multiple confounders (130, 137, 138).

LONG TERM CONSEQUENCES OF
COVID-19 ON THE HEART

Concerning data are emerging regarding the possibility of
long-term subacute myocarditis following the recovery from
SARS-CoV-2 infection and the development of HF as a long-
term consequence of COVID-19 inflammatory cardiomyopathy.
Follow-up clinical studies are starting to report the long-
term COVID-19 consequences with many people still suffering
from fatigue, dyspnea, and palpitations 3–6 months after
the recovery from acute infection (139–142). In this context,
imaging tests taken months after recovery from COVID-19
have shown ongoing signs of damage to the heart, even in
people who experienced only mild COVID-19 symptoms. A
German study suggested that 2 months after SARS-CoV-2
positivity, 78% of survivors had persistent heart involvement,
of which 60% presented ongoing signs of myocarditis, revealed
with cardiac magnetic resonance (CMR) (142). In a study
including competitive athletes, referred to the sports medicine
clinic after testing positive for COVID-19, 15% of patients had
CMR findings suggestive of ongoing myocarditis and 30.8%
suggestive of prior myocardial injury (143). In another CMR
multicenter study evaluating 148 patients during convalescence,
2 months after severe COVID-19 infection with troponin
elevation, myocarditis-like injury can be encountered in almost
a half of cases (144). A large CMR cohort study among 1,597
US competitive athletes from the Big Ten Universities recently
affected by SARS-CoV-2, reported 37 athletes with clinical and
subclinical myocarditis (145). Echocardiographic assessment of
patients with recent COVID-19 may, as well, show abnormalities
in terms of higher degrees of diastolic dysfunction, lower
men values of LV GLS, and presence of pericardial effusion,
consistent with CMR findings, up to 2 months after COVID-19
recovery (146–148).

The meaning of those imaging findings are currently
unknown; however, persistent myocardial damage and fibrosis
in the subacute and chronic phases after recovery suggest
that COVID-19 may be an independent risk factor for the
development of HF (70). The early identification of patients
with cardiac abnormalities is of pivotal importance as they may
benefit from cardioprotective therapy and need different follow-
up strategies.
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CONCLUSIONS

COVID-19 and HF have a strong connection that go beyond
pathophysiology. First of all, COVID-19 pandemic had an impact
on HF hospitalization: a reduction on hospital admission for HF
has been extensively described, and this may have an impact on
HF mortality. Second, history of HF is a frequent comorbidity in
patients hospitalized for COVID-19. It is associated with a higher
mortality and more complications during the clinical course, and
this association is independent from other variables related with
HF and COVID-19 severity.

Third, we have shown the high prevalence of cardiac
injury following COVID-19 which is often diagnosed
only through biomarker measurements. However, besides

subclinical myocardial damage, SARS-CoV-2 infection can
cause myocarditis with a severe reduction of LVEF, or diastolic

dysfunction in a larger number of patients. Finally, HF may be
a short- or long-term consequence of COVID-19 inflammatory
cardiomyopathy with a dramatic consequence on the prognosis.
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Than Other Cardiac-Specific
Biomarkers for the Prognosis of
COVID-19
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Department of Neurosurgery, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology,

Wuhan, China

Although sporadic studies have shown that myoglobin may have better prognostic

performance than other cardiac markers in COVID-19, a comprehensive comparative

study is lacking. Herein, we retrospectively analyzed the clinical and laboratory data of

COVID-19 patients admitted to the Guanggu Campus of Wuhan Tongji Hospital from

February 9, 2020 to March 30, 2020, intending to compare the prognostic accuracy

of three commonly used cardiac markers on COVID-19 mortality. Our results revealed

that abnormal increases in myocardial biomarkers were associated with a significantly

increased risk of in-hospital mortality with COVID-19. Interestingly, myoglobin, a

non-cardiac-specific biomarker, also expressed in skeletal myocytes, had even higher

prognostic accuracy than cardiac-specific biomarkers such as high-sensitivity troponin

I (hs-TnI) and creatine kinase-MB (CK-MB). More importantly, multivariate Cox analysis

showed that myoglobin, rather than hs-TnI or CK-MB, was independently prognostic

for in-hospital mortality in COVID-19. These results were further confirmed by subgroup

analyses of patients with severe and critical illnesses and those without a history of

cardiovascular disease. Our findings suggest that myoglobin may be a reliable marker

of illness reflecting general physiological disturbance and help to assess prognosis and

treatment response in patients with COVID-19.

Keywords: COVID-19, myoglobin, myocardial biomarkers, in-hospital mortality, rhabdomyolysis

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has become a global health concern (1). Despite the advent
of vaccines that have slowed the spread of the virus, COVID-19 may likely become an
endemic disease that will coexist with humans for a long time. Patients with COVID-19
may deteriorate to multi-organ dysfunction including myocardial failure (2–5). Increases in
troponin and creatine kinase-MB (CK-MB), two of the most sensitive indicators of myocardial
injury, have been demonstrated to be associated with a more severe clinical course and to
correlate with poorer outcomes in COVID-19 (6–9). However, in our previous study and
studies by other investigators, multifactorial analysis combining most clinical indicators showed
that hypersensitive troponin I (hs-TnI) and CK-MB were not independent predictors of
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mortality in COVID-19. In contrast, myoglobin (MYO), a non-
cardiac-specific indicator also expressed in skeletal muscle cells,
was independent prognostic (10–15). The reasons underlying
this curious phenomenon were not fully understood, but a
comprehensive comparison of the predictive capabilities of
myocardial biomarkers can help clarify the mechanisms involved
and may contribute to our understanding of the significance of
cardiac injury in COVID-19. This study retrospectively analyzed
the clinical and laboratory data of patients with COVID-19
admitted to the Guanggu Campus of Wuhan Tongji Hospital
between February 9, 2020 and March 30, 2020, to compare the
prognostic accuracy of three commonly used cardiac markers for
in-hospital mortality of COVID-19. Exploring their prognostic
roles is of great significance for identifying useful biomarkers for
early diagnosis, prognosis, and therapeutic response assessment
in clinical practice.

METHODS

Study Design and Participants
This study was a retrospective study conducted in the Guanggu
Campus of Tongji hospital (Wuhan), Tongji Medical College,
Huazhong University of Science and Technology, which was

a designated hospital for patients with COVID-19 during the
outbreak of novel coronavirus disease in Wuhan, China. The
diagnosis of COVID-19 was confirmed by RNA testing of the
SARS-CoV-2 in the on-site clinical laboratory according to
the WHO interim guidance. 1,284 patients with laboratory-
confirmed COVID-19 between February 9, 2020 and March 30,
2020 were initially enrolled. Patients aged < 18 years or lacking
cardiac biomarker results (e.g., MYO, CK-MB, and hs-TnI) were
excluded. Ultimately, 1,229 patients were enrolled in this study.
The study was approved by the ethics committee of Tongji
hospital, Huazhong University of Science and Technology (TJ-
IRB20210317). Written informed consent was waived due to the
use of de-identified retrospective data.

Data Collection and Follow-Up
All clinical, laboratory and outcome data were available and
were collected according to the electronic medical records using
a standardized data collection form. Data collection for early
laboratory results was defined using the first examination at
admission (within 24 h of admission). Data collection for the
late-stage laboratory results was defined using the last assessment
during hospitalization. All data were verified by two physicians
blinded to the patient’s identity.

Demographic characteristics, medical history, and physical
examination findings at admission, and early and late laboratory
results during hospitalization were collected. Demographic
characteristics obtained for the study included age and
gender. Medical history included hypertension (HP), diabetes
(DM), chronic liver disease (CLD), coronary heart disease
(CHD), cerebrovascular disease, chronic kidney disease (CKD),
chronic obstructive pulmonary disease (COPD), and cancer.
Physical examination findings included first body temperature,
respiratory rate, pulse rate, systolic blood pressure (SBP),
diastolic blood pressure (DBP), and saturation of pulse

oxygen (SpO2). Laboratory findings included hs-TnI, CK-MB,
MYO, neutrophil (NEU), lymphocyte (LYM), high sensitivity
C-reactive protein (hs-CRP), interleukin 6 (IL-6), D-dimer,
fibrinogen (FIB), alanine aminotransferase (ALT), albumin
(ALB), creatinine (Cr), estimated glomerular filtration rate
(EGFR), and glucose (GLU) levels. All clinical samples were
tested in the same laboratory using the same standard.

All patients were followed up from admission to discharge
to observe the risks of in-hospital mortality. Survival time was
defined as the time from hospital admission to discharge or
death. The follow-up data were obtained from reviewing medical
records by trained researchers using a double-blind method.

Myocardial Injury Biomarkers
In this study, we focused on three commonly used biomarkers
of myocardial injury (hs-TnI, CK-MB, and MYO). At our
institution, these three biomarkers have been integrated as a test
package into the laboratory test panel for COVID-19 patients.
Serum levels of hs-TnI, CK-MB, and MYO were measured
by chemiluminescence microparticle immunoassays on the
Architect i2000SR platform (Abbott Laboratories, Chicago,
IL) according to manufactures’ instructions. The values were
considered elevated if they were above the upper limit of normal
(ULN) levels, which were defined as the 99th upper percentile of
the biomarker distribution in the normal population. According
to our laboratory normal ranges, the ULN levels of hs-TnI, CK-
MB, and MYO were 34.2 pg/ml, 5.2 ng/ml, and 154.9 ng/ml,
respectively, inmale patients, and were 15.6 pg/ml, 3.1 ng/ml, and
106 ng/ml in female patients.

Clinical Classifications
According to the Guidance for Corona Virus Disease 2019:
Prevention, Control, Diagnosis, and Management edited by the
National Health Commission of the People’s Republic of China
(16), all cases were identified into four categories of mild cases,
ordinary cases, severe cases, and critical cases based on the
clinical conditions at the time of admission. (1) Mild cases: the
clinical symptoms aremild, and no pneumoniamanifestation can
be found in imaging. (2) Ordinary cases: patients have symptoms
like fever and respiratory tract symptoms, and pneumonia
manifestation can be seen in imaging. (3) Severe cases: meeting
any of the following: respiratory distress, RR ≥ 30 breaths/min;
the oxygen saturation is <93% at a rest state; arterial partial
pressure of oxygen (PaO2)/oxygen concentration (FiO2) ≤ 300
mmHg (1 mmHg = 0.133 kPa). Patients with >50% lesions
progression within 24 to 48 h in pulmonary imaging were treated
as severe cases. (4) Critical cases: meeting any of the following:
respiratory failure occurs, mechanical ventilation is needed;
shock occurs; or complicated with other organ failures that
require monitoring and treatment in the intensive care unit.

Statistical Analysis
Continuous variables were presented as mean ± standard
deviation or median (inter-quartile range, IQR), as appropriate.
Categorical variables were presented as n (%). Event frequencies
were compared by chi-square test. Differences in cardiac
biomarker levels between the early- and late-stage groups
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TABLE 1 | Baseline characteristics of the overall study population and patients stratified based on mortality.

Characteristics Total (n = 1229) Alive (n = 1163) Died (n = 66) P-value

Age (yrs.), median (IQR) 62 (51-70) 61 (50-69) 71 (67-81) <0.001

Male, n (%) 588 (47.8) 541 (46.5) 47 (71.2) <0.001

Comorbidities, n (%)

History of HP-n (%) 433 (35.2) 404 (34.7) 29 (43.9) 0.128

History of DM-n (%) 207 (16.8) 193 (16.6) 14 (21.2) 0.330

Chronic liver disease-n (%) 20 (1.6) 19 (1.6) 1 (1.5) 0.941

History of CHD-n (%) 95 (7.7) 88 (7.6) 7 (10.6) 0.368

Stroke history-n (%) 49 (4.0) 42 (3.6) 7 (10.6) 0.005

Chronic kidney disease-n (%) 31 (2.5) 25 (2.1) 6 (9.1) <0.001

History of COPD-n (%) 10 (0.8) 9 (0.8) 1 (1.5) 0.514

Cancer-n (%) 41 (3.3) 37 (3.2) 4 (6.1) 0.205

Physical examination on admission, median (IQR)

Temperature (◦C) 36.5 (36.2-36.9) 36.5 (36.2-36.9) 36.6 (36.4-37.1) 0.021

Pulse (/min) 89 (80-100) 89 (80-100) 92 (83-102) 0.275

Respire (/min) 20 (19-22) 20 (19-22) 21 (20-30) 0.001

SBP (mmHg) 132 (120-145) 132 (120-145) 130 (117-144) 0.336

DBP (mmHg) 80 (72-90) 80 (73-90) 78 (70-87) 0.106

SpO2 (%) 97 (95-98) 97 (95-98) 92 (88-97) <0.001

Hospital stay-days, median (IQR) 21 (14-32) 21 (14-33) 14 (9-21) <0.001

p-values were calculated between the alive and died groups by Mann-Whitney U-test or chi-square test, as appropriate. IQR, interquartile range; HP, hypertension; DM, diabetes; CHD,

coronary heart disease; COPD, chronic obstructive pulmonary disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; SpO2, percutaneous oxygen saturation.

The bold p values mean that they are of significance in statistics.

were compared using the Wilcoxon signed-ranks test (two-
tailed). Other comparisons between the two groups were made
using the independent samples t-test (normally distributed
continuous variables) or the Mann-Whitney U-test (non-
normally distributed continuous variables).

To better understand the overall performance of myocardial
biomarkers, we performed both standard receiver-operating
characteristic (ROC) analysis and time-dependent ROC curve
analysis (17, 18). The area under the ROC curve (AUC) was
calculated to evaluate the performance of each biomarker. The
optimal cut-off point was assessed by standard ROC analysis
and determined using the maximization of the Youden’s index.
Time-dependent AUC curves with 95% confidence intervals
(CIs) were performed to compare the prognostic accuracy of
cardiac biomarkers.

Cumulative survival curves for in-hospital death were assessed
using Kaplan-Meier product-limit estimation with log-rank tests.
Univariate Cox proportional hazards regression and mixed-
effects Cox models were used to calculate hazard ratios (HRs) for
risk factors.

Multivariate Cox proportional hazards model analysis
was performed to identify independent prognostic factors
associated with in-hospital mortality in patients with COVID-19.
Considering the possible collinearity issues, the least absolute
shrinkage and selection operator (LASSO) regression was
previously performed to screen potential prognostic factors (19).
Variables with non-zero coefficients in the LASSO regression
were selected for further proportional hazard assumption
(Schoenfeld test) to assess the applicability of the variables to

the multivariate Cox model (20). If the proportional hazard
assumption was not violated (p > 0.05), the multivariate
Cox proportional hazard model was then performed. Only
variables with a p-value < 0.05 in the multivariate analysis were
considered as independent prognostic factors. The predictive
performance of the multivariate Cox model was evaluated by
Harrell’s concordance index (C-index).

The cases with missing biomarker data were excluded listwise
with statistics software. Statistical analyses were performed using
SPSS 22.0 (SPSS, Chicago, IL, USA) and R software version
3.6.3 (http://www.r-project.org). p-value < 0.05 was considered
statistically significant.

RESULTS

Baseline Characteristics and Laboratory
Results of Patients Stratified by Mortality
Of the 1,229 eligible patients, 66 (5.4%) died during follow-up.
Table 1 presents the basic clinical characteristics and physical
examination findings for the overall study population and for
patients stratified by mortality. Patients who died were older,
more likely to be male, and more likely to have a history of
stroke and chronic kidney disease than those who were alive.
Besides, they had lower SpO2 and DBP levels and higher body
temperature and respire rate levels at admission (Table 1).

Table 2 shows the levels of early and late laboratory
parameters in the overall study population, survivors, and non-
survivors. Non-survivors had lower LYM, ALB, and EGFR and
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TABLE 2 | Laboratory findings at the early and late stages of hospitalization in overall study patients and patients stratified based on mortality.

Characteristics N Total Alive Died P-value

Laboratory results at early stage, median (IQR)

Hs-TnI (pg/ml) 1,229 3.1 (1.9-8.0) 2.8 (1.9-7.4) 25.8 (8.0-223.6) <0.001

CK-MB (ng/ml) 1,229 0.7 (0.5-1.2) 0.7 (0.4-1.1) 2.4 (1.0-4.4) <0.001

MYO (ng/ml) 1,229 35.6 (26.1-59.6) 34.5 (25.6-53.9) 169.2 (95.7-368.5) <0.001

NEU (10∧9/L) 1,229 3.68 (2.67-5.17) 3.59 (2.63-4.97) 7.50 (4.91-11.87) <0.001

LYM (10∧9/L) 1,229 1.34 (0.94-1.79) 1.38 (1.00-1.82) 0.60 (0.43-0.88) <0.001

Hs-CRP (mg/L) 1,228 5.2 (1.2-37.1) 4.1 (1.1-31.1) 89.1 (44.9-144.5) <0.001

IL6 (pg/ml) 1,095 3.76 (1.76-11.92) 3.50 (1.66-9.66) 58.95 (24.55-167.55) <0.001

D-dimer (µg/ml FEU) 1,214 0.56 (0.24-1.36) 0.51 (0.23-1.14) 5.61 (1.71-21.00) <0.001

FIB (g/L) 1,221 4.06 (3.20-5.41) 4.02 (3.20-5.35) 4.79 (2.94-6.09) 0.081

ALT (U/L) 1,229 21.0 (13.0-36.0) 20.0 (13.0-35.0) 26.0 (17.8-44.5) 0.004

ALB (g/L) 1,229 37.4 (33.3-41.5) 37.6 (33.8-41.7) 31.3 (27.8-34.6) <0.001

Cr (µmol/L) 1,229 67 (56-82) 67 (56-80) 88 (66-117) <0.001

EGFR (ml/min/1.73m∧2) 1,229 93.2 (79.3-103.5) 93.7 (80.6-104.0) 67.4 (49.1-89.4) <0.001

GLU (mmol/L) 1,223 5.57 (4.97-7.02) 5.51 (4.94-6.83) 7.24 (5.96-10.30) <0.001

Laboratory results at late stage, median (IQR)

Hs-TnI (pg/ml) 1,229 2.3 (1.9-5.8) 2.2 (1.9-5.0) 144.9 (31.3-544.9) <0.001

CK-MB (ng/ml) 1,229 0.6 (0.4-1.0) 0.6 (0.4-0.9) 4.8 (1.9-10.2) <0.001

MYO (ng/ml) 1,229 30.2 (23.5-43.5) 29.5 (23.1-39.9) 672.7 (279.9-1200.0) <0.001

NEU (10∧9/L) 1,229 3.25 (2.51-4.19) 3.16 (2.49-4.03) 11.09 (6.8-17.61) <0.001

LYM (10∧9/L) 1,229 1.58 (1.25-1.96) 1.61 (1.29-1.99) 0.44 (0.29-0.77) <0.001

Hs-CRP (mg/L) 1,228 1.6 (0.7-5.3) 1.5 (0.6-4.2) 114.7 (72.4-198.0) <0.001

IL6 (pg/ml) 1,094 3.14 (1.57-7.75) 2.96 (1.51-6.35) 377.60 (75.19-1698.50) <0.001

D-dimer (µg/ml FEU) 1,215 0.40 (0.22-0.94) 0.37 (0.22-0.79) 6.68 (3.34-16.05) <0.001

FIB (g/L) 1,221 3.59 (2.99-4.43) 3.57 (2.99-4.30) 4.52 (3.02-5.84) 0.003

ALT (U/L) 1,226 19.0 (12.0-30.0) 19.0 (12.0-30.0) 29.0 (18.0-48.0) <0.001

ALB (g/L) 1,216 39.6 (36.5-42.0) 39.8 (36.8-42.1) 31.1 (28.1-34.3) <0.001

Cr (µmol/L) 1,226 68 (57-81) 67 (57-80) 121 (76-166) <0.001

EGFR (ml/min/1.73m∧2) 1,223 93.2 (80.6-103.0) 93.8 (82.4-103.4) 47.2 (32.2-82.6) <0.001

GLU (mmol/L) 1,223 5.25 (4.79-6.29) 5.21 (4.78-6.06) 8.51 (6.32-11.32) <0.001

p-values were calculated between alive and died groups by Mann-Whitney U-test. n, number; IQR, interquartile range; Hs-TnI, high sensitivity troponin-I; CK-MB, creatine kinase-MB;

MYO, myoglobin; NEU, neutrophil; LYM, lymphocytes; Hs-CRP, high sensitivity C-reactive protein; IL6, interleukin 6; FIB, fibrinogen; ALT, alanine aminotransferase; ALB, albumin; Cr,

creatinine; EGFR, estimated glomerular filtration rate; GLU, glucose.

The bold p values mean that they are of significance in statistics.

higher levels of hs-TnI, CK-MB, MYO, NEU, hs-CRP, IL-6, D-
dimer, ALT, Cr, and GLU in the early stages of hospitalization
compared to survivors. These trends could also be found in the
later levels of laboratory results (Table 2).

In terms of dynamic characteristics, the levels of hs-TnI, CK-
MB, MYO, NEU, hs-CRP, IL-6, D-dimer, FIB, ALT, and GLU in
survivors decreased significantly in the late stage of the disease.
In contrast, in non-survivors, their levels increased significantly
in the late stage (see Supplementary Table 1).

Myocardial Injury Biomarker Levels in
COVID-19 Patients
Figures 1A-C demonstrate the levels of myocardial injury
biomarkers. As shown, myocardial biomarker levels were
significantly higher in non-survivors compared to survivors
in both early and late stages. In terms of dynamic changes,

myocardial biomarker levels were significantly decreased in
survivors while elevated in non-survivors.

There were 18 (1.5%), 912 (74.2%), 231 (18.8%), and 68 (5.5%)
patients with mild, ordinary, severe, and critical conditions,

respectively. Myocardial biomarker levels in patients stratified

according to clinical classification are shown in Figures 1D-F.

Patients in the severe group had higher levels of hs-TnI
and MYO in the early stages and higher levels of hs-TnI
in the late stages compared to the mild/ordinary group.
Patients in the critical group had significantly higher myocardial
biomarker levels in both early and late stages than in the
severe group.

The percentages of patients with myocardial marker levels
below the cut-off (for definition, see later section), between
the cut-off and ULN, and above the ULN are illustrated in
Supplementary Figures 1A,B. The percentages of deaths in
patients withmyocardial marker levels below the cut-off, between
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FIGURE 1 | Summary of myocardial biomarker levels in patients with COVID-19. (A–C) The early- and late-stage levels of myocardial biomarkers in patients stratified

by mortality. (D–F) The early- and late-stage levels of myocardial biomarkers in patients stratified by clinical classifications.

the cut-off and ULN, and above the ULN were shown in
Supplementary Figures 1C,D.

Supplementary Figure 2 shows the correlation matrix heat
map for 16 clinical parameters in the early and late stages of the
disease. MYO levels were significantly correlated with creatinine,
EGFR, hs-CRP, IL-6, hs-TnI, CK-MB, and age. Hs-TnI levels
were significantly correlated with ALB, LYM, EGFR, hs-CRP,
IL-6, and D-dimer.

Associations of Elevated Myocardial
Biomarker Levels With In-hospital
Mortality of COVID-19
To evaluate the associations between in-hospital mortality of
COVID-19 and covariates including myocardial injury markers,
we performed Cox regression analysis where the Wald χ2 and
p-values were calculated. After adjusting for age, gender, and
comorbidities (HP, DM, CLD, CHD, CKD, COPD, stroke, and
cancer), hs-TnI, CK-MB, and MYO were significantly associated

with in-hospital mortality of COVID-19. Notably, the Wald χ2

values for MYO were relatively higher than those for hs-TnI and
CK-MB (Supplementary Table 2).

To assess the association of each myocardial marker elevation

above ULN with in-hospital mortality, Cox regression-derived

hazard ratios were calculated. After adjusting for age, gender,

and comorbidities, the HRs for the risks of in-hospital mortality

for elevated early-stage levels of Hs-cTnI, CK-MB, and MYO
were 7.47 (95% CI, 4.39-12.72, p < 0.001), 10.37 (95% CI, 5.87-
18.30, p < 0.001), and 7.96 (95% CI, 4.75-13.35, p < 0.001).
Adjusted HRs for elevated late-stage levels of Hs-cTnI, CK-
MB, and MYO were 36.35 (95% CI, 20.13-65.66, p < 0.001),
27.37 (95% CI, 16.19-46.28, p < 0.001), and 77.54 (95% CI,
39.09-153.82, p < 0.001) (see Supplementary Table 3).

Kaplan-Meier curves between groups categorized by ULN are
shown in Supplementary Figure 3. As illustrated, patients with
hs-TnI, CK-MB, andMYO levels above theULNhad significantly
decreased survival rates.
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TABLE 3 | Overall performance of the myocardial biomarkers according to the standard ROC analysis.

Early stage Late stage

Hs-TnI CK-MB MYO Hs-TnI CK-MB MYO

N 1,229 1,229 1,229 1,229 1,229 1,229

Mortality 66 66 66 66 66 66

AUC (95% CI) 0.84 (0.78-0.89) 0.78 (0.72-0.85) 0.89 (0.84-0.94) 0.94 (0.90-0.98) 0.92 (0.87-0.96) 0.96 (0.92-1.00)

cut-off 7.9 pg/ml 1.2 ng/ml 80.8 ng/ml 15.7 pg/ml 1.5 ng/ml 98.0 ng/ml

Sensitivity (95% CI) 0.77 (0.65-0.87) 0.71 (0.59-0.82) 0.85 (0.74-0.93) 0.89 (0.79-0.96) 0.85 (0.74-0.93) 0.91 (0.81-0.97)

Specificity (95% CI) 0.77 (0.75-0.80) 0.76 (0.74-0.79) 0.86 (0.84-0.88) 0.94 (0.93-0.96) 0.91 (0.89-0.93) 0.96 (0.95-0.97)

PPV (95% CI) 0.16 (0.14-0.27) 0.15 (0.13-0.23) 0.26 (0.23-0.43) 0.48 (0.41-0.70) 0.35 (0.31-0.54) 0.56 (0.49-0.78)

NPV (95% CI) 0.98 (0.97-0.99) 0.98 (0.96-0.98) 0.99 (0.98-0.99) 0.99 (0.99-1.00) 0.99 (0.98-0.99) 1.00 (0.99-1.00)

DLR.Positive (95% CI) 3.42 (2.89-4.05) 2.99 (2.49-3.60) 6.13 (5.14-7.31) 16.00 (12.45-20.55) 9.58 (7.76-11.83) 22.50 (16.83-30.07)

DLR.Negative (95% CI) 0.29 (0.19 - 0.46) 0.38 (0.26 - 0.55) 0.18 (0.10-0.31) 0.11 (0.06-0.23) 0.17 (0.09-0.29) 0.10 (0.04-0.20)

FP 263 277 161 65 103 47

FN 15 19 10 7 10 6

N, number; AUC, area under the ROC curves; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; DLR, diagnostic likelihood ratio; FP, false positive;

FN, false negative; Hs-TnI, high sensitivity troponin-I; CK-MB, creatine kinase-MB; MYO, myoglobin.

Prognostic Performance of Myocardial
Injury Biomarkers in Predicting In-hospital
Mortality of COVID-19
The standard ROC curves were conducted to compare the
relative accuracy, sensitivity, specificity, and positive and negative
predictive value of each biomarker. The best cut-off values were
calculated based on the ROC analysis. Our results show that
using the cut-off values determined by the ROC curves improved
prognostic accuracy over the use of ULN values.

Table 3 summarizes the overall performance of the
myocardial biomarkers. When incorporating the early levels of
myocardial biomarkers, the AUC was 0.89 (95% CI 0.84-0.94)
for MYO, 0.84 (95% CI 0.78-0.89) for hs-TnI, and 0.78 (95% CI
0.72-0.85) for CK-MB. The optimal cut-offs were 80.8 ng/ml for
MYO with a sensitivity of 84.8% and a specificity of 86.2%, 7.9
pg/ml for hs-TnI with a sensitivity of 77.3% and a specificity of
77.4%, and 1.2 ng/ml for CK-MB with a sensitivity of 71.2% and
a specificity of 76.2% (Table 3).

When incorporating the late levels of myocardial biomarkers
for ROC analysis, the AUCs were 0.96 (95% CI 0.92-1.00)
for MYO, 0.94 (95% CI 0.90-0.98) for hs-TnI, and 0.92 (95%
CI 0.87-0.96) for CK-MB, respectively. The optimal cut-off
point was 98.0 ng/ml for MYO with a sensitivity of 90.9%
and a specificity of 96.0%, 15.7 pg/ml for hs-TnI with a
sensitivity of 89.4% and a specificity of 94.4%, and 1.5 ng/ml
for CK-MB with a sensitivity of 84.8% and a specificity of
91.1% (Table 3).

Time-dependent ROC curve analysis was performed
based on early levels of myocardial biomarkers to better
understand the performance of each myocardial biomarker
(see Figure 2). The AUC values for predicting 14-day survival
for MYO, hs-TnI, and CK-MB were 0.88, 0.82, and 0.84,
respectively (Figure 2D). For predicting 28-day survival,
the AUC values for MYO, hs-TnI, and CK-MB were 0.84,
0.77, and 0.77, respectively (Figure 2E). The time-dependent

AUC curves for myocardial markers are shown in Figure 2F.
As shown, the AUC values of MYO were superior to those
of hs-TnI and CK-MB throughout the follow-up period
(Figure 2F).

Patients with biomarker levels above the newly established
cut-off value had a significantly higher risk of in-hospital
mortality than patients with biomarker levels below the cut-
off value. After adjusting for confounders including age, sex,
comorbidities (HP, DM, CLD, CHD, CKD, COPD, stroke, and
cancer), and disease severity indicators (hs-CRP, D-dimer, NEU)
in a multivariate Cox model, the HRs for risk of mortality
with increased early levels of hs-TnI, CK-MB, and MYO were
2.31 (95% CI, 1.20-4.48, p = 0.013), 1.82 (95% CI, 1.01-3.31,
p= 0.048), and 8.31 (95% CI, 3.94-17.52, p< 0.001), respectively.
Adjusted HRs for late levels of hs-TnI, CK-MB, and MYO were
18.19 (95% CI, 7.87-42.05, p < 0.001), 8.22 (95% CI, 3.81-
17.71, p < 0.001), and 34.41 (95% CI, 14.15-83.68, p < 0.001),
respectively (Table 4).

Kaplan-Meier curves showed an early separation of mortality
curves for patients with biomarker levels above the ULN and
patients with biomarker levels between the cut-off and the ULN,
indicating a significantly increased risk of death in these patients
(Figure 3).

Overall, these results suggest that all three commonly used
cardiac biomarkers are significantly associated with in-hospital
mortality. MYO provided better prognostic performance than
hs-TnI and CK-MB in predicting mortality of COVID-19.

MYO, Rather Than hs-TnI or CK-MB, Was
an Independent Prognostic Factor
Associated With In-hospital Mortality of
COVID-19
To identify independent prognostic factors associated with
COVID-19 mortality, we further developed multivariate Cox
models. Potential confounders including age, sex, comorbidities
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FIGURE 2 | Time-dependent ROC curve analysis based on the early-stage levels of myocardial biomarkers showing the prognostic performance of myocardial

biomarkers. (A–C) ROC performance of myocardial biomarkers at different times during follow-up. (D,E) Comparison of the prognostic performance of each

biomarker in predicting 14-day and 28-day mortality. (F) Time-dependent AUC curves of myocardial markers showed superior AUC values for myoglobin over hs-TnI

and CK-MB throughout the follow-up period. ROC, receiver operating characteristic curve; AUC, area under curve.

(HP, DM, CLD, CHD, CKD, COPD, stroke, and cancer), physical
examination on admission (temperature, respiratory rate, pulse,
SBP, DBP, and SpO2), and laboratory parameters (hs-TnI, CK-
MB, MYO, NEU, LYM, hs-CRP, IL-6, D-dimer, FIB, ALT, ALB,
Cr, EGFR, and GLU) were controlled for. LASSO regression was
previously performed to address possible collinearity issues.

When incorporating variables including age, sex,
comorbidities, physical examinations, and early-stage laboratory
results in the LASSO regression, five variables (MYO, NEU,
hs-CRP, IL-6, and D-dimer) with non-zero coefficients were
identified (see Figure 4A). They all had p-values < 0.05 in the
multivariate model, suggesting an independent prognostic effect
of early levels of MYO, NEU, hs-CRP, IL-6, and D-dimer on
COVID-19 mortality (see Figure 4B).

Three variables (MYO, hs-CRP, and D-dimer) were identified
when incorporating variables including age, sex, comorbidities,
physical examinations, and late-stage laboratory results in the
LASSO regression (Figure 4C). They were all found to have p-
values < 0.05, indicating that late levels of MYO, hs-CRP, and
D-dimer had an independent prognostic effect on mortality in
COVID-19 (see Figure 4D).

Subgroup Analyses Confirming the Strong
Prognostic Ability of MYO for In-hospital
Mortality in COVID-19
Given that COVID-19 patients with underlying cardiovascular
disease are more likely to exhibit elevated myocardial marker
levels than patients without cardiovascular disease (6), we
performed a subgroup analysis in patients without a history of
cardiovascular disease (see Supplementary Figure 4). The results
confirmed that MYO provided better prognostic performance
than hs-TnI and CK-MB and that MYO was an independent
factor associated with in-hospital mortality in COVID-19. We
further performed a subgroup analysis of patients with severe
or critical conditions. Similarly, the results showed that MYO
provided a better prognostic performance with an independent
prognostic effect on in-hospital mortality (Figure 5).

DISCUSSION

The novel finding of this study is that among myocardial
biomarkers, MYO had a higher prognostic performance for
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TABLE 4 | Associations of increased myocardial marker levels above cut-offs with in-hospital mortality of COVID-19.

Crude Model 1 Model 2

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Early-stage levels Hs-TnI

≤cut-off Ref Ref Ref

>cut-off 7.85 (4.46-13.81) <0.001 5.34 (2.89-9.88) <0.001 2.31 (1.20-4.48) 0.013

CK-MB

≤cut-off Ref Ref Ref

>cut-off 5.98 (3.60-9.92) <0.001 3.73 (2.18-6.37) <0.001 1.82 (1.01-3.31) 0.048

MYO

≤cut-off Ref Ref Ref

>cut-off 23.88 (12.18-46.82) <0.001 19.36 (9.65-38.84) <0.001 8.31 (3.94-17.52) <0.001

Late-stage levels Hs-TnI

≤cut-off Ref Ref Ref

>cut-off 67.15 (32.05-140.68) <0.001 63.54 (28.93-139.57) <0.001 18.19 (7.87-42.05) <0.001

CK-MB

≤cut-off Ref Ref Ref

>cut-off 40.99 (21.91-76.69) <0.001 31.46 (16.53-59.87) <0.001 8.22 (3.81-17.71) <0.001

MYO

≤cut-off Ref Ref Ref

>cut-off 116.72 (53.14-256.36) <0.001 108.64 (47.23-249.88) <0.001 34.41 (14.15-83.68) <0.001

The variables were categorized into two groups according to the cut-off of each biomarker. The biomarkers were included as dichotomous variables in the univariable COX

regression analysis.

Model 1: Adjusted for age, sex, and co-existing diseases (hypertension, diabetes, coronary heart disease, chronic obstructive pulmonary disease, chronic liver disease, stroke history,

chronic kidney disease, and cancer history).

Model 2: Model 1 plus variables related to disease severity (neutrophil count, D-Dimer, and high sensitivity C-reactive protein).

HR, hazard ratio; CI, confidence interval; Hs-TnI, high sensitivity troponin-I; CK-MB, creatine kinase-MB; MYO, myoglobin.

in-hospital mortality than hs-TnI and CK-MB, which had
been largely ignored in previous studies. MYO had the most
enormous AUC value among cardiac biomarkers in the ROC
analysis. More importantly, MYO, but not hs-TnI or CK-
MB, was an independent factor associated with the risk
of in-hospital mortality. These results are consistent with
multivariate regression analyses in our and others’ previous
studies showing that elevated serum myoglobin concentrations
were an independent predictor of in-hospital mortality in
patients with COVID-19 (10, 12–15).

Comparative studies investigating the ability of myocardial
biomarkers to predict COVID-19 mortality have been reported
sparsely. In a multicenter retrospective study, Qin et al. evaluated
the associations and prognostic power of circulating cardiac
injury markers with COVID-19 outcomes. They found that
increases in MYO had the highest overall performance in
predicting the risk of COVID-19 mortality, followed by NT-
proBNP, hs-TnI, and CK-MB (21). Herein, we focused on
three commonly used cardiac biomarkers, which were tested
as an integrated test package for COVID-19 patients at our
institution. Analyses based on these tests could help reduce
the statistical bias associated with inconsistent sampling times.
In addition, we performed subgroup and dynamic analyses
of early and late laboratory data and obtained consistent
results confirming that MYO provides a better prognostic

performance and has an independent prognostic effect on in-
hospital mortality.

These findings are interesting because MYO, a non-
cardiac-specific biomarker expressed also in skeletal myocytes,
provides even higher prognostic accuracy than cardiac-specific
biomarkers such as hs-TnI and CK-MB. The origins are unclear
by far. Undeniably, elevated MYO together with hs-TnI and
CK-MB is indicative of myocardial cell injury after COVID-19.
Rhabdomyolysis, a potential late complication of SARS-CoV-2
infection, is another possible mechanism for the elevation of
MYO. Rhabdomyolysis has been reported to be an important
factor contributing to poor outcomes in COVID-19 patients (22–
25). Patients with rhabdomyolysis usually present with acute
renal impairment, as evidenced by elevated creatinine levels (26).
Our data showed that theMYO levels in COVID-19 patients were
significantly correlated with creatinine levels with a correlation
coefficient of 0.46. In contrast, the correlation coefficients for hs-
TnI and CK-MB with creatinine were 0.18 and 0.16, respectively.
These results suggest that MYOmay reflect the severity of disease
in COVID-19 patients who develop rhabdomyolysis. However,
given that the overall prevalence of rhabdomyolysis in COVID-
19 patients is only 2.2% (25), the robust prognostic potency
of MYO cannot be attributed entirely to the development of
rhabdomyolysis. It is more likely that MYO may be a marker
of illness reflecting general physiological disturbance including
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FIGURE 3 | Kaplan-Meier curves showing the cumulative survival rates of patient groups divided by cut-off and ULN. (A–C) Kaplan-Meier curve analysis based on the

early-stage levels of myocardial biomarkers. (D–F) Kaplan-Meier curve analysis based on the late-stage levels of myocardial biomarkers. ULN, upper limit of normal.

myocardial injury, acute systemic hypoxia, and rhabdomyolysis
during COVID-19 infection, and thus has high accuracy in
predicting in-hospital mortality.

Another finding of this study is that although the cardiac-
specific biomarkers hs-TnI and CK-MB were correlated with in-
hospital mortality, they were not independent prognostic in the
multivariate COX analysis. By far, the mechanisms underlying
elevated cardiac biomarkers after COVID-19 infection are not
fully understood. Myocarditis, stress cardiomyopathy, acute
heart failure, and direct viral damage were considered potential
etiologies (27). Recent literature data show that troponin
release is relatively modest and slightly elevated in overall
SARS-CoV-2 infected patients. Only 8-12% of positive cases
had hs-TnI concentrations higher than ULN (4). In the
present study, we obtained comparable results, with 9.9% of
patients with hs-TnI levels higher than ULN in the early
stage and 7.2% in the late stage. Considering the generally
mild myocardial injury in overall COVID-19 patients, the
myocardial injury may not be the major cause of poor prognosis
in COVID-19 patients.

Given that many patients with severe COVID-19 infection
exhibit concomitant elevations in cardiac biomarkers and
inflammatory factors such as hs-CRP and IL-6, it is suggested
that the myocardial inflammatory response is the underlying
pathophysiology (28). The elevation of cardiac biomarkers

and other inflammatory biomarkers raises the possibility
that this reflects a cytokine storm, which may clinically
present as fulminant myocarditis (4, 27, 29). In addition,
increased prothrombotic and procoagulant responses following
SARS-CoV-2 infection can lead to increased frequency of
pulmonary embolism and worsening hypoxemia, leading
to cardiac injury and heart failure (4, 30). The present
study showed that hs-TnI levels were highly correlated
with inflammation-related factors such as hs-CRP and
IL-6 and coagulation indicators such as D-dimer, which,
together with MYO, were independent predictors of mortality.
Therefore, it is reasonable to assume that for most patients
with COVID-19, the myocardial injury may be secondary to
inflammatory injury and coagulation abnormalities following
viral infection.

Despite the values of these findings, our study has some
limitations. First, this study is retrospective in nature. The
presence of selection bias associated with patient selection
cannot be excluded. Second, the level of laboratory variables
may be affected by the fact that the time from diagnosis to
hospital admission varies among patients. Finally, this is a single-
center study. The current sample size is small for the total
patients with COVID-19 worldwide. Further studies involving
larger populations and multiple centers are needed to confirm
the results.
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FIGURE 4 | Forest plots showing the results of multivariate Cox analysis. The potential prognostic factors included in the multivariate analysis were previously

identified by LASSO regression. (A) LASSO coefficient profiles of the 30 variables including age, sex, comorbidities, physical examinations, and early-stage results of

(Continued)
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FIGURE 4 | laboratory parameters. Dotted vertical lines were drawn at the optimal values by using the minimum criteria and the 1 SE of the minimum criteria (the

1-SE criteria). Five variables with non-zero coefficients (MYO, NEU, hs-CRP, IL-6, and D-dimer) were identified. (B) In multivariate analysis, all five variables had

p-values < 0.05. (C) LASSO coefficient profiles of the 30 variables including age, sex, comorbidities, physical examinations, and late-stage results of laboratory

parameters. Three variables (MYO, hs-CRP, and D-dimer) with non-zero coefficients were identified. (D) In multivariate analysis, they all had p-values less than 0.05.

LASSO, least absolute shrinkage and selection operator; MYO, myoglobin; NEU, neutrophil; hs-CRP, high sensitivity C-reactive protein; IL-6, interleukin 6.

FIGURE 5 | Subgroup analysis demonstrating the prognostic ability of MYO in COVID-19 patients with severe or critical conditions. The results confirmed that MYO

provided a better prognostic performance than hs-TnI and CK-MB and had an independent prognostic effect on in-hospital mortality. (A) Standard ROC curve

analysis based on the early-stage levels of biomarkers. (B) Time-dependent AUC curves based on the early levels of cardiac markers. (C) Standard ROC curve

analysis based on the late-stage levels of biomarkers. (D–F) LASSO regression and multivariate COX analysis based on early levels of biomarkers. (G–I) LASSO

regression and multivariate COX analysis based on late levels of biomarkers. LASSO, least absolute shrinkage and selection operator; MYO, myoglobin; NEU,

neutrophil; hs-CRP, high sensitivity C-reactive protein; LYM, lymphocyte; ALB, albumin; N, number; AUC, area under curve.
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Background: The coronavirus disease 2019 (COVID-19) pandemic has become a

global problem, put a heavy burden on the health care system, and resulted in many

fatalities across the globe. A reduction in the number of cardiac emergencies, especially

ST-segment elevation myocardial infarction (STEMI), is observed worldwide. In this study,

we aimed to analyze the trends of cases and presentation of STEMI across several

cardiac catheterization centers in Indonesia.

Method: This retrospective study was performed by combining medical record data

from five different hospitals in Indonesia. We compared data from the time period

between February to June 2019 with those between February and June 2020. Patients

who were diagnosed with STEMI and underwent primary percutaneous coronary

intervention (PPCI) procedures were included in the study.

Results: There were 41,396 emergency department visits in 2019 compared with

29,542 in 2020. The number of patients with STEMI declined significantly from 338 in

2019 to 190 in 2020. Moreover, the total number of PPCI procedures reduced from 217

in 2019 to 110 in 2020. The proportion of PPCI was not significantly reduced (64.2 vs.

57.9%). The majority of the patients were men, with a mean age of 54 years in 2019

and 55 years in 2020. We observed a significantly longer door-to-balloon time in 2020

than in 2019 (p < 0.001). We also observed a difference in the door-to-balloon time and

ischemic time between the two periods.

Conclusion: We observed a decline in the number of patients presenting with STEMI

to our centers. However, we observed no significant decline in the percentage of PPCI

performed across our centers during this pandemic.

Keywords: STEMI, COVID-19, case, decrease, pandemic (COVID-19), cardiovascular
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has
become a global problem that has put a heavy burden on
the health care system and resulted in many fatalities (1, 2).
Each country has different policies to limit the transmission
of COVID-19. When the disease began to spread in Indonesia
in February 2020, many health services were disrupted because
hospitals or other health care facilities had to change their service
system policies to reduce the spread of the virus.

The pandemic also resulted in a significant reduction in the
number of patients seeking medical care either in the emergency
department or outpatient clinic. A reduction in the number of
cardiac emergencies, especially ST-segment elevation myocardial
infarction (STEMI), was observed worldwide (3–9). Data on
115,716 adult emergency department visits to 108 emergency
departments in the United States showed a significant reduction
in the incidence of most of the serious cardiovascular events, with
the exception of STEMI, in the year 2020 compared with that
in 2019 (10). Similarly, no decrease in the number of patients
presenting with STEMI was observed in France, and the authors
of the study hypothesized that the pandemic probably dissuaded
“non-critical” patients, but not those requiring reperfusion (11).
In Greece, the number of patients presenting to the emergency
department with acute coronary syndrome (ACS) in 2020 was
significantly reduced compared to that in the previous year (12).
Similarly, the number of patients presenting with cardiovascular
emergencies in Germany decreased in 2020 (13). The number
of immediate/early percutaneous coronary interventions (PCIs)
for non-ST-segment elevation myocardial infarction (NSTEMI)
in China significantly decreased in 2020 compared to that in the
previous year (14).

Several possible causes for a decrease in the number of STEMI
cases in Indonesia have been proposed; one of them is the
fear of visiting the hospital during the COVID-19 pandemic.
In this study, we aimed to analyze the trends of cases and
presentation of STEMI across several cardiac catheterization
centers in Indonesia.

MATERIALS AND METHODS

This was a retrospective study involving 190 patients with STEMI
in 2020 and 338 patients in 2019. This study was approved by
the Ethical Committee of the National Cardiovascular Center
Harapan Kita (LB 02.01/VII/KEP 070/2018) and adhered to the
declaration of Helsinki. Data were obtained from five hospitals in
Indonesia, namely the National Cardiovascular Center Harapan
Kita (Jakarta, Indonesia), Mohammad Yunus General Hospital
(Bengkulu, Indonesia), DR.M. Djamil General Hospital (Padang,
Indonesia), BumiWaras Hospital (Bandar Lampung, Indonesia),
and Sanglah General Hospital (Denpasar, Indonesia). These
hospitals are referral centers for PCI and cardiovascular care
in their respective regions. The National Cardiovascular Center
Harapan Kita is a national tertiary hospital for cardiovascular
disease, while the rest are general hospitals with cardiac
intervention facilities. We retrieved medical records data from
two different periods: (i) between February 1, 2019, and June

30, 2019; and (ii) between February 1, 2020, and June 30,
2020. Patients who were diagnosed with STEMI and underwent
primary PCI (PPCI) procedures were included in the study.
We also included data of patients with STEMI without PPCI
and overall presentation to the emergency departments of the
participating hospitals for comparative purposes.

During the second observation period of this study, most
of the patients underwent rapid test for COVID-19 antibody.
The number of polymerase chain reaction tests performed on
these patients was very small due to the unavailability at the
time. Thus, the diagnosis of COVID-19 was mainly based
on rapid test for COVID-19 antibody. The data retrieved
included demography, medication, procedural data, in-hospital
outcome, length of hospital stay, angiographic characteristics,
total ischemic time, patient’s delay, hospital, and system delay.
Thrombolysis in myocardial infarction (TIMI) flow grade was
assessed angiographically by the physician performing the
procedure. During the PCI procedure, door-to-wire crossing
time was recorded as a surrogate for reperfusion per the 2017
European Society of Cardiology guidelines for the management
of acute myocardial infarction (AMI) in patients presenting with
ST-segment elevation. Continuous variables are presented as
median [25th percentile, 75th percentile]. Categorical variables
are presented as frequency and percentage.

In this paper, we present continuous data as median,
minimum and maximum, and mean + standard deviation as
appropriate. Percentage is used to present discrete data. We used
Statistical Package for the Social Sciences (SPSS) software version
25 for Windows (SPSS, Chicago, Illinois, USA). Baseline analysis
of patients’ demography and comorbidity. The independent
samples t-test, the chi-square test, and Fisher’s exact test were
used to compare variables as appropriate.

We compared sex, age, diabetes, hypertension, smoking status,
and Killip class between 2019 and 2020 data. Clinical parameters
and procedural data were analyzed using the t-test to compare
percentages, onset, time interval since STEMI onset, door-to-
balloon time, ischemic time, and LVEF.We also analyzed adverse
effects and complications including bleeding, initiation of CPR,
stroke, mortality, and length of hospital stay.

RESULTS

The baseline characteristics are illustrated in Tables 1, 2, the
complications and outcomes are presented in Table 3. There
were 41,396 and 29,542 emergency department visits in 2019
and 2020, respectively. The number of patients with STEMI
declined significantly from 338 cases in 2019 to 190 cases in
2020. Moreover, the number of PPCI procedures decreased from
a total of 217 in 2019, to 110 in 2020. The majority of the patients
were men, with a mean age of 54 years in 2019 and 55 years in
2020 as shown in Table 1. There were no significant differences
regarding the presence of hypertension and diabetes mellitus
between the two periods. In the pandemic period, the number
of patients who presented directly to the PCI center’s emergency
department declined sharply compared to referred patients from
the other health care facilities (p< 0.001). Furthermore, the onset
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TABLE 1 | Baseline characteristics of all study subjects.

Characteristic 2019 (n = 338) 2020 (n = 190) P-Value

Male (%) 294 (87) 167 (87.9) 0.787

Age, mean (SD), years 55.31 (11.34) 55.17 (10.50) 0.888

Hypertension (%) 196 (58.0) 103 (54.20) 0.412

Diabetes (%) 131 (38.8) 79 (41.6) 0.578

Smoker (%) 193 (57.1) 85 (44.7) 0.007

Killip Class I (%) 197 (58.3) 103 (54.2) 0.092

Presentation of Cases (Overall)

Patient self-presenting to PCI Capable Center (%) 178 (52.7) 64 (33.7) <0.001

Referred from other hospital (%) 160 (47.3) 126 (66.3) <0.001

Procedures for patients with STEMI

Conservative treatment (%) 55 (16.3) 33 (17.4) 0.299

Fibrinolysis (%) 66 (19.5) 47 (24.7) 0.299

Primary PCI (%) 217 (64.2) 110 (57.9) 0.299

of symptoms to arrival was found to be similar in between the two
periods. Nevertheless, we observed a significantly longer door-to-
balloon period and ischemic time in the pandemic period than in
2019 (p < 0.001 and p= 0.041, respectively) (Tables 1, 2).

We observed a trend of decrease in the number and
percentage of STEMI cases and rates of PPCI in 2020 compared
with 2019. A total of 74 cases with STEMI were reported from
the five catheterization centers in March 2020 compared to 107
cases in March 2019 and the trend continues until the end
of observation in June. Overall, compared with the number of
patients with STEMI in 2019, we noted a trend for decrease in
2020, reaching the lowest point in June 2020 when there were
only 34 patients with STEMI compared to 60 cases in June
2019. We observed no significant change in the percentage of
PPCI performed across our centers. However, the percentage of
patients undergoing conservative treatment was higher in June
2020 compared with that in the previous year (33.3 and 11.7%,
respectively) (Figures 1–3).

DISCUSSION

During the COVID-19 pandemic, a significant decrease in the
number of hospitalizations of patients with ACS was seen in
the United Kingdom (UK), Ireland, Italy, and the United States.
Data from NHS facilities across the UK show a hospitalization
rate reduction of 40% for ACS, 35% for AMI, 23% for STEMI,
and 42% for NSTEMI. Similar observations were reported from
Italy, with ∼50% reduction in patients with AMI presenting to
the hospital in every region of the country. Moreover, a 26.5
and 65.1% reduction in patients with STEMI, and NSTEMI,
respectively, and a significantly increased case fatality rate
for STEMI compared with those in the previous year were
observed (RR 3.3, 95% confidence interval [CI] 1.7–6.6; P <

0.001) (8, 15–18).
A lower number of patients with STEMI presented at our

PCI centers during the pandemic. Therefore, we might assume
that patients were reluctant to come to a hospital with a PCI
center, which usually is larger andmore crowded with patients, to

avoid COVID-19 transmission and tended to visit a less crowded
hospital or other health care providers. Compared with 2019,
we observed an increase in the door-to-balloon time (97.79 vs.
125.56min, p < 0.001) and ischemic time (447.33 vs. 488.57min,
p = 0.041) in 2020. Lockdown and stay at home order may
cause patient delay in seeking medical care, Indonesia did not
impose lockdown, which may explain only small difference
(although statistically significant) between the ischemic time in
2019 and 2020. Solomon et al., in a study using data from the
Kaiser Permanente OaklandMedical Center, observed a decrease
in the number of hospitalizations of patients with STEMI in
conjunction with the first reported death due to COVID-19 in
California, 2 weeks before the implementation of the shelter
in place order (18). This finding shows that social restriction
policies might play a smaller role than previously believed in
decreasing the rate of presentation to hospitals. Contrary to the
observations in the US, in the data from NHS facilities across
the UK, a decrease in admissions for ACS occurred at least 2
weeks before the first death due to COVID-19. In response to
this, the British Heart Foundation and the British Cardiovascular
Society launched public campaigns to encourage patients with
heart attack symptoms to visit a hospital (17).

We observed a reduction in the proportion of smokers among
admitted patients with STEMI in 2020 compared with that in
2019 (57.1 vs. 44.7% p = 0.007). In our view, this does not
necessarily signify a reduction in the number of smokers, but
rather it is an index of the reduction in the number of patients
admitted to PCI centers. As supported by the finding of a
reduced percentage of patients who presented themselves to the
hospital for STEMI in 2020 compared with that in 2020 (34.5
vs. 58.1%, p < 0.001), the majority of admitted patients were
referred from other hospitals during the COVID-19 pandemic
(41.9 vs. 65.5%, p < 0.001), which showed an increase from that
in 2019. In contrast, during 2019, the majority of admissions
for PPCI were voluntary presentations to PCI centers. Our
findings were similar to those of a study by Mafham et al.
regarding the decrease in admissions for STEMI in the UK during

the COVID-19 pandemic. Our findings show the reluctance of
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TABLE 2 | Baseline and procedural characteristics of study subjects who underwent primary PCI.

Characteristic 2019 (n = 217) 2020 (n = 110) P-Value Difference between

means (95% CI)

Male (%) 194 (89.4) 97 (88.2) 0.713

Age, mean (SD), years 54.01 (10.19) 55.00 (10.06) 0.405

Hypertension (%) 137 (63.1) 73 (66.3) 0.326

Diabetes (%) 125 (57.6) 71 (64.5) 0.235

Smoker (%) 140 (64.5) 51 (26.8) <0.001

Killip Class I (%) 197 (90.8) 103 (93.6) 0.257

Presentation of Cases

Patient self-presenting to PCI Capable center (%) 126 (58.1) 38 (34.5) <0.001

Referred from other hospital (%) 91 (41.9) 72 (65.5) <0.001

Clinical Parameters

STEMI Onset, mean (SD), minutes 349.60 (158.48) 363 (171.24) 0.611 13.4 (−50.9–24.1)

Door-to-balloon time, mean (SD), minutes 97.79 (60.29) 125.56 (66.35) <0.001 27.7(−42.1–13.4)

Ischemic Time, mean (SD), minutes 447.33 (164.75) 488.57 (185.26) 0.041 41.24 (−80.81–1.65)

LVEF, Mean (SD) 48.13 (12.86) 50.69 (13.59) 0.199 0.2 (−5.7–0.6)

Anterior MI (%) 116 (53.5) 56 (50.9) 0.317

Procedural Data

Radial (%) 171 (78.8) 92 (83.6) 0.243

TIMI 0 Flow, Pre (%) 181 (83.4) 93 (84.5) 0.638

TIMI 3 Flow, Post (%) 180 (82.9) 103 (93.6) 0.027

Stent number, mean (SD) 1.14 (0.38) 1.15 (0.41) 0.844

TABLE 3 | Outcomes of interests.

Complication and Outcome 2019 (n = 338) 2020 (n = 190) P-Value Difference between means (95% CI)

Bleeding, Yes (%) 8 (2.4) 2 (1.1) 0.505

CPR, Yes (%) 14 (4.1) 9 (4.7) 0.648

Stroke Event, Yes (%) 1 (0) 0.336

Mortality, Alive (%) 206 (60.9) 104 (54.7) 1.000

Length of Stay, mean (SD), days 5.27 (3.12) 5.29 (3.15) 0.935 0.02 (−0.74–0.69)

patients with STEMI to voluntarily seek medical care and present
themselves to cardiovascular centers compared with the previous
year, possibly due to fear of contracting COVID-19. Mafham
et al. also associated this reduction in patients with STEMI in
their study with the increased news coverage of COVID-19 in the
media, and supported the hypothesis that this is caused by the
widespread fear of COVID-19 (17).

We found markedly longer door-to-balloon time in 2020
compared with that in 2019 (125.56 vs. 97.79min, p < 0.001).
This delay was due to several reasons. First, patients were
examined thoroughly for signs and symptoms of COVID-19
before entering the ED. Second, after patients entered the ED,
several examinations were performed to minimize the risk of
COVID-19 transmission such as completing the COVID-19
epidemiological form, chest x-ray scan, complete blood count,
rapid immunological test for COVID-19, and chest CT-scan if
necessary. Third, since most hospitals in Indonesia were not well-
prepared for a dedicated isolated catheterization laboratory (cath
lab), the donning process of the personal protective equipment
(PPE) for the operator and scrub nurses might have prolonged

the door-to-balloon time. Furthermore, we acknowledge that
the exercise of precautions, such as travel and contact history
interviews and chest x-ray images taken before patient transfer
to the cath lab, may be possible causes of delay. However, this
measure is crucial, especially becausemost cath labs are positively
ventilated and performing procedures in this environment might
facilitate the spread of disease if patients are not screened
thoroughly (5).

Our observation regarding the increase in door-to-balloon
time during the COVID-19 pandemic was consistent with
results of a study by Tam et al., who also observed an
increase in the symptom to the first medical contact time,
door to device time, and cath lab arrival to device time
compared with those in the years 2018 and 2019. The authors
reported a minimum increase of 226.5min from symptom
onset to first medical contact time, and a minimum of
increase of 11min in the cath lab arrival to device time.
Interestingly, in non-office-hours presentations, a decrease in
the door to device time compared to that in previous years
was noted.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 August 2021 | Volume 8 | Article 676592277

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Firman et al. STEMI During Pandemic in Indonesia

FIGURE 1 | Total STEMI Cases before and during COVID 19 pandemic.

FIGURE 2 | Comparison between conservative, fibrinolytic and primary PCI management of STEMI in 2019 and 2020.

In these trying times, we observed a shift in reperfusion
strategies for treating STEMI while adapting to the highly
contagious nature of COVID-19. A protocol from Sichuan
provincial hospital advocates thrombolysis in an isolation ward
for all COVID-19 positive patients with STEMI, with no
contraindication for thrombolysis in patients with onset times
within 12 h; an elective PCI is considered subsequently for
this group of patients. Stable patients with onset time >12 h

are evaluated for PCI, while unstable patients with severe
pneumonia are given conservative treatment in an isolation ward
(19). Similar guidelines, primarily focusing on the utilization
of thrombolysis for COVID-19 positive patients with STEMI,
were also proposed by the Peking Union Medical College
Hospital, while for NSTEMI patients, they recommended that
the treatment of COVID-19 pneumonia by an infectious
diseases specialist should take precedence (20). However,
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FIGURE 3 | Percentage of STEMI Cases before and during COVID 19 Pandemic.

guidelines from the Society for Cardiovascular Angiography
and Interventions (SCAI) Emerging Leader Mentorship advocate
PCI for COVID-19 positive patients with STEMI, albeit with
several considerations such as screening before arrival at the
cath lab and optimal use of PPE for staff. In its guidelines,
SCAI acknowledges the possibility of overload of the healthcare
system during this pandemic; however, systemic fibrinolytic
therapy is only advocated for low-risk STEMI (inferior STEMI
without right ventricular involvement or lateral myocardial
infarction without hemodynamic compromise). For patients
with high-risk STEMI, SCAI advocates the use of PCI as
the primary modality; however, it should only be performed
on the culprit vessel. PCI should be performed on a non-
culprit vessel only if the lesion is deemed unstable or in the
case of multiple culprit vessels (21). The recommendation of
SCAI is in accordance with that of The European Society
of Cardiology in their European Association of Percutaneous
Coronary Intervention (EAPCI) position statement on invasive
management of ACS during the COVID-19 pandemic. In this
statement, PPCI remains the preferred reperfusion strategy in
PCI centers, provided that it fits within the time frame (120min
from onset of symptoms). EAPCI also states that all patients
with STEMI should be managed as COVID-19 positive. If
considerable delay in reperfusion strategy is anticipated due to
implementation of protective measures, fibrinolysis should be
performed, given that there are no contraindications. EAPCI
also recommends complete revascularization when appropriate
and left ventricular angiogram in place of echo to evaluate
left ventricular function (22). Additionally, a position statement
from SCAI, ACC, and ACEP also recommend PPCI as the
standard of care in patients with STEMI (23). We observed
a statistically significant slight increase in the proportion of
patients with post procedural TIMI3 flow (53.3 vs. 54.2%, p =

0.027). Total ischemic time and time-to-treatment delays for
urgent cardiovascular interventions are expected to be longer
during the pandemic as a consequence of screening and other
policies related to the pandemic (24). This finding was also noted
in the present study, wherein there was an increase in ischemic
time during the period of study in 2020 compared with that
during the period of study in 2019 (488.57 vs. 447.33min, p
= 0.041).

Currently, at all catheterization centers in our study, we
perform PPCI on all COVID-19 positive patients with STEMI
with onset <12 h. We also perform PPCI on patients with
STEMI with onset >12 h who are clinically unstable. Currently,
catheterization of all patients with ACS is performed in dedicated
specialized isolated cath labs. After PCI, patients with reactive
severe acute respiratory syndrome coronavirus 2 antibody tests,
absolute lymphopenia, neutrophil to lymphocyte ratio >3.13, C-
reactive protein >10, or infiltration on chest x-ray scanning are
admitted to the isolation ward, whereas patients with none of the
above are admitted to the regular ward.

Although we observed trends for lower rates of bleeding and
C-reactive protein in this study, we did not observe an increase
in mortality during the COVID-19 pandemic compared with
that in the previous year (5.5 and 5.1% for 2020 and 2019,
respectively, p< 0.001). In contrast, a study from Italy observed a
significant increase in fatality rates of STEMI during the COVID-
19 pandemic (13.7 and 4.1% for 2020 and 2019, respectively, RR
= 3.3, 95% CI: 1.7–6.6; P < 0.001) (15).

The reduction in the presentation and admission rates for
STEMI in Indonesia and other countries might not represent a
true decrease in incidence of STEMI in the general population.
This phenomenon might represent reluctance of patients to
seek medical care due to fear of contracting COVID-19. We
observed that self-presenting patients decreased while transfer
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patients increased, both for total number and the percent with
PCI, this be due to the characteristics of the hospitals. Hospitals
included in this study are large government referral hospital and
were assigned as COVID-19 treatment hospitals. It is possible
that patients were more reluctant to present to these hospitals
and chose less crowded hospitals that turns out to be non-
PCI capable hospital, thus reducing self-presentation to our
designated hospitals while concomitantly increasing the number
of referrals.

Public health counseling of the community by medical
practitioners plays an important role in combating the paranoia
of contracting COVID-19 in case of an emergency. Patients with
complaints suggestive of underlying myocardial infarction will
gain the most benefit from timely medical attention to prevent
sequelae in the future (25). Patients with STEMI will gain the
most benefit of timely medical attention, since this subgroup
of patients has the highest risk of out of hospital cardiac arrest
without proper medical treatment (6, 26, 27).

Currently, Indonesia imposes no lockdown on its population.
However, large scale social restrictions were imposed nationally
and regionally by provincial governments in areas with a high
prevalence of COVID-19. They included measures such as
closing public places, restricting public transport, and limiting
travel to and from the restricted regions. This policy was enacted
in March 2020 after confirmation of 117 cases of COVID-19 on
the 15th of March 2020; the first case of COVID-19 in Indonesia
was reported on the 2nd of March 2020.

The enactment of this policy, which restricts travel, might
have hindered patients from reaching cardiovascular centers for
proper management of their complaints. Reports from the UK
also indicate that the enforcement of lockdown/social distancing
measures might further influence public perception into the
reluctance of going to medical centers even when the need
arises. This phenomenon might be what is currently happening
in Indonesia. Ideally, efforts should be made to encourage the
public to seek proper medical care when the need arises (17).
Another potential cause of decreased STEMI and other acute
cardiovascular diseases is the reduced pollution and change in
lifestyle due to “work from home” and other policies (28, 29).

Study Limitation
Due to the abrupt and fast increase in COVID-19 cases in
Indonesia during the study period (February–June 2020), our

centers were not prepared for COVID-19 testing and diagnosis
at the outset of this pandemic. Testing kits using Reverse
Transcriptase Polymerase Chain Reaction were unavailable
until August 2020, while rapid testing for COVID-19 using
serum immunoglobulin assay was available only at certain
centers. In most cases, an epidemiological contact form was
used to supplement these testing kits. Unfortunately, we
were unable to obtain precise data regarding the results of
rapid tests.

In conclusion, we observed a decline in the number of
patients presenting with STEMI to our centers. However, we
observed no significant decline in the percentage of PPCI
being performed across our centers during this pandemic.
We also observed prolongation of the door-to-balloon
time and ischemic time compared with those in the same
month in the previous year. Although delays might be
harmful to patients, this delay was caused by preliminary
screening of patients with STEMI for COVID-19 at the
emergency department.
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Linna Huang 1,2,3†, Ziying Chen 1,2,3,4†, Lan Ni 5, Lei Chen 6, Changzhi Zhou 7, Chang Gao 8,

Xiaojing Wu 1,2,3, Lin Hua 9, Xu Huang 1,2,3, Xiaoyang Cui 1,2,3, Ye Tian 1,2,3, Zeyu Zhang 1,2,3 and

Qingyuan Zhan 1,2,3*
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Care Medicine, China-Japan Friendship Hospital, Beijing, China, 3National Clinical Research Center for Respiratory Diseases,

Beijing, China, 4 Peking University Health Science Center, Beijing, China, 5Department of Pulmonary and Critical Care

Medicine, Zhongnan Hospital of Wuhan University, Wuhan, China, 6Department of Pulmonary and Critical Care Medicine,

Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, 7Department of

Pulmonary and Critical Care Medicine, The Central Hospital of Wuhan, Wuhan, China, 8Department of Critical Care

Medicine, The First Affiliated Hospital of Soochow University, Suzhou, China, 9 School of Biomedical Engineering, Capital

Medical University, Beijing, China

Objectives: To evaluate the impact of angiotensin-converting enzyme inhibitors (ACEIs)

or angiotensin receptor blockers (ARBs) on the inflammatory response and viral clearance

in coronavirus disease 2019 (COVID-19) patients.

Methods: We included 229 patients with confirmed COVID-19 in a multicenter,

retrospective cohort study. Propensity score matching at a ratio of 1:3 was introduced to

eliminate potential confounders. Patients were assigned to the ACEI/ARB group (n= 38)

or control group (n = 114) according to whether they were current users of medication.

Results: Compared to the control group, patients in the ACEI/ARB group had lower

levels of plasma IL-1β [(6.20 ± 0.38) vs. (9.30 ± 0.31) pg/ml, P = 0.020], IL-6 [(31.86

± 4.07) vs. (48.47 ± 3.11) pg/ml, P = 0.041], IL-8 [(34.66 ± 1.90) vs. (47.93 ± 1.21)

pg/ml, P= 0.027], and TNF-α [(6.11± 0.88) vs. (12.73± 0.26) pg/ml, P< 0.01]. Current

users of ACEIs/ARBs seemed to have a higher rate of vasoconstrictive agents (20 vs.

6%, P < 0.01) than the control group. Decreased lymphocyte counts [(0.76 ± 0.31) vs.

(1.01 ± 0.45)∗109/L, P = 0.027] and elevated plasma levels of IL-10 [(9.91 ± 0.42) vs.

(5.26 ± 0.21) pg/ml, P = 0.012] were also important discoveries in the ACEI/ARB group.

Patients in the ACEI/ARB group had a prolonged duration of viral shedding [(24 ± 5) vs.

(18 ± 5) days, P = 0.034] and increased length of hospitalization [(24 ± 11) vs. (15 ± 7)

days, P < 0.01]. These trends were similar in patients with hypertension.

Conclusions: Our findings did not provide evidence for a significant association

between ACEI/ARB treatment and COVID-19 mortality. ACEIs/ARBs might

decrease proinflammatory cytokines, but antiviral treatment should be enforced, and
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hemodynamics should be monitored closely. Since the limited influence on the ACEI/ARB

treatment, they should not be withdrawn if there was no formal contraindication.

Keywords: ACE inhibitor, ARB, inflammatory response, viral clearance, COVID-19

INTRODUCTION

Up to March 31, 2020, the total number of patients with
coronavirus disease 2019 has risen sharply to nearly 700,000
globally, with a mortality rate of nearly 5%. Meanwhile,
this epidemic seems to be spreading at an exponential rate
and has become an urgent public health emergency of
international concern.

Several large retrospective studies have revealed that pre-
existing cardiovascular disease and diabetes were the most
frequent comorbidities of coronavirus disease 2019 (COVID-
19) patients (1–3); these patients even had a higher risk
of mortality (4, 5) than those with underlying respiratory
disease. Angiotensin-converting enzyme inhibitors (ACEIs) and
angiotensin receptor blockers (ARBs) are widely prescribed
for these patients. ACEIs/ARBs have an impact on the renin-
angiotensin system (RAS) and are postulated to attenuate
pulmonary and systemic inflammatory responses, reducing
the severity and mortality of viral pneumonia-related acute
respiratory distress syndrome (6–8), ultimately by angiotensin-
converting enzyme 2 (ACE2) upregulation through the ACE2-
Ang-(1-7)-Mas axis (9).

The molecular biology of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is well-established, as it appears
to bind to its target cells through ACE2, which is expressed
by epithelial cells of the lung, to enable it to infect host cells
(10, 11). The expression of ACE2 is substantially increased in
patients who are treated with ACE inhibitors and ARBs (12),
which promotes SARS-CoV-2 entry into the body, increasing the
risk of developing COVID-19 (13, 14).

The controversial pathogenesis as well as the mixed results
of several clinical studies (15, 16) of pneumonia with other
pathogens made it difficult for physicians to determine whether
the use of ACE inhibitors or ARBs should be terminated in
patients with COVID-19.

To date, the actual impact of ACE inhibitor and ARB
prescriptions on COVID-19 patients has not been assessed in
current studies. Therefore, we aimed to evaluate the clinical
manifestations and outcomes, especially inflammatory responses
and viral clearance, by a multicenter, retrospective cohort study.

MATERIALS AND METHODS

Study Design and Population
We retrospectively included patients with microbiologically
confirmed cases of COVID-19 according to the World Health
Organization (WHO) (17) and official Chinese guidelines
(18) in a multicenter retrospective cohort study performed
at three tertiary hospitals in Wuhan, Hubei Province, China
(Tongji Hospital, Tongji Medical College, Huazhong University
of Science and Technology; Zhongnan Hospital of Wuhan

University; and the Central Hospital of Wuhan) from February
15, 2020 to March 25, 2020. Patients included in our study were
all assessed for eligibility on the basis of positive SARS-CoV-2
nucleic acid testing results by reverse transcription-polymerase
chain reaction (RT-PCR) with nasopharyngeal swab samples.
However, it was not possible to determine whether the patients
had pneumonia, as not all were available for CT scans.

Exclusion Criteria
(1) Patients younger than 18 years old.

(2) Patients still hospitalized at the end of the study.
All patients were treated according to the standard

protocols for antiviral, antibiotic, glucocorticoid, and Chinese
medicine treatments.

The ethics committee of China-Japan Friendship Hospital
approved this study (2020-21-K16). Written informed consent
was waived due to the rapid emergence of this infectious disease.

Group Division
We divided the patients into two groups. The ACEI/ARB group
included patients who were current users of ACE inhibitors or
ARB medication, while non-current users were included as the
control group. Patients in the ACEI/ARB group were further
divided into subgroups of a continued medication group and
a terminated medication group according to the application of
ACE inhibitors or ARBs during hospitalization.

Data Collection and Analysis
We collected data on the following parameters from the
hospital electronic medical record systems, nursing records,
laboratory examination systems, and radiological examinations
and obtained standardized data collection forms: demographic
characteristics, comorbidities, medication history within 1
month, symptoms at admission, laboratory finding changes from
day 1 to day 14, radiological manifestations, treatment during
hospitalization and outcome data that contained the rate of in-
hospital death and progression, the duration of viral shedding,
the length of hospital stay and the time from onset to death
or discharge. The primary outcome was mortality at discharge,
while the secondary outcomes we observed included the duration
of hospital stay, the duration of viral shedding and the differences
in inflammatory cytokines.

Patients with cardiovascular disease and diabetes are often
taking a combination of medications with statins (19) and
oral hypoglycemic agents, especially thiazolidinediones, which
have been reported to have an impact on the level of ACE2
by several studies (14, 20). To further control for potential
confounders, data on the use of statins, thiazolidinediones and
other antihypertensive agents (α receptor blocking agents, β

receptor blocking agents, calcium channel blockers and diuretics)
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prior to admission in each group were calculated within 90
days (6).

Two researchers also independently reviewed the data
collection forms to double check the data collected. Any missing
or uncertain records of the epidemiological, medication and
symptom data were collected and clarified through direct
communication with patients and their families.

We compared the two groups in terms of the above aspects
to identify the differences between current users and non-
users prior to admission. Then, among the current users of
ACEIs/ARBs, an analysis was conducted by comparing the
dynamic changes in indicators involved in immune status
and inflammatory reactions, as well as the outcomes between
patients who continued and terminated medication during
hospitalization. As hypertension itself could activate the RAS,
patients with hypertension were excluded to avoid potential
confounders. A comparison of the immune status, inflammatory
reactions and outcomes between the ACEI/ARB and control
groups in patients without hypertension was conducted.

Cytokine and Chemokine Measurement
To evaluate the impact of coronavirus and additional ACE
inhibitors or ARBs on the production of cytokines or chemokines
in the acute phase of the illness, plasma cytokines and
chemokines [interleukin 1β (IL-1β), IL-2R, IL-6, IL-8, IL-10,
and tumor necrosis factor α (TNF-α)] were measured using
chemiluminescent immunoassays (CLIAs) (CFDA approved)
by Siemens IMMULITE 1000 for patients according to the
manufacturer’s instructions.

Definitions
Medications classified as ACE inhibitors were benazepril,
perindopril and fosinopril, while the ARBs of the included
patients were candesartan, irbesartan, valsartan, olmesartan,
telmisartan, and losartan.

Patients were considered a current user of medication if they
had a supply of medication to last until the date of hospitalization
assuming an 80% compliance rate (6, 21). The patients who did
not meet the definition were regarded as non-current users. ACE
inhibitors or ARBs were considered to be continued if they were
given more than 50% of the days during hospitalization (8);
otherwise, they were considered to be terminated.

In-hospital progression was defined as a decline in PaO2/FiO2

of more than 100 mmHg or the need for invasive positive
pressure ventilation (IPPV) and/or extracorporeal membrane
oxygenation (ECMO) during hospitalization.

The duration of viral shedding was defined as the duration
of the SARS-CoV-2 RNA test result becoming negative from
positive. All patients were routinely reexamined for SARS-CoV-
2 nucleic acid testing every 5 days to assess whether it had
turned negative.

Shock was defined according to the interim guidance of the
WHO for novel coronavirus (22). Acute kidney injury (AKI)
was identified and classified on the basis of the highest serum
creatinine level or urine output criteria according to the Kidney
Disease Improving Global Outcomes Classification (KDIGO)
(22, 23). Respiratory failure, coagulation and liver failure were

defined as a Sequential Organ Failure Assessment (SOFA) score
greater than or equal to two points.

Statistical Analysis
Descriptive statistics included proportions for categorical
variables and the mean (standard deviation) or median
(interquartile range) for continuous variables. Data were
unadjusted unless specifically stated otherwise.

Processing of Missing Data
When the missing rate of vital variables involved in our study
was <15%, we used SAS predictive mean matching imputation
to replace missing values within each variable, while the variables
were abandoned when the missing rate reached 20%.

Processing of the Unbalanced Sample Size:

Propensity Score Matching
The propensity score matching (PSM) method was applied at
a ratio of 1:3 between the ACEI/ARB group and the control
group. The Sequential Organ Failure Assessment (SOFA) score,
Charlson’s comorbidity index (CCI), and body mass index (BMI)
were matched variables in PSM to derive the cohort. The overall
balance test was conducted to confirm that the baseline data of
the two groups matched successfully.

Proportions were compared using χ2 or Fisher’s exact tests,
and continuous variables were compared using the t-test or
Wilcoxon rank sum test, as appropriate. Statistical significance
was defined as a two-tailed P-value of ≤0.05. SAS software,
version 9.4 (SAS Institute Inc.) was used for all analyses.

RESULTS

From February 15, 2020 to March 25, 2020, a total of 229 patients
with confirmed cases of COVID-19 were admitted; 51 patients
were current users of ACEIs/ARBs, while the other 178 patients
were non-current users of the medication. The PSM method was
applied at a ratio of 1:3 between the ACEI/ARB group (n = 38)
and the control group (n = 114). The SOFA score and CCI
were matched variables in PSM to derive the cohort. Thirteen
cases in the ACEI/ARB group and 64 cases in the control group
were not matched successfully. The overall balance test was with
no significant difference between the two groups (P = 0.872).
Among the patients with ACEI/ARB medication, 18 continued
medication during hospitalization, while the other 20 terminated
medication (Figure 1). The mean age was 57 ± 12 years, male
patients accounted for 52% (n = 79), the SOFA score was 1.5
(1–2.3) points, and the CCI was 1 (1–2) prior to admission.

Comparisons of Baseline Prior
Hospitalization Between the ACEI/ARB and
Control Groups
The ACEI/ARB group included more patients with hypertension
(67 vs. 22%, P < 0.01) than the control group. The demographic
characteristics, other comorbidities, severity of the condition and
possible medication histories might have influenced the ACE2
level but did not differ significantly between the two groups.
No significant difference was found between the two groups in

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 August 2021 | Volume 8 | Article 710946284

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Huang et al. ACEI/ARB in COVID-19

FIGURE 1 | Flowchart. A flowchart illustrated the enrollment of patients in our study. From February 15, 2020 to March 25, 2020, a total of 229 patients with confirmed

cases of COVID-19 were admitted; 51 patients were current users of ACEIs/ARBs, while the other 178 patients were non-current users of the medication. The PSM

method was applied at a ratio of 1:3 between the ACEI/ARB group (n = 38) and the control group (n = 114). The SOFA score and CCI were matched variables in

PSM to derive the cohort. Among the patients with ACEI/ARB medication, 18 continued medication during hospitalization, while the other 20 terminated medication.

time from onset to hospitalization and to COVID-19 diagnosis
(Table 1).

Comparisons of Clinical Symptoms,
Laboratory Examinations, and Radiological
Manifestations on Admission Between the
ACEI/ARB and Control Groups
The symptoms, including fever, cough, hemoptysis, dyspnea,
fatigue/myalgia and diarrhea, as well as vital signs, with the
exception of systolic blood pressure, were not significantly
different between the ACEI/ARB group and the control group.
Although systolic blood pressure was lower in the study group
(116 ± 14 vs. 124 ± 13 mmHg, P = 0.031), it was within
the normal range. For laboratory examinations, patients with
ACE inhibitor or ARB medication had lower lymphocyte counts
[(0.76 ± 0.31) vs. (1.01 ± 0.45) ∗109/L, P = 0.027] than the
control group (Table 2).

The first measurements of the inflammatory factors, including
IL-1β, IL-2R, IL-6, IL-8, IL-10, and TNFα, were taken within 3
days of admission; while the most (97%, 147/152) were within
24 h. The time from COVID-19 diagnose to measurements
was (3 ± 2) days. Besides, as the missing rate reached 12–
15%, SAS predictive mean matching imputation was applied to
replace missing values in each group. The missing rates of IL-
2R, serum ferritin, erythrocyte sedimentation rate (ESR) and
C-reactive protein (CRP) were as high as 25–35%; therefore,
they were abandoned in the statistical analysis. Patients in the

ACEI/ARB group had slightly lower levels of proinflammatory
cytokines, including IL-1β [(6.20± 0.38) vs. (9.30± 0.31) pg/ml,
P = 0.020], IL-6 [(31.86 ± 4.07) vs. (48.47 ± 3.11) pg/ml,
P = 0.041], IL-8 [(34.66 ± 1.90) vs. (47.93 ± 1.21) pg/ml,
P = 0.027], and TNF-α [(6.11 ± 0.88) vs. (12.73 ± 0.26) pg/ml,
P < 0.01], and higher levels of the anti-inflammatory cytokine
IL-10 [(9.91 ± 0.42) vs. (5.26 ± 0.21) pg/ml, P = 0.012] than the
control group (Table 2).

Comparison of Organ Function, Treatment
and Outcomes During Hospitalization
Between the ACEI/ARB and Control
Groups
Current users of ACEIs/ARBs seemed to have a higher rate
of vasoconstrictive agent application (18 vs. 7%, P < 0.01)
than the control group; however, the percentages of respiratory
failure, shock, AKI, coagulation failure, and liver failure were
not different between the two groups. In addition, the necessities
for invasive IPPV and ECMO were not decreased in the
ACEI/ARB group (Table 3).

The duration of viral shedding [(24 ± 5) vs. (18 ± 5) days,
P = 0.034], length of hospital stay [(24 ± 11) vs. (15 ± 7) days,
P < 0.01], and time from onset to death or discharge [(32 ± 10)
vs. (25 ± 7) days, P < 0.01] were longer in the ACEI/ARB group
than in the control group, while no difference was found in the
rate of in-hospital progression or death (Table 3).
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TABLE 1 | Baseline variables in the two groups prior to admission.

All (n = 152) ACEI/ARB group (n = 38) Control group (n = 114) P

Age, years, mean ± SD 57 ± 12 57 ± 11 58 ± 18 0.671

Gender (men), number (%) 79 (52%) 19 (51%) 60 (53%) 0.533

Body mass index, kg/m2, mean ± SD 21.0 ± 6.9 21.1 ± 6.4 21.0 ± 7.0 0.838

Comorbidities, number (%)

Hypertension 55 (36%) 30 (67%) 25 (22%) <0.001b

Diabetes 37 (24%) 10 (27%) 27 (24%) 0.217

Coronary heart disease 17 (11%) 6 (16%) 11 (10%) 0.071

Chronic heart failure 6 (4%) 2 (5%) 4 (4%) 0.622

Underlying lung disease 18 (12%) 7 (18%) 11 (10%) 0.094

Chronic kidney disease 2 (1%) 1 (3%) 1 (1%) 0.512

Chronic liver dysfunction 3 (2%) 0 (0%) 3 (3%) 0.425

Malignancy 3 (2%) 0 (0%) 3 (3%) 0.186

History of smoking, number (%) 23 (15%) 8 (21%) 15 (13%) 0.081

Other medication history within 90 days, number (%)

Corticosteroids 0 (0%) 0 (0%) 0 (0%) 1

Immunosuppressants 0 (0%) 0 (0%) 0 (0%) 1

Statins 21 (14%) 6 (16%) 15 (13%) 0.214

Thiazolidinediones 1 (1%) 0 (0%) 1 (1%) 0.996

α receptor blocking agent 4 (3%) 1 (3%) 3 (3%) 0.820

β receptor blocking agent 19 (13%) 5 (13%) 14 (12%) 0.731

CCB 19 (13%) 5 (13%) 14 (12%) 0.731

Diuretics 16 (11%) 4 (11%) 12 (11%) 1

SOFA Score, points (IQR) 1.5 (1–2.3) 1.5 (1–2.5) 1.5 (1–2) 0.879

CCI, points (IQR) 1 (1–2) 1 (1–2) 1 (1–2) 1

Treatment before hospital, number (%)

Methylprednisolone 10 (7%) 3 (8%) 7 (6%) 0.091

Antibiotic therapy 92 (61%) 22 (58%) 70 (61%) 0.429

Antiviral therapy 102 (67%) 22 (57%) 80 (70%) 0.239

Time from onset to hospital admission, days, mean ± SD 10 ± 6 11 ± 3 10 ± 6 0.296

Time from onset to diagnosis, days, mean ± SD 7 ± 5 7 ± 5 7 ± 2 0.8

bP < 0.01; CCB, calcium channel blocker; SOFA, Sequential Organ Failure Assessment; CCI, Charlson’s Comorbidity Index (18).

Subgroup Analyses: Comparison Between
Patients Who Continued and Terminated
Medication During Hospitalization
Among the patients in the ACEI/ARB group, 18 continued
medication during hospitalization, while the other 20 terminated
medication for several reasons. The baseline variables were
with no significant difference between the two groups
(Supplementary Table 1). The dynamic changes in lymphocytes
and inflammatory factors at the first, seventh, and fourteenth
days after hospitalization as well as the outcomes were compared
between the two groups. The missing rates of IL-2R and IL-8
at seven days and 14 days after admission were extremely high
and were not included in the analysis. Patients with continued
use of ACEIs/ARBs had consistently lower levels of lymphocytes,
IL-1β, IL-6, and TNF-α but maintained higher levels of IL-10 on
the seventh and fourteenth days than patients who terminated
medication during hospitalization. However, the patients who
terminated the medication had a trend of elevated lymphocyte
counts [day 1, day 7, day 14: (0.82 ± 0.47) vs. (1.41 ± 0.74) vs.
(1.69 ± 0.45)∗109/L, P = 0.029] and IL-1β [day 1, day 7, day
14: (6.03 ± 3.19) vs. (10.78 ± 6.88) vs. (13.75 ± 5.26) pg/ml,

P < 0.01] from the first day to the fourteenth day (Figure 2,
Supplementary Table 2).

The duration of viral shedding [(27 ± 4) vs. (21 ± 5) days,
P = 0.032], length of hospital stay [(26 ± 10) vs. (20 ± 3) days,
P = 0.044], and time from onset to death or discharge [(34 ±

9) vs. (29 ± 10) days, P = 0.019] were longer in the continued
medication group than in the terminated medication group. The
rates of in-hospital progression and death were not significantly
different between the two groups (Table 4).

Subgroup Analyses: A Comparison of the
Immune Status, Inflammatory Reactions
and Outcomes Between the ACEI/ARB and
Control Groups in Patients With
Hypertension
Among 55 patients with hypertension, 30 patients were divided
into the study group (ACEI/ARB group), and the other 25
patients were in the control group.

Compared with the control group, the patients in the study
group had lower levels of IL-1β [(6.33 ± 0.56) vs. (8.27 ± 0.14)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 August 2021 | Volume 8 | Article 710946286

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Huang et al. ACEI/ARB in COVID-19

TABLE 2 | Clinical, laboratory findings, and radiological manifestations in the two groups on admission.

All (n = 152) ACEI/ARB group (n = 38) Control group (n = 114) P

Initial symptoms, number (%)

Fever (≥37.3◦C) 140 (92%) 35 (92%) 105 (92%) 0.981

Cough 109 (72%) 27 (70%) 82 (72%) 0.866

Productive cough 60 (39%) 16 (42%) 44 (39%) 0.605

Hemoptysis 3 (2%) 1 (3%) 2 (2%) 0.263

Dyspnea 78 (51%) 20 (53%) 58 (51%) 0.432

Fatigue or myalgia 67 (44%) 16 (43%) 51 (45%) 0.619

Diarrhea 46 (30%) 12 (31%) 34 (30%) 0.764

Initial signs, mean ± SD

Highest temperature, ◦C 38.4 ± 0.7 38.5 ± 1.1 38.3 ± 0.4 0.461

Respiratory rate, breaths/min 23 ± 3 22 ± 3 23 ± 3 0.709

Heart rate, beats/min 96 ± 11 97 ± 8 96 ± 14 0.338

Systolic blood pressure, mmHg 123 ± 10 116 ± 14 124 ± 13 0.031a

SpO2, % 94 ± 4 93 ± 3 94 ± 4 0.741

FiO2, % 40 ± 18 42 ± 15 40 ± 17 0.302

Laboratory examination, mean ± SD

Blood routine

WBC, *109/L 5.94 ± 3.00 6.27 ± 3.21 5.80 ± 2.97 0.085

Neutrophil count, *109/L 4.40 ± 2.99 5.21 ± 3.29 4.39 ± 3.01 0.097

Lymphocytes, *109/L 0.89 ± 0.40 0.76 ± 0.31 1.01 ± 0.45 0.027a

Biochemical examination

ALT, U/L 43 ± 4 42 ± 4 43 ± 4 0.747

AST, U/L 40 ± 5 44 ± 4 40 ± 5 0.841

TBIL, mmol/L 11.3 ± 5.2 11.0 ± 5.9 11.4 ± 5.0 0.660

Scr, µmol/L 79.2 ± 2.7 77.5 ± 2.2 80.1 ± 3.6 0.915

LDH, U/L 295 ± 89 301 ± 77 294 ± 91 0.617

TnT, pg/ml 11 ± 1 12 ± 1 11 ± 1 0.770

NT-proBNP, pg/ml 401 ± 55 411 ± 55 397 ± 51 0.528

Inflammatory factors

IL-1β, pg/ml 8.02 ± 0.33 6.20 ± 0.38 9.30 ± 0.31 0.020a

IL-2R, U/ml 796.02 ± 27.40 724.25 ± 52.30 807.23 ± 26.21 0.246

IL-6, pg/ml 47.11 ± 3.26 31.86 ± 4.07 48.47 ± 3.11 0.041a

IL-8, pg/ml 46.03 ± 1.85 34.66 ± 1.90 47.93 ± 1.21 0.027a

IL-10, pg/ml 6.37 ± 0.37 9.91 ± 0.42 5.26 ± 0.21 0.012b

TNF-α, pg/ml 11.21 ± 0.44 6.11 ± 0.88 12.73 ± 0.26 <0.001b

PCT, ng/ml 0.27 ± 0.07 0.26 ± 0.03 0.29 ± 0.08 0.619

Coagulation function

PT, s 14 ± 3 14 ± 1 14 ± 1 0.995

APTT, s 42 ± 5 44 ± 3 42 ± 5 0.881

D-Dimer, µg/ml 2.19 ± 0.44 2.33 ± 0.47 2.12 ± 0.46 0.448

Chest CT manifestations, number (%)

Bilateral lesion 82 (54%) 19 (49%) 63 (55%) 0.374

GGO 89 (59%) 19 (49%) 70 (61%) 0.310

Consolidation 36 (24%) 11 (29%) 25 (22%) 0.229

aP < 0.05; bP < 0.01; SpO2, saturation of peripheral oxygen; FiO2, fraction of inspiration; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin;

Scr, creatinine; LDH; lactate dehydrogenase; TnT, troponin T; NT-proBNP, N-terminal pro-brain natriuretic peptide; IL-1β, interleukin-1β; IL-2R, interleukin-2R; IL-6, interleukin-6; IL-8,

interleukin-8; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α; PCT, procalcitonin; PT, prothrombin time; APTT, activated partial thromboplastin time; GGO, ground-glass opacity.

pg/ml, P = 0.026], IL-6 [(40.16 ± 12.59) vs. (52.33 ± 14.09)
pg/ml, P = 0.030], and IL-8 [(31.60 ± 2.97) vs. (42.83 ± 3.27)
pg/ml, P= 0.030] on admission. Regarding clinical outcomes, the

duration of viral shedding [(26± 6) vs. (19± 4) days, P = 0.029]
and time from onset to death or discharge [(30 ± 10) vs. (24 ±

8) days, P = 0.031] were longer in the study group than in the
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TABLE 3 | Organ function, treatments and outcomes in the two groups during hospitalization.

All (n = 152) ACEI/ARB group (n = 38) Control group (n = 114) P

Organ failure*, number (%)

Respiratory failure 25 (16%) 8 (20%) 17 (15%) 0.092

Shock 13 (9%) 4 (11%) 8 (7%) 0.060

AKI 15 (10%) 4 (11%) 11 (10%) 0.829

Coagulation failure 3 (2%) 1 (3%) 2 (2%) 0.664

Liver failure 15 (10%) 4 (11%) 11 (10%) 0.796

Treatment, number (%)

Antibiotics 105 (69%) 24 (64%) 81 (71%) 0.461

Antiviral treatment 145 (95%) 36 (92%) 109 (96%) 0.334

Glucocorticoids 49 (32%) 11 (30%) 38 (33%) 0.612

Intravenous immunoglobin 36 (24%) 9 (23%) 27 (24%) 0.552

Standard oxygen therapy 132 (87%) 35 (92%) 97 (85%) 0.080

HFNO 28 (18%) 7 (18%) 21 (18%) 0.927

NPPV 18 (12%) 5 (12%) 13 (11%) 0.327

IPPV 17 (11%) 4 (11%) 13 (11%) 0.629

ECMO 4 (3%) 1 (3%) 3 (3%) 0.994

Vasoconstrictive agents 15 (10%) 7 (18%) 8 (7%) <0.01b

Outcome

In-hospital progression#, number (%) 28 (18%) 6 (16%) 22 (19%) 0.326

In-hospital death, number (%) 15 (10%) 4 (10%) 11 (10%) 0.983

Hospital length of stay, days, mean ± SD 17 ± 8 24 ± 11 15 ± 7 <0.01b

Duration of viral shedding, days, mean ± SD 19 ± 3 24 ± 5 18 ± 5 0.034a

Time from onset to death or discharge, days, mean ± SD 27 ± 9 32 ± 10 25 ± 7 <0.01b

aP < 0.05; bP < 0.01; *Shock was defined according to the interim guidance of the WHO for novel coronavirus (22, 23). AKI was identified and classified on the basis of the highest

serum creatinine level or urine output criteria according to kidney disease, improving global outcome classification (23, 24). Respiratory failure, coagulation and liver failure were defined

as a SOFA score greater than or equal to two points. #Defined as a decline in PaO2/FiO2 > 100 mmHg or the need for IPPV and/or ECMO during hospitalization. AKI, acute kidney

injury; HFNO, high flow nasal oxygenation; NPPV, noninvasive positive pressure ventilation; IPPV, invasive positive pressure ventilation; ECMO, extracorporeal membrane oxygenation.

control group; however, no difference was detected in the rate of
in-hospital progression and death between the two groups.

DISCUSSION

To our knowledge, this is the first study to thoroughly evaluate
the inflammatory responses and viral clearance of COVID-19
patients treated with ACEIs/ARBs by a multicenter, retrospective
cohort control study and to allow dynamic observation of
inflammatory responses by continuous monitoring from the first
to the fourteenth day after admission.

The major findings of our study were that ACEIs/ARBs
inhibited the proinflammatory response but promoted the anti-
inflammatory response and persistently decreased lymphocytes,
thus extending the duration of viral shedding and the length of
hospital stay. Antiviral treatments should be enforced in those
patients. In addition, since current users of ACEIs/ARBs seem to
have a higher necessity of vasoconstrictive agents, hemodynamics
should be monitored closely during medication use. The message
to the physician was that the influence on the ACEI/ARB
treatment was limited, and they should not be withdrawn if there
was no formal contraindication.

Inflammation is mediated by proinflammatory cytokines
and anti-inflammatory cytokines. Inappropriate elevated

expression of proinflammatory cytokines can result in sepsis,
tissue destruction, or death (21, 24). Our study revealed that

the plasma levels of IL-1β, IL-6, IL-8, and TNF-α in patients
taking ACEI/ARBs were lower than those in patients not
without medication; in addition, persistently lower levels of
proinflammatory factors were maintained in patients who
continued medication during hospitalization, which was
consistent with the previous experimental results by Gullestad
et al. (25) with the conclusion that high-dose enalapril was
associated with a significant decrease in IL-6 activity in patients
with severe chronic heart failure. The specific organ and
systemic inflammatory responses were postulated to attenuate
through a reduction in the level of cytokines, which might
be explained by the attenuating effects of ACE inhibitors
through the deactivation of the ACE-AngII-AT1 axis but the
stimulation of the ACE2-Ang-(1-7)-Mas axis in a feedback
mechanism (9, 26, 27) as a negative regulator with attenuated

cytokines and thus protecting the patients from organ injury.

Consequently, some authors (28, 29) have speculated that the
use of ACEIs/ARBs might actually be a potentially beneficial
intervention in those with COVID-19.

Apart from organ protection by attenuating the inflammatory
response, basic investigation has shown that bradykinin and
substance P produced by ACE inhibitors sensitize the sensory
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FIGURE 2 | The dynamic changes in the lymphocyte counts and inflammatory factors between patients who continued and those who terminated ACEIs/ARBs

during hospitalization. Patients with continued use of ACEIs/ARBs had consistently lower levels of lymphocytes, IL-1β, IL-6, and TNF-α but maintained higher levels of

IL-10 on the seventh and fourteenth days than patients who terminated medication during hospitalization. However, the patients who terminated the medication had a

trend of elevated lymphocyte counts and IL-1β from the first day to the fourteenth day. *p < 0.01.

TABLE 4 | Outcomes in patients who continued and those who terminated ACEIs/ARBs during hospitalization.

Outcomes Continued ACEIs/ARBs (n = 18) Terminated ACEIs/ARBs (n = 20) P

In-hospital progression# 3 (17%) 3 (15%) 0.611

In-hospital death 2 (11%) 2 (10%) 0.709

Duration of viral shedding, days 27 ± 4 20 ± 5 0.032a

Hospital length of stay, days 26 ± 10 20 ± 3 0.044a

Time from onset to death or discharge, days 34 ± 9 29 ± 10 0.019a

aP < 0.05; #Defined as a decline in PaO2/FiO2 > 100 mmHg or the need for IPPV and/or ECMO during hospitalization.

nerves of the airways and enhance the cough reflex (30, 31),
which plays a protective role against pathogens. These two
mechanics made it possible to improve the outcome in patients
with pneumonia. Mortensen et al. (6) found a significant
decrease in mortality, the length of hospital stay, and mechanical
ventilation in patients taking ACE/ARBs who were hospitalized
with pneumonia compared to a matched cohort. A meta-analysis
(32) that included 19 studies noted that patients taking ACE
inhibitors were associated with a significant approximately one-
third reduction in the risk of pneumonia compared with controls.
In addition, a recent study (8) by Christopher Henry also
observed lower rates of death and intubation with continued
use of ACE inhibitors than with terminated use (OR = 0.25;
95% CI, 0.09–0.64) throughout the hospital stay in cases of
viral pneumonia not due to coronavirus. Unfortunately, our
study did not find decreased mortality in patients with current
use of ACEI/ARBs, even though we analyzed patients with

continued medication during hospitalization and combined with
hypertension to avoid potential confounding factors. The most
likely explanation was that our study included a small number
of patients, while most of their patients had mild cases as
determined by SOFA scores and without excessive inflammatory
reactions, which was the target for ACE inhibitors or ARBs.

What noteworthy was that ACEI/ARBs increased the necessity
of vasoconstrictive agents. It could be explained by the nature of
the antihypertensive agents and came as a revelation to us that the
hemodynamics should be monitored closely during medication.

Our research also revealed that ACE inhibitors or ARBs
led to prolonged viral shedding and extended the length of
hospitalization. SARS-CoV-2 appears to bind to its target
cells through angiotensin-converting enzyme 2 (ACE2). ACE
inhibitors or ARBs upregulate ACE2 receptor expression in
humans (33) by blocking the classic ACE pathway; thus, it is
theoretically possible that the pre-existing use of these drugs
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might predispose a person to infection with a greater viral
load of SARS-CoV-2 (13). This hypothesis was supported by
the evidence of Ferrario that there was a 4.7-fold increase in
cardiac ACE2 mRNA by an ACE inhibitor (34). Decreased
lymphocyte counts and elevated plasma levels of IL-10 were also
important discoveries in patients with ACEI/ARBs. Moreover,
the lymphocyte counts in patients with continued use of
medication during hospitalization recovered slowly, as observed
by successive monitoring on the first to fourteenth days. The
immune status was weakened by lymphocytopenia and elevated
anti-inflammatory cytokines in patients taking ACEI/ARBs,
which might be another reason for the slow viral clearance. As
the important criterion for discharge was the negative conversion
of the SARS-CoV-2, prolonged viral shedding led to an extended
length of hospitalization. This might be the defect of the
ACEI/ARBs andmight explain the mixed results and controversy
about their prescription in COVID-19 patients. For this reason,
antiviral therapy in patients taking ACEI/ARBs should be
reinforced, and their viral load should be monitored closely.

An autopsy report revealed that mononuclear inflammatory
infiltration dominated by lymphocytes was observed in the lungs,
but no virus inclusion bodies were found (35). We could then
propose a hypothesis that cytokines released by inflammatory
storms secondary to viral infection might be more important in
the death of critically ill patients with COVID-19 than the viral
infection itself in a certain period. From this perspective, it is
possible that ACEI/ARBsmight improve the outcome in critically
ill patients with excessive inflammatory responses or severe
multiple organ failure; when the inflammatory storm gradually
diminishes, the focus of therapy should be on clearance of the
virus and the enhancement of the immune system. Prospective
cohort and randomized controlled trials are needed to confirm
this hypothesis and examine potential mechanisms of action.

Our study was limited by the small number of patients
included and by not strictly excluding confounding factors.
We especially noticed that the number of patients with
hypertension was much higher in the ACEI/ARB group,
which might be an important confounding factor. However,
by subgroup analyze in patients with hypertension, we found
similar results. The prospective randomized controlled studies
designed by increasing the sample size and strictly excluding
potential confounders to explore the impact of ACE/ARBs on
inflammatory responses, viral clearance and the mortality in
COVID-19 patients should be encouraged in the future.
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Background: Acute respiratory viral infections can result in cardiovascular involvement,

with such patients having a significantly higher mortality rate than those without

cardiovascular involvement. Due to the ongoing coronavirus disease 2019 (COVID-19)

pandemic, it is important to determine whether cardiovascular risk factors are associated

with the severity of COVID-19.

Methods: These nationwide data were provided by the Korea Disease Control and

Prevention Agency. We defined a patient as having a “critical illness” if they required

more than invasive mechanical ventilation and “fatal illness” if they died.

Results: Among the total 5,307 patients, 2,136 (40.8%) were male. The critical

illness rate was 5.1% (males: 6.7, females: 4.0%) and the fatality rate was 4.54%.

The multivariable analysis showed that age ≥60 years, male sex, diabetes mellitus,

hypertension, heart failure, chronic kidney disease, cancer, and dementia were

independent risk factors for critical illness. The risk scoringmodel showed the significance

of multiple risk factors. Patients with four risk factors; old age (≥60 years), male sex,

hypertension, and diabetes mellitus had a more than a 100 times higher risk for severe

COVID-19 than those without these risk factors (OR; 95% confidence interval, 104;

45.6–240.6 for critical, 136.2; 52.3–3547.9 for fatal illness).

Conclusions: This study demonstrated that cardiovascular risk factors are also

significant risk factors for severe COVID-19. In particular, patients who have multiple

cardiovascular risk factors are more likely to progress to severe COVID-19. Therefore,

early and appropriate treatment of these patients is crucial.

Keywords: COVID-19, SARS-CoV-2, cardiovascular disease, risk factor, mortality
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INTRODUCTION

The risk of myocardial infarction is known to be proportional
to the severity of an acute respiratory infection (1). Acute
viral pneumonia can result in cardiovascular diseases, such
as heart failure, acute myocardial infarction, arrhythmia,
and myocarditis. Patients with cardiovascular involvement
have a significantly higher mortality rate than those without
cardiovascular involvement (1–4).

Since the end of 2019, coronavirus disease 2019 (COVID-19)
caused by a novel coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has spread to more than 200
countries around the world. It has displayed high transmission
power, severity, and mortality. The clinical manifestation of
COVID-19 is broad, ranging from no symptoms to fever, acute
respiratory distress syndrome, multiple organ failure, and death
(5). Many countries around the world have been struggling to
contain COVID-19, and so far, no definite treatment has been
developed. Therefore, it is important to assess the risk factors that
affect the severity and fatality of COVID-19.

Excess mortality was reported in the United States during the
influenza pandemic. Although the association with secondary
infections was not identified, cardiovascular event may have
been a contributing factor (1, 6). A recent observational study
showed that underlying cardiovascular diseases, such as coronary
artery disease, congestive heart failure, and arrhythmia were
associated with an increased risk of in-hospital death by COVID-
19 (7). Early on in the pandemic, studies in China showed that
people with underlying conditions such as hypertension, diabetes
mellitus, cerebrovascular disease, or cardiovascular disease were
more likely to be admitted to the intensive care unit (5).

Hence, in this study, we focused and analyzed the clinical
implications of cardiovascular risk factors and the presence or
absence of cardiovascular disease on the outcome and severity
of COVID-19. Research on cardiovascular risk factors, including
hypertension and diabetes mellitus, which are prevalent in the
entire population, and the effect of sex and age on the severity
of COVID-19 are not only important to cardiologists, but are
significant public health topics. Further, this study can provide
important prognostic information for patients.

The previous studies are mostly conducted early on in the
pandemic and have limited study populations. The Republic
of Korea reduced the spread of COVID-19 by proactively and
systematically identifying patients with COVID-19 based on
the national health insurance system, which is a single-payer,
compulsory subscription system. Accordingly, we have a good
basis for analyzing the characteristics of the clinical features of
COVID-19 using data from across Korea. Here, we analyzed
whether cardiovascular disease and/or the associated risk factors
affect the severity of COVID-19 using data provided by the Korea
Disease Control and Prevention Agency (KDCA).

MATERIALS AND METHODS

Data Source and Study Population
This is a retrospective cohort study, using nationwide data
from the Republic of Korea. Study candidates are the patients

with COVID-19 who had been hospitalized, among the patients
released from isolation or died as of April 30, 2020. Since the
first confirmed case of COVID-19 in Korea on January 19,
2020, the KDCA has actively tracked almost all patients and
their contacts in an attempt to control the spread of COVID-
19. Further, cumulative statistics are released daily on a public
web site (http://ncov.mohw.go.kr/en/) and through the media.
The KDCA developed a registry of confirmed COVID-19 cases
and provided the anonymized data to select researchers. The
data includes only COVID-19 patients that had been released
from isolation or died until 30 April 2020. We analyzed the data
received from the KDCA via encrypted, remote access.

A brief summary of the COVID-19 related quarantine issues
in Korea from January 19 to April 30, 2020 is as follows. The
approximate total population of the Republic of Korea was
51,780,579 in April 2020 (8). The total number of COVID-
19 tests conducted was 623,069 and the number of confirmed
cases was 10,774 as of April 30, 2020 (Figure 1A). Among the
10,774 confirmed cases, 1,073 (9.96%) were foreign patients.
In total, 9,072 patients had been released from isolation, and
248 had died (fatality rate: 2.73%). Of the 9,072 patients who
had been released from isolation, 8,976 had accessible medical
records. Of these, 5,350 were hospitalized, 3,450 were admitted
to community treatment centers, and 176 were isolated at home.
Most of the patients who were isolated at home or community
treatment center had asymptomatic or mild disease (9). If
disease progressed to moderate or severe condition, they were
transferred to hospitals. Of the people who initially entered a
community treatment center, approximately 270–280 patients
were eventually hospitalized (Figure 1B) (10). The KDCA
allowed select researchers temporary access to the anonymized
data of 5,628 patients (under granted permission).

A total of 5,628 raw data points corresponding to inpatients
from the KDCA were initially reviewed (Figure 1B in the
pink box). Finally, 5,307 patients were analyzed after excluding
272 patients under the age of 20 years, 19 pregnant women,
26 without clinical severity information, and four without
comorbidity information.

The data included the presence of diabetes mellitus,
hypertension, heart failure, chronic heart disease, asthma,
chronic obstructive pulmonary disease, chronic kidney disease,
malignancy, chronic liver disease, rheumatic/autoimmune
disease, and dementia, but did not show the duration of disease
and medication history. The co-morbid condition was collected
through history taking by medical personnel with questionnaire.
There was no available detailed information, disease status and
treatment regimens for COVID-19 in the given data.

Study Definitions
A confirmed case was defined as a patient who had tested
positive for SARS-CoV-2 after a real-time reverse transcription-
polymerase chain reaction (RT-PCR) test with respiratory
specimens: upper respiratory specimens (nasopharyngeal and
oropharyngeal swabs), with or without a lower respiratory
specimen (sputum), regardless of their clinical manifestations (2).
To be released from isolation or discharged, patients had to be:
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FIGURE 1 | Schema of the study population. (A) From the total number of people tested for COVID-19 to the cumulative numbers of those who were released from

isolation or died. (B) Flow chart of the current study candidates. KDCA, Korea Disease Control and Prevention Agency.

(1) afebrile without symptoms for 10 days and/or (2) have two
negative RT-PCR results at least a 24-h interval (11).

Disease severity was defined according to the KDCA and
World Health Organization guidelines (11, 12) as follows: level
1, no limitation of daily activities; level 2, limitation of daily
activities but no need for oxygen therapy; level 3, oxygen
therapy via a nasal cannula; level 4, oxygen therapy via a
facial mask; level 5, high-flow supplemental oxygen therapy
or non-invasive mechanical ventilation; level 6, needs invasive
mechanical ventilation; level 7, multi-organ failure or needs
extracorporeal membrane oxygenation (ECMO) therapy; level 8,
death. Levels 6–8 were defined as critical illness, whereas 8 was
defined as fatal illness. In this study, critical illness is a broader
concept that includes fatal illness, and fatal illness refers to a
mortality case. The severity evaluation was based on patients
with the most severe condition during their hospital stay. For
example, fatal illness refers to death of patients regardless of
whether they received level 1 or 7 treatment. All fatality cases
were made to correspond to level 8. Both critical and fatal illness
were considered to be severe COVID-19.

Information on comorbidities was reviewed to determine
whether patients had previously been diagnosed with specific
comorbidities. Body temperature and body mass index were the
initial findings on hospital admission.

Statistical Analysis
The baseline characteristics of the subjects were described as a
frequency and proportion for categorical data. The chi-square

test was used to compare the categorical variables. The values
of continuous variables were expressed as the median and
interquartile range (IQR; Q1, Q3). The Mann-Whitney U, or
Wilcoxon rank-sum tests were performed for body temperature.
Univariate and multivariable logistic regression models were
applied to evaluate the risk factors of critical and fatal illness. Age
was given as a categorical variable in units of 10 years. There were
no critical or death cases reported in the 20–29-year age (20s)
group. So, age group was categorized as <40 (20s + 30s) years,
40s, 50s, 60s, 70s, and ≥80 years for logistic regression, and the
60s used as the reference.

Multivariable logistic regression was used to analyze the
independent risk of critical and fatal illness after adjusting
for several comorbid diseases: diabetes mellitus, hypertension,
heart failure, chronic heart disease (other than hypertension and
heart failure), bronchial asthma, chronic obstructive lung disease
(COPD), chronic kidney disease (CKD), chronic liver disease,
rheumatic disease, cancer (excluding cured cases), and dementia.

Utilizing the cardiovascular risk factors, a model for criticality
and fatality prediction was made with age≥60, male sex, medical
history of diabetes mellitus, and hypertension as one point each.
Theses ranged from a minimum of zero to a maximum of
four points.

Next, the criticality and fatality prediction models were
analyzed by logistic regression model, odds ratios (ORs) and
c-statistics were obtained. The c-statistics were equivalent to the
area under the receiver operating characteristic (ROC) curve,
based on the predicted probability of the outcomes (the critical or
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TABLE 1 | Baseline characteristics of the study population.

Characteristics Overall

(n = 5,307)

Critical illness

(n = 271)

Fatal illness

(n = 241)

Incidence (%)

N (column %) N (column %) N (column %) Critical Fatal

Age (years)

20–29 1,104 (20.8) 0 (0) 0 (0) 0 0

30–39 549 (10.3) 3 (1.1) 2 (0.8) 0.5 0.4

40–49 738 (13.9) 2 (0.7) 2 (0.8) 0.3 0.3

50–59 1,141 (21.5) 21 (7.7) 15 (6.2) 1.8 1.3

60-69 906 (17.1) 45 (16.6) 34 (14.1) 5.0 3.8

70–79 545 (10.3) 82 (30.3) 73 (30.3) 15 13.4

≥80 324 (6.1) 118 (43.5) 115 (47.7) 36.4 35.5

Female 3,144 (59.2) 127 (46.9) 114 (47.3) 4 3.6

Male 2,163 (40.8) 144 (53.1) 127 (52.7) 6.7 5.9

Body temperature (◦C)

Median (Q1,Q3)

36.9

(36.5, 37.3)

37.0

(36.6, 37.9)

37.0

(36.5, 37.9)

Cough*

Yes 2,231 (42.0) 92 (33.9) 81 (33.6) 4.1 3.6

No 3,075 (57.9) 179 (66.1) 169 (66.4) 5.8 5.2

Sputum*

Yes 1,549 (29.2) 79 (29.2) 72 (29.9) 5.1 4.6

No 3,757 (70.8) 192 (70.8) 169 (70.1) 5.1 4.5

Sore throat*

Yes 839 (15.8) 14 (5.2) 13 (5.4) 1.7 1.5

No 4,467 (84.2) 257 (94.8) 228 (94.6) 5.8 5.1

Shortness of breath*

Yes 658 (12.4) 134 (49.4) 113 (46.9) 20.4 17.2

No 4,648 (87.6) 137 (50.6) 128 (53.1) 2.9 2.8

Diarrhea*

Yes 504 (9.5) 20 (7.4) 18 (7.5) 4 3.6

No 4,802 (90.5) 251 (92.6) 223 (92.5) 5.2 4.6

Systolic BP†

<120 1,201 (22.6) 66 (24.4) 58 (24.1) 5.5 4.8

120–129 1,076 (20.3) 33 (12.2) 28 (11.6) 3.1 2.6

130–139 1,039 (19.6) 36 (13.3) 32 (13.3) 3.5 3.1

140–159 1,381 (26.0) 77 (28.4) 68 (28.2) 5.6 4.9

≥160 507 (9.6) 41 (15.1) 37 (15.4) 8.1 7.3

BMI (kg/m2 )‡

<18.5 191 (3.6) 16 (5.9) 16 (6.6) 8.4 8.4

18.5–22.9 1,741 (32.8) 55 (20.3) 46 (19.1) 3.2 2.6

23.0–24.9 1,005 (18.9) 25 (9.2) 20 (8.3) 2.5 2

24.9–29.9 1,011 (19.1) 49 (18.2) 39 (16.2) 4.8 3.9

≥30 193 (3.6) 7 (2.6) 5 (2.1) 3.6 2.6

Diabetes mellitus

Yes 684 (12.9) 106 (39.1) 98 (40.7) 15.5 14.3

No 4,623 (87.1) 165 (60.9) 143 (59.3) 3.6 3.1

Hypertension

Yes 1,197 (22.6) 164 (60.5) 144 (59.8) 13.7 12.0

No 4,110 (77.4) 107 (39.5) 97 (40.2) 2.6 2.4

Heart failure

Yes 59 (1.1) 20 (7.4) 18 (7.5) 33.9 30.5

No 5,248 (98.9) 251 (92.6) 223 (92.5) 4.8 4.2

(Continued)
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TABLE 1 | Continued

Characteristics Overall

(n = 5,307)

Critical illness

(n = 271)

Fatal illness

(n = 241)

Incidence (%)

N (column %) N (column %) N (column %) Critical Fatal

Chronic heart disease

Yes 179 (3.4) 29 (10.7) 26 (10.8) 16.2 14.5

No 5,112 (96.3) 242 (89.3) 215 (89.2) 4.7 4.2

Missing 16 (0.3) 0 0 0 0

Asthma

Yes 126 (2.4) 13 (4.8) 13 (5.4) 10.3 10.3

No 5,181 (97.6) 258 (95.2) 228 (94.6) 5 4.4

COPD

Yes 38 (0.7) 9 (3.3) 8 (3.3) 23.7 21.1

No 5,269 (99.3) 262 (96.7) 233 (96.7) 5 4.4

Chronic kidney disease

Yes 55 (1.0) 18 (6.6) 16 (6.6) 32.7 29.1

No 5,252 (99.0) 253 (93.4) 225 (93.4) 4.8 4.3

Cancer

Yes 145 (2.7) 22 (8.1) 22 (9.1) 15.2 15.2

No 5,162 (97.3) 249 (91.9) 219 (90.9) 4.8 4.2

Chronic liver disease§

Yes 83 (1.6) 7 (2.6) 7 (2.9) 8.4 8.4

No 4,912 (92.6) 264 (91.9) 234 (97.1) 5.4 4.8

Rheumatic disease||

Yes 38 (0.7) 3 (1.1) 3 (1.2) 7.9 7.9

No 4,951 (89.8) 268 (98.9) 238 (98.8) 5.4 4.8

Dementia¶

Yes 224 (4.2) 76 (28.0) 75 (31.1) 33.9 33.5

No 4,768 (89.8) 195 (72.0) 166 (68.9) 4.1 3.5

Severity**

Level 1 4,179 (78.7) 0 (0) 0 (0) 0 0

Level 2 314 (5.9) 0 (0) 0 (0) 0 0

Level 3 468 (8.8) 0 (0) 0 (0) 0 0

Level 4 43 (0.8) 0 (0) 0 (0) 0 0

Level 5 32 (0.6) 0 (0) 0 (0) 0 0

Level 6 19 (0.4) 19 (7.0) 0 (0) 100 0

Level 7 11 (0.2) 11 (4.1) 0 (0) 100 0

Level 8 241 (4.5) 241 (88.9) 241 (100) 100 100

COPD, chronic obstructive lung disease. *missing n = 1, †missing n = 103, ‡missing n = 1,166, §missing n = 312, ||missing n = 318, ¶missing n = 315, **Severity level 1, no limitation

of daily activities; level 2, limitation of daily activities but no need oxygen therapy; level 3, oxygen therapy via nasal cannula; level 4, oxygen therapy via facial mask; level 5, high-flow

supplemental oxygen therapy or non-invasive mechanical ventilation; level 6, the need for invasive mechanical ventilation; level 7, multi-organ failure or the need for extracorporeal

membrane oxygenation therapy; level 8, death.

fatal disease) in the logistic regression models with the risk score
as independent variable. In this model, each score was treated as
binary category of 0 or 1.

For risk score validation, we performed internal validation
using bootstrap resampling. To evaluate the performance of
compensating overfitting of logistic regression and the risk score
model, a total of 1,000 random bootstrap samples were generated
for replacement of the original data, and each bootstrap sample
size was the same scale as the original data. Then the means and
95% confidence intervals of bootstrap samples were calculated.
The c-statistic difference between original data and bootstrap

samples was defined as optimism. Optimism-corrected c-statistic
can be obtained by subtracting the estimated mean of the
optimism estimate value from the c-index in the original sample.

A P-value of <0.05 was considered statistically significance.
The statistical analysis was performed using the SAS software
(version 9.4, SAS Institute, Cary, NC, USA).

Ethics Statement
This study was deemed exempt from ethical review and
the requirement for informed consent was waived by the
Ewha Womans University Mokdong hospital Institutional
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Review Board (EUMC2020-07-002) because all of the
data were fully anonymized and did not include personally
identifiable information.

RESULTS

The baseline demographic and clinical characteristics are
presented in Table 1. Among the 5,307 patents, 2,136 (40.8%)
were male, the rate of critical illness was 5.1% (male: 6.7, female:
4.0%; P < 0.001), and the fatality of the study group was 4.54%.
Number of cases is highest in the 20s and 50s, but no critical
illness or fatal illness was in the 20s. Meanwhile, critical illness
started to rise steeply from the age of 50s, reaching 43.5% in
the 80s.

Clinical symptoms including cough, sputum, sore throat and
diarrhea did not differ according to severity, but shortness of
breath was more frequently reported in the critical illness than
in the non-critical illness (20.4 vs. 2.9%) patients. Patients with
systolic blood pressures of <120 or ≥140 mmHg were more
likely to be critically ill than those with a systolic blood pressure
between 120 and 140 mmHg. Underweight patients with a body
mass index of <18.5 kg/m2 also showed a higher in the critical

illness than in the non-critical illness patients.
Patients with chronic diseases (diabetes mellitus,

hypertension, CKD), cardiovascular diseases (heart failure,
chronic stable heart disease), respiratory disorder (asthma,
COPD), cancer, and/or dementia presented higher rate of critical
illness than those without. No significant difference in severity
was seen between patients with chronic liver disease or rheumatic
disorder and those without. Among the 271 critically ill patients,
19 survived with invasive ventilation and 11 ECMO, whereas the
remaining 241 did not survived.

Figure 2 shows the disease frequency and critical illness ratio
according to sex and age. There were some differences between
males and females in the distribution of disease and severity
according to age. For example, despite the high frequency of
COVID-19 in patients in their 20s, no cases of critical illness
were found. In addition, the rate of critical illness increased
significantly with age, but this characteristic was more prominent
in males.

Logistic analyses were performed to evaluate the risk factors
for critical and fatal illness (Table 2). In the univariate analyses
of Table 2, all variables were significantly related to both critical
and fatal illness except for chronic liver disease and rheumatic
disease. Importantly, age was an important risk factor, with those
aged <50 years having less risk. Those age≥70 years had sharply
increased ORs. In particular, in patients aged ≥80 years, heart
failure, CKD, and dementia had a high OR above 7.0. In the
multivariable model 1 in Table 2, asthma and COPD lost their
significance for critical and fatal illnesses. Heart failure showed
a decreased odds ratio as 2.13 (1.12–4.05) for critical illness and
lost the significance of 1.94 (0.99–3.77) for fatal illness.

In addition, we performed multivariable analyses with four
major cardiovascular risk factors (model 2). The results showed
similar ORs with model 1 in Table 2. However, ORs of those with
age ≥80 was markedly elevated and hypertension lost statistical
power of 1.29 (0.94–1.77) for fatal illness.

Model 1 and model 2 showed good performance for
prediction of critical illness (original c-statistics, 0.905 and 0.902;
optimism-corrected c-statistics, 0.899 and 0.900) and fatal illness
(0.917 and 0.912; 0.912 and 0.910). Interestingly, model 2 showed
excellent performance similar to model 1. Furthermore, all the
values of model 2; bootstrap, original, and corrected, c-statistics
showed ≥0.9 for critical and fatal illness.

According to the result of model 2, we calculated risk
score with simplified four variables: age ≥60 years, male sex,

FIGURE 2 | Proportion of critical illness according to age and sex.
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TABLE 2 | Logistic analyses and c-statistics for critical and fatal illness.

Critical illness

Odds ratio (95% CI)

Fatal illness

Odds ratio (95% CI)

Univariate Multivariable Univariate Multivariable

Model 1 Model 2 Model 1 Model 2

Age (years)

<40* 0.04 (0.01–0.11) 0.05 (0.02–0.18) 0.05 (0.01–0.15) 0.03 (0.01–0.13) 0.05 (0.01–0.21) 0.04 (0.01–0.17)

40s 0.05 (0.01–0.22) 0.08 (0.02–0.32) 0.07 (0.02–0.29) 0.07 (0.02–0.29) 0.11 (0.03–0.44) 0.09 (0.02–0.39)

50s 0.36 (0.21–0.61) 0.45 (0.26–4.16) 0.43 (0.25–0.73) 0.34 (0.19–0.63) 0.43 (0.23–0.80) 0.41 (0.22–0.75)

60s 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference)

70s 3.39 (2.32–4.96) 2.80 (1.89–4.16) 3.10 (2.11–4.58) 3.97 (2.60–6.05) 3.29 (2.13–5.10) 3.68 (2.39–5.65)

≥80 10.96 (7.53–15.96) 7.18 (4.65–11.07) 11.66 (7.87–17.27) 14.11 (9.35–21.29) 9.40 (5.87–15.05) 15.51 (10.09–23.83)

Male (vs. Female) 1.89 (1.48–2.42) 2.47 (1.85–3.31) 2.35 (1.77–3.11) 1.85 (1.42–2.40) 2.51 (1.84–3.43) 2.34 (1.73–3.16)

Diabetes mellitus 3.80 (2.93–4.92) 1.84 (1.36–2.50) 1.89 (1.40–2.55) 4.02 (3.06–5.28) 2.07 (1.50–2.87) 2.09 (1.52–2.86)

Hypertension 4.35 (3.37–5.6) 1.49 (1.10–2.01) 1.49 (1.11–2.00) 4.14 (3.17–5.41) 1.30 (0.94–1.79) 1.29 (0.94–1.77)

Heart failure 7.96 (4.57–13.85) 2.13 (1.12–4.05) 7.72 (4.36–13.66) 1.94 (0.99–3.77)

CHD 3.10 (2.04–4.71) 2.13 (1.12–4.05) 3.08 (1.99–4.78) 1.02 (0.60–1.72)

Asthma 2.01 (1.11–3.64) 1.43 (0.70–2.92) 2.30 (1.27–4.16) 1.71 (0.83–3.53)

COPD 4.62 (2.17–9.87) 1.23 (0.48–3.16) 4.50 (2.04–9.93) 1.04 (0.38–2.83)

CKD 7.93 (4.43–14.19) 2.75 (1.33–5.72) 7.54 (4.13–13.77) 2.54 (1.19–5.43)

Cancer 2.83 (1.77–4.54) 2.41 (1.38–4.20) 3.24 (2.02–5.22) 2.89 (1.64–5.10)

CLD 1.37 (0.62–3.00) 1.10 (0.46–2.68) 1.55 (0.71–3.42) 1.32 (0.54–3.23)

Rheumatic disease 1.18 (0.36–3.86) 1.91 (0.52–6.99) 1.34 (0.41–4.39) 2.38 (0.64–8.82)

Dementia 9.42 (6.90–12.87) 2.32 (1.57–3.42) 10.94 (7.96–15.03) 2.58 (1.74–3.84)

Bootstrap† 0.908 (0.891–0.923) 0.903 (0.886–0.919) 0.920 (0.904–0.934) 0.913 (0.896–0.928)

Original, Corrected‡ 0.905, 0.899 0.902, 0.900 0.917, 0.912 0.912, 0.910

<40*, 20–39 years; CHD, chronic heart disease; COPD, chronic obstructive lung disease; CKD, chronic kidney disease; CLD, chronic liver disease.
†
Mean of c-statistics (and 95%

confidence interval) of bootstrap samples; ‡C-statistics of original data, the optimism corrected c-statistics.

FIGURE 3 | Odds ratios for critical and fatal illness according to the risk score.

The scores represent the number of risk factors.

diabetes mellitus, and hypertension, which are also known to be
cardiovascular risk factors. Each one risk factor was calculated
as one point. Figure 3 shows that the OR for the disease severity
increased as the number of risk scores increased relative to the
zero point. The ORs (95% confidence interval) for critical and
fatal illness were as followings: score 1; 5.1 (2.3–11.5) and 6.4
(2.5–16.3), score 2; 29.9 (13.9–64.7) and 37.2 (15.0–91.9), score

3; 58.4 (36.9–12.8) and 69.2 (27.9–171.8), and 4; 104 (45.6–
240.6), and 136.2 (52.3–354.9), respectively. This risk scoring
model showed good model fitness (original c = 0.8300 and
0.8321, corrected c = 0.8303 and 0.8324) for critical and fatal
illness, respectively.

DISCUSSION

This study demonstrated that cardiovascular risk factors are also
significant risk factors for severe COVID-19. In particular, age
≥60 years was shown to be a strong risk factor; the risk of severe
COVID-19 significantly increased by 10 times in those aged ≥80
years compared to those in their 60s. Similar to heart disease,
male had a higher risk, and more than twice the odds ratio for
critical COVID-19 than female. Hypertension was a risk factor
for critical illness rather than fatal illness which was same to
heart failure. Additionally, dementia and cancer were found to be
poor prognostic factors. Respiratory diseases, such as asthma and
COPD were not found to be significant risk factors. Regarding
the risk score model, the risk of critical or fatal illness increased
sharply according to every increase in score compared to those
without risk factors (risk score zero). Therefore, the more risk
factors a patient has, the greater their likelihood of progressing to
severe COVID-19.
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Cardiovascular risk factors are known as smoking,
hypertension, diabetes, obesity, physical inactivity, age, male
sex (13, 14). However, the data we have only contain diabetes,
hypertension, age, sex among the cardiovascular risk factors.
Therefore, the risk score was calculated only for the risk factors
included in the data. Nonetheless, one interesting thing about
this study is that prediction performance of model 2, which
included four cardiovascular risk factors (age; six grouped, sex,
DM, hypertension), showed as good as that of model 1, which was
included 13 variables. When the age groups were simplified as
binary group based on the age of 60, the prediction performance
was decreased from 0.900 to 0.830 (optimism corrected c) for
critical illness. However, which was also good performance. The
purpose of this study was to show an association between CV
risk factors and the severe COVID-19, rather than developing a
new scoring system for predicting severe COVID-19. Through
this, we aimed to bring health care providers and patients
themselves to have attention of the deleterious effects of multiple
CV risk factors in the COVID-19 pandemic era. We intentionally
simplified the scoring system as much as possible and included
well-known highly prevalence disease.

Previous studies have shown an association between the
Middle East respiratory syndrome (MERS) and SARS with acute
myocarditis, myocardial infarction, and heart failure as well as
a relationship of COVID-19 and myocardial injury (2, 3, 15).
These viral infections are all caused by CoV. Furthermore, SARS-
CoV-2 has similar pathogenicity toMERS-CoV, which can induce
damage to the cardiovascular system, and as a result, can increase
the difficulty and complexity of patient treatment (16). There are
two implications for this. First is the importance of comorbidities
on the prognosis of viral infection. In particular, hypertension
and diabetes have been reported as common comorbidities in
COVID-19, SARS, and MERS, especially among those with more
severe disease (5, 17, 18). In a cohort of 138 hospitalized patients
with COVID-19, the reported rate of hypertension was 31%
(58% in patients requiring intensive care), and diabetes was 10%
(22% in patients requiring intensive care) (5). In the current
study, 22.6% had hypertension (60.5% in those with critical
illness), 12.9% had diabetes mellitus (39.1% in those with critical
illness). Second, it is important to determine whether myocardial
damage occurs during viral infection. Data from China showed
that elevated level of cardiac biomarker-troponin T was related
to increased mortality of patients with COVID-19 regardless
of cardiovascular disease (4), and almost 12% of patients
without known cardiovascular disease had elevated troponin
levels or experienced cardiac arrest during hospitalization (19).
We suggest, these results that elevated troponin in other studies is
associated with mortality may indirectly explain the mechanism
of disease severity and mortality in our study.

Potential mechanisms for the association between acute
viral infection and increased myocardial damage are as
follows: (1) type 1 myocardial infarction, which is caused by
atherosclerotic plaque rupture or coronary thrombosis related
acute inflammation; (2) type 2 myocardial infarction, which
is related to the mismatch of oxygen demand and supply,
and (3) direct effect of the virus and inflammation on the
cardiac cells (1, 16, 20). A cardiac metabolic mismatch may

be induced by the aggravation of coronary artery stenosis
by toxin-mediated vasoconstriction in individuals who already
have coronary artery stenosis due to chronic atherosclerotic
plaques, particularly in the elderly (1). The current study
showed that cardiovascular risk factors are also risk factors for
severe COVID-19. However, data regarding cardiac biomarkers,
which can evaluate myocardial damage, was not available.
Therefore, it can only be presumed that the poor prognosis of
patients with multiple cardiovascular risk factors is related to
myocardial damage.

Previous studies have shown that elevated cardiac troponin
and pro-brain natriuretic peptide are each independently
associated with poor outcomes in patients with COVID-19
patients (4, 21). However, there is scarce evidence as to which
patients are associated with elevated cardiac biomarkers. The
COVID-19 pandemic is still driven by virus mutations, and
it is a high possibility that a subsequent global pandemic
will be repeated by various respiratory viruses. Therefore,
research on COVID-19 and the cardiovascular system should be
continued to improve patients’ prognoses. Through this study,
we identified that patients with multiple CV risk factors are
associated with severe COVID-19. Through future follow-up
studies, it is important to investigate whether the risk score
model/multiple CV risk factors in this study is associated with the
proportional increase of cardiac troponin or pro-brain natriuretic
peptide or new-onset atrial fibrillation which reflecting cardiac
complications and poor outcome of COVID-19 patients.

This study showed that CKD, cancer, and dementia are also
risk factors. Dementia is a disease that is more prevalent in older
individuals. However, it was still found to be a significant risk
factor even after adjusting for age and other comorbid conditions.
Several studies have found that CKD is related to an increased
risk of mortality from COVID-19 (5, 12). In studies form Europe
and America, the mortality of CKD patients was higher than
that of the normal group, and inversely proportional to the
glomerular filtration rate (11, 22). There are several reasons as
to why renal dysfunction worsens COVID-19. First, there is a
decrease in immune function in uremic patients (23, 24). A
previous study showed that in hemodialysis patients infected
with COVID-19, the absolute number of natural killer cells is
smaller, and the ratio differs from that in COVID-19 patients
without dialysis (25). Second, patients with CKD are known to
have a higher risk of cardiovascular disease than patients with
normal renal function (26). The mortality rate and risk rate from
cardiovascular disease are high, and it is considered to be one
of the reasons for the high COVID-19 mortality rate in patients
with CKD. In this study, we did not have data on the stage
of CKD, and whether patients were undergoing dialysis or had
previously had a kidney transplant. We did not include CKD in
the risk score model due to heterogeneity and these limitations.
However, CKD should be considered an important risk factor for
severe COVID-19.

In general, patients with an underlying respiratory disease
appear to have a poor prognosis for respiratory infections
(27). Previous studies have shown that COPD has a significant
effect on the prognosis of COVID-19 pneumonia. As yet, this
association has not been confirmed in patients with asthma. In
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previous meta-analyses, COPD was found to increase the risk of
severe COVID-19 with an odds ratio of 4.38 and a relative risk
of 1.88, compared to those without COPD (28, 29). However, in
the present study, COPD and asthma were not found to affect the
criticality and fatality of COVID-19. Since the above studies were
meta-analyses, there are methodological differences from the
current study. In addition, in this study, only 38 (0.7%) patients
had COPD, which might have underpowered the relationship.
However, 123 (2.4%) patients had asthma in this study, which
also showed no relationship. Hence, further research is needed
to determine whether respiratory disease is a risk factor for
severe COVID-19.

The current study has some limitations. First, since no cardiac
biomarkers were available, such as cardiac troponin or pro-brain
natriuretic peptide, that can reflect myocardial damage or heart
failure, it is unclear as to whether the disease severity associated
with cardiovascular risk factors is directly related to actual heart
damage. Second, specific disease condition was not available in
this study. For example, we could not know whether the result
related to chronic heart disease is due to which of ischemic heart
disease, valvular heart disease, and cardiomyopathy. In addition,
our data did not include information on atrial fibrillation, which
was known to be one of the poor prognostic factors associated
with COVID-19 (30). There is no information about the stage
of CKD, with the data only indicating whether a patient did
or did not have CKD. Third, there was no information about
the time or duration for the event (for the critical illness) and
censored data. Some variables had missing values and we did not
replace the missing values. However, the result of multivariable
logistic analysis might not be affected by the missing values.
There was no significance difference between the result of
multivariable logistic analysis with the limited risk factors which
were cardiovascular risk factors and heart diseases (Table 2).
Further, the missing data did not affect the result of risk score
model of Figure 3.

This study has a strong point as nation-wide cohort study
which minimizing selection bias. The data is based on the unique
single-payer, compulsory subscription system of the Republic
of Korea and infectious disease control system integrated by
the government through KDCA. Hence, the study could be
good reference to explore the situation of a single country
and elucidate interracial differences for future investigation.
Another novelty of this study is the study population is younger
and predominantly females compared to other large series on
COVID-19. Since young patients and female patients were
included in the analysis, it can be considered to apply to a wider
range of populations.

In conclusion, we have described the clinical characteristics
and disease severity of hospitalized patients with confirmed

COVID-19 in the Republic of Korea, using nationwide data
from 5,307 patients. Our results showed that those over 60
years, of the male sex, or those with heart failure, cardiovascular
risk factors; hypertension, diabetes mellitus, and CKD have an
increased risk of severe COVID-19. Further, the risk scoring
model showed the significance of multiple risk factors. Those
with four risk factors, old age (≥60 years), male sex, hypertension,
and diabetes mellitus, had odds ratio more than 100 of severe
COVID-19 than those without these risk factors, although
it should be taken into account that it can be statistically
exaggerated due to relatively small numbers of patients. In
addition, dementia and cancer were also found to be related to
severe COVID-19.
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Background: Epidemiological studies have shown that atrial fibrillation (AF) is a potential

cardiovascular complication of coronavirus disease 2019 (COVID-19). We aimed to

perform a systematic review and meta-analysis to clarify the prevalence and clinical

impact of AF and new-onset AF in patients with COVID-19.

Methods: PubMed, Embase, the Cochrane Library, and MedRxiv up to February 27,

2021, were searched to identify studies that reported the prevalence and clinical impact

of AF and new-onset AF in patients with COVID-19. The study was registered with

PROSPERO (CRD42021238423).

Results: Nineteen eligible studies were included with a total of 21,653 hospitalized

patients. The pooled prevalence of AF was 11% in patients with COVID-19. Older (≥60

years of age) patients with COVID-19 had a nearly 2.5-fold higher prevalence of AF than

younger (<60 years of age) patients with COVID-19 (13 vs. 5%). Europeans had the

highest prevalence of AF (15%), followed by Americans (11%), Asians (6%), and Africans

(2%). The prevalence of AF in patients with severe COVID-19 was 6-fold higher than in

patients with non-severe COVID-19 (19 vs. 3%). Furthermore, AF (OR: 2.98, 95% CI:

1.91 to 4.66) and new-onset AF (OR: 2.32, 95% CI: 1.60 to 3.37) were significantly

associated with an increased risk of all-cause mortality among patients with COVID-19.

Conclusion: AF is quite common among hospitalized patients with COVID-19,

particularly among older (≥60 years of age) patients with COVID-19 and patients with

severe COVID-19. Moreover, AF and new-onset AF were independently associated with

an increased risk of all-cause mortality among hospitalized patients with COVID-19.

Keywords: atrial fibrillation, COVID-19, death, prevalence, meta-analysis
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the pathogen of coronavirus disease 2019 (COVID-19), which
emerged in December 2019 and has since caused a global
epidemic. As of November 14, 2020, over 50 million cases of
COVID-19 infection have been reported worldwide, resulting in
more than 1 million deaths. Previous studies have confirmed
that pneumonia is not only an infectious disease affecting the
respiratory system, but it also has a significant impact on the
cardiovascular system, leading to heart failure, arrhythmias,
and myocardial ischemia (1–3). In addition to fever as the
primary symptom, there are also initial clinical manifestations
of the cardiovascular system among patients with COVID-
19, (4, 5) indicating that cardiovascular diseases are potential
complications of COVID-19 (6, 7).

Atrial fibrillation (AF) is the most common arrhythmia and
can lead to stroke, peripheral embolization, heart failure, and
other unfavorable outcomes (8). The prevalence of AF is between
approximately 2.3% and 3.4% in the general population (9, 10).
However, for patients with pulmonary disease, critical illness, or
systemic inflammatory response syndrome, the prevalence and
clinical impact of AF are even more substantial (11–13).

More recently, numerous epidemiological studies have shown
an increased risk of AF and new-onset AF among patients
with COVID-19 but have yielded inconsistent results (14–32).
Moreover, accumulating literature has demonstrated that AF
or new-onset AF might be significantly associated with the
worst outcomes (e.g., mortality) in patients with COVID-19 (21,
25, 29). Subsequently, several meta-analyses have examined the
relationship between COVID-19 and AF (33–36). However, these
studies focused on arrhythmias or AF and only examined the
association between AF and pooled unfavorable outcomes among
patients with COVID-19. It is not clear whether AF increases the
risk of death among patients with COVID-19. Furthermore, no
studies to date have assessed the prevalence and clinical impact
of new-onset AF in patients with COVID-19.

To help clinicians understand the potential damage to the
cardiovascular system caused by COVID-19 and strengthen the
monitoring and preservation of cardiac function, we conducted

a systematic review and meta-analysis of observational studies to
clarify the prevalence and clinical impact of AF and new-onset
AF in patients with COVID-19.

METHODS

Protocol Registration and Search Strategy
This study was registered with PROSPERO (International
prospective register of systematic reviews. https://www.crd.york.
ac.uk/PROSPERO/ -registration number-CRD 42021238423).
We performed this meta-analysis following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement (Supplemental Table 1) (37).

Two authors (W. L. and X. L.) independently conducted the
database search, selection, data extraction, and statistical analysis.
Four databases were searched for all related studies, including
PubMed, Embase, the Cochrane Library, and MedRxiv (https://

www.medrxiv.org/), up to February 27, 2021. No language
restrictions were applied. The following search terms were used
for all databases: (“2019-novel coronavirus” OR “SARS-CoV-
2” OR “COVID-19” OR “2019-nCoV” OR “COVID 19” OR
“severe acute respiratory syndrome coronavirus 2”) AND (“atrial
fibrillation” OR “atrial fibrillations” OR “auricular fibrillation”
OR “auricular fibrillations”). In addition, the conference abstracts
and bibliographies of related literature were scanned to obtain
other articles that might meet the requirements.

Selection Criteria and Study Selection
Studies were included if they met the following inclusion
criteria: (1) patients in the literature were adults (>18 years
of age) who were diagnosed with COVID-19 according to
polymerase chain reaction (PCR) tests and had sinus rhythm at
admission according to a 12-lead electrocardiogram (ECG); (2)
studies reported the prevalence of AF during hospital admission
and/or the association between AF and outcomes (e.g., all-
cause mortality) in patients with COVID-19; and (3) articles
were cohort or nested case–control studies. Accordingly, studies
with the following conditions were excluded: (1) reviews, meta-
analyses, congress abstracts, practice guidelines, patents, cases,
editorials, replies, or comments; and (2) data of the articles
remained unavailable after contacting the corresponding authors
for further information.

The initial search results were imported into EndNote X8.2
software (Thomson Reuters, New York, NY) for management.
Subsequently, duplications were eliminated automatically and
manually. First, we examined the citation titles and abstracts.
After the preliminary screening, we retrieved full reports that
were likely to meet the predefined inclusion criteria. Any
inconsistency was resolved through discussion (W. S. and X. L.)
until a consensus was reached.

Data Collection and Quality Assessment
Data were extracted based on prespecified inclusion criteria.
The following information was abstracted: study characteristics
(first author’s name, publication year, country, and study design),
patient characteristics (sample size, age, sex, and medications),
exposure (AF diagnosis and number of episodes during
hospitalization), and outcomes (number of events, adjusted
OR/RRs and the corresponding 95% CI, and adjustments).

For studies that reported the prevalence of AF, the Joanna
Briggs Institute critical appraisal checklist was used to assess the
study quality. For studies that reported the association between
AF and outcomes in patients with COVID-19, the Newcastle–
Ottawa quality scale (NOS) was applied. Case-control studies
were appraised on selection, comparability, and exposure, while
cohort studies were appraised on selection, comparability, and
outcomes. Studies with an NOS of ≥6 stars were considered
moderate- to high-quality articles.

Statistical Analysis
RevMan software, version 5.3 (The Cochrane Collaboration
2014, Nordic Cochrane Center Copenhagen, Denmark) and Stata
software (Version 14.0, Stata Corp LP, College Station, Texas,
USA) were both applied in data analysis. To determine the
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FIGURE 1 | Flow chart of the study selection process.

prevalence of AF in patients with COVID-19, the exact binomial
(Clopper–Pearson) method was used to calculate 95% confidence
intervals (CIs). Estimates were standardized using the Freeman–
Tukey double arcsine transformation. To elucidate the clinical
impact of AF in patients with COVID-19, we pooled the crude
odds ratios (ORs) for categorical outcomes using the inverse-
variance method. The crude ORs were calculated by events and
total numbers of patients in the AF groups and control groups.
Moreover, we estimated the adjusted effect size by calculating the
natural logarithm of the OR (log [OR]) and its standard error
(SElog [OR]). The ORs were shown with 95% CIs. We evaluated
the degree of heterogeneity among the included studies using
the χ2 statistic (with a P-value of 0.10 considered significant)
and the I² test (25%, 50%, and 75% represent low, moderate,
and high heterogeneity, respectively) (38). We used the random
effect model in this study to improve the reliability of our results
considering the potential heterogeneity.

Subgroup analyses were performed to research possible
modulated factors influencing our primary meta-analysis results,

including age, region, study design, sample size, cases of AF, and
severity.We defined patients with severe COVID-19 as those who
were admitted to the ICU, while patients who were not admitted
to the ICU were considered to have non-severe COVID-19.
Additionally, patients with a history of AF were excluded from
the analysis of the prevalence of new-onset AF. Publication bias
was assessed using funnel plots, Egger’s test, and Begg’s test.
To appraise the robustness and reliability of the primary study
outcomes, we also carried out sensitivity analyses by omitting
each study in turn. All statistical tests were double-sided, and
P < 0.05 was considered statistically significant.

RESULTS

Literature Search
The study selection process is shown in Figure 1. A total of 937
citations were identified through the initial database search. After
a quick screening of the title and abstract, 69 articles remained.
We further excluded 50 articles after the full-text review for the
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TABLE 1 | Characteristics of included studies in this meta-analysis.

References,

country

Sample of

size, N

AF

diagnosis

Study design Mean age

(years),

Male %

History of

AF, N

AF cases, N New-onset

AF cases, N

Outcomes

reported

Medication (%) Adjustments

Aajal et al. (20),

Morocco

100 ECG Prospective

cohort

55.3, 37 22 2 NR Prevalence NR –

Angeli et al. (23),

Italy

50 ECG Retrospective

cohort

64, 72 NR 3 NR Prevalence Hydroxychloroquine: 82.0;

Macrolides: 56.0;

Lopinavir-Ritonavir: 54.0

–

Bhatla et al. (21),

USA

700 ECG Retrospective

cohort

50, 45 39 25 NR Prevalence,

Mortality

Hydroxychloroquine: 24.6;

Remdesivir: 8.1

None

Chen et al. (39), USA 143 ECG Retrospective

cohort

67, 62.2 19 13 13 Prevalence NR –

Colon et al. (14),

USA

115 ECG Retrospective

cohort

56, 53.9 6 12 NR Prevalence Remdesivir/Placebo Trial:

7.0; Hydroxychloroquine:

6.1; Azithromycin: 43.5

–

Coromilas et al. (32),

USA

4,526 ECG Retrospective

cohort

62.8, 57 408 509 NR Prevalence Hydroxychloroquine: 57.6;

Azithromycin: 49.8; Antiviral:

15.3; IL-6 Inhibitor: 9.6;

Anticoagulation: 29.4

–

Iacopino et al. (27),

Italy

30 ECG Prospective

cohort

75.2, 66.7 8 10 10 Prevalence None: 10.0; Antibiotic

therapy: 6.7;

Hydroxychloroquine+antiviral:

46.7; Hydroxychloroquine+

antiviral+azithromycin: 6.7;

Hydroxychloroquine: 30.0;

Monoclonal antibodies: 6.7;

Low molecular weight

heparins: 100.0

–

Kelesoglu et al. (25),

Turkey

658 ECG Retrospective

cohort

54, 56.6 NR 33 33 Prevalence

Mortality

NR –

Linschoten et al.

(18), Netherlands

3011 ECG Retrospective

cohort

67, 62.8 NR 142 NR Prevalence NR –

(Continued)
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TABLE 1 | Continued

References,

country

Sample of

size, N

AF

diagnosis

Study design Mean age

(years),

Male %

History of

AF, N

AF cases, N New-onset

AF cases, N

Outcomes

reported

Medication (%) Adjustments

Mountantonakis

et al. (15), USA

9,564 ECG Retrospective

cohort

64.8, 58.9 687 1,687 1,109 Prevalence

Mortality

NR Matching for age, gender,

smoking, race, medical

history, lactate, WBC

magnesium,

procalcitonin,d-dimer,

ferritin, CRP, creatinine, bun,

AST, lymphocyte count,

ALT, ALT phos, serum

glucose, potassium, sodium

Oates et al. (31),

USA

77 ECG Retrospective

cohort

69, 55 4 5 4 Prevalence Hydroxychloroquine: 87.0;

Azithromycin: 60.0;

Remdesivir: 4.0;

Tocilizumab: 4.0

–

Peltzer et al. (28),

USA

1,053 ECG Retrospective

cohort

62, 62 94 166 101 Prevalence

Mortality

Hydroxychloroqine: 70.8;

Remdesivir: 4.9; Steroids:

22.9; IL-6 inhibitor: 6.2;

Intravenous gamma

globulin: 0.9

Age, sex, race, renal

disease, hypoxia, heart

failure, CAD, hypertension,

diabetes, pulmonary

disease, renal

disease,immunosuppression,

smoking status, and cancer

Rav-Acha et al. (16),

Israel

390 ECG Retrospective

cohort

57.5, 55.4 21 20 16 Prevalence

Mortality

Azithromycin: 24.2;

Hydroxychloroquine: 37.9;

QT prolonging drug: 17.2

None

Russo et al. (19),

Italy

414 ECG Retrospective

cohort

66.9, 61.1 72 71 50 Prevalence

Mortality

NR None

Saleh et al. (22),

USA

201 ECG Prospective

cohort

58.5, 57.2 14 17 17 Prevalence Hydroxychloroquine/

Chloroquine: 40.8;

(Hydroxychloroquine/

Chloroquine) +

Azithromycin: 59.2

–

Sanz et al. (26),

Spain

160 ECG Prospective

cohort

65.7, 60 30 12 12 Prevalence

Mortality

NR None

Wetterslev et al. (17),

Denmark

155 ECG Retrospective

cohort

66, 72.9 NR 52 NR NR –

Yenercag et al. (24),

Turkey

140 ECG Retrospective

cohort

51.7, 49.3 NR 13 NR Prevalence NR –

Zylla et al. (29),

Germany

166 ECG Retrospective

cohort

64.1, 65.1 NR 11 NR Prevalence

Mortality

Hydroxychloroquine: 44.6;

Hydroxychloroquine +

azithromycin: 16.3;

Anticoagulation therapy:

30.7

None

AF, atrial fibrillation; ECG, electrocardiogram; NR, not reported. WBC, white blood cell; CAD, coronary artery disease; CRP, C-reactive protein; BUN, blood urea nitrogen; AST, Aspartate aminotransferase, ALT, Alanine aminotransferase.
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FIGURE 2 | Forest plot of the prevalence of atrial fibrillation in patients with COVID-19.

following reasons: (1) dual publication (n = 2); (2) editorials or
review articles (n = 4); (3) unrelated to patients with COVID-19
(n = 1); (4) unrelated to the prevalence of AF (n = 19); and (5)
no extractable data (n = 24). As a result, we included 19 eligible
studies (14–32).

Study Characteristics and Study Quality
The basic characteristics are shown in Table 1. Among the 19
included studies, (14–32) the publishing years ranged from 2020
to 2021. Overall, a total of 21,653 hospitalized patients were
included, with 12,700 (58.7%) being men (ranging from 37.0 to
72.9%). The number of individuals ranged from 30 to 9,564,
with the mean age of the participants ranging from 50.0 years
to 75.2 years. Among the included studies, the diagnosis of
AF was based on electrocardiograms. Three reports were from
Asia, (16, 24, 25) 1 from Africa, (20) 7 from Europe, (17–
19, 23, 26, 27, 29) and 8 from America (14, 15, 21, 22, 28, 30–
32). Apart from 4 prospective cohort studies, (20, 22, 26, 27)
the remaining 15 articles were designed as retrospective cohort
studies (14–19, 21, 23–25, 28–32).

Based on the Joanna Briggs Institute Critical Appraisal
Checklist, all 19 studies (14–32) that reported the prevalence

of AF met a minimum of six of the nine criteria, which
meant that these articles applied rigorous methodology
(Supplemental Table 2). In accordance with the NOS, all 8
studies (15, 16, 19, 21, 25, 26, 28, 29) that involved the association
between AF and outcomes of patients with COVID-19 were
viewed as moderate to high quality, with a score range of 6–8
(Supplemental Table 3).

The Prevalence of AF in Patients With
COVID-19
Nineteen studies (14–32) with a total of 21,582 participants
reported the prevalence of AF in hospitalized patients with
COVID-19. The pooled prevalence of AF was 11% (95% CI: 7%
to 14%), with high heterogeneity (I2 = 97.9%) (Figure 2).

In the subgroup analysis, older (mean age ≥60 years) patients
with COVID-19 showed a nearly 2.5-fold higher prevalence of
AF than younger (mean age <60 years) patients with COVID-19
(ES: 13 vs. 5%, P for subgroup difference <0.001) (Figure 3A).
Europeans had the highest prevalence of AF (ES: 15%), followed
by Americans (ES: 11%), Asians (ES: 6%), and Africans (ES: 2%)
(P for subgroup difference <0.001) (Figure 3B). Furthermore,
the prevalence of AF in patients with severe COVID-19 was
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FIGURE 3 | Subgroup analysis of the prevalence of atrial fibrillation in patients with COVID-19. (A) Age subgroup. (B) Region subgroup. (C) Severity subgroup.

(D) New-onset atrial fibrillation subgroup.

6-fold higher than in patients with nonsevere COVID-19 (ES:
19 vs. 3%, P for subgroup difference <0.001) (Figure 3C). Ten
articles (15, 16, 19, 22, 25–28, 30, 31) provided data on the
prevalence of new-onset AF (ES: 10%, 95% CI: 7% to 13%, I2 =

92.9%) (Figure 3D). There was no significant difference in the
study design (P = 0.92), sample size (P = 0.74), or cases of AF
(P = 0.20) (Table 2).

The Impact of AF on All-Cause Mortality in
Patients With COVID-19
Eight articles (15, 16, 19, 21, 25, 26, 28, 29) with a total
of 13,075 participants reported the association between AF
and all-cause mortality in patients with COVID-19. Ultimately,
of the 2,025 patients in the AF group, 1,024 patients died
(50.6%). There were 11,050 patients in the control group,
with 3,242 deaths (29.3%). As presented in Figure 4A, AF
was significantly associated with an increased risk of all-
cause mortality among patients with COVID-19 (crude OR:

2.98, 95% CI: 1.91 to 4.66, I2 = 77%). Moreover, the
pooled result of the multivariate analysis (15, 28) did not
change (adjusted OR: 1.65, 95% CI: 1.16 to 2.35, I2 = 59%)
(Figure 4B).

Additionally, 6 publications (15, 16, 19, 25, 26, 28) with a
total of 11,335 participants reported the association between
new-onset AF and all-cause mortality in patients with COVID-
19. There was a strong association between new-onset AF and
all-cause mortality among hospitalized patients with COVID-19
(crude OR: 2.32, 95% CI: 1.60 to 3.37, I2 = 54%) (Figure 5A).
Consistently, the pooled multivariate analysis (15, 28) showed
similar results (adjusted OR: 2.01, 95% CI: 1.12 to 3.62, P = 0.02,
I2 = 82%) (Figure 5B).

As shown in Supplemental Figure 1, the funnel plot, Egger’s
test (p = 0.19), and Begg’s test (p = 0.99) showed no statistically
significant potential publication bias, although publication bias
was not suggested when the included studies was limited
(N < 10). Sensitivity analyses performed by omitting each study
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TABLE 2 | Subgroup analysis of prevalence of AF in patient with COVID-19.

Items Number of studies ES (95%CI) P P*
h(%) P#

Result of primary analysis 19 0.105 (0.074–0.136) <0.001 97.9 –

Mean age <60 years 7 0.054 (0.037–0.072) <0.001 67.5 <0.001

≥60 years 12 0.133 (0.093–0.174) <0.001 98.3 –

Study design Retrospective 15 0.106 (0.072–0.140) <0.001 98.3 0.92

Prospective 4 0.102 (0.028–0.176) 0.007 88.2 –

Sample size <300 11 0.110 (0.067–0.154) <0.001 87.4 0.74

≥ 300 8 0.100 (0.055–0.145) <0.001 99.1 –

Cases of AF <15 9 0.082 (0.049–0.116) <0.001 73.6 0.20

≥ 15 10 0.117 (0.076–0.159) <0.001 98.9 –

Region Europe 7 0.146 (0.080–0.212) <0.001 94.8 <0.001

America 8 0.107 (0.064–0.150) <0.001 98.0 –

Asia 3 0.055 (0.039–0.071) <0.001 27.8 –

Africa 1 0.020 (−0.007–0.047) 0.153 – –

Severity of illness Severe 7 0.191 (0.125–0.257) <0.001 70.7 <0.001

Non-severe 5 0.033 (0.018–0.047) <0.001 60.4 –

Incidence of new-onset AF 10 0.097 (0.067–0.126) <0.001 92.9 –

AF, atrial fibrillation. *P for within-group heterogeneity, #P for subgroup difference.

indicated that our results were stable and reliable, with a range
from 2.61 (95% CI: 1.69 to 4.02) to 3.55 (95% CI: 2.14 to 5.91)
(Supplemental Figure 2).

DISCUSSION

Overall, 19 studies were included in this study with a total
of 21,653 hospitalized patients. The pooled prevalence of AF
approached 11% in patients with COVID-19. Our results
demonstrated that AF is quite common among hospitalized
patients with COVID-19, particularly among older patients
(≥60 years of age), North American and European patients,
and patients with severe COVID-19. Furthermore, AF
and new-onset AF were significantly associated with an
increased risk of all-cause mortality among hospitalized patients
with COVID-19.

Our results seemed to agree with previous studies, (33–36)
while there were essential differences between the present meta-
analysis and others. Two previous meta-analyses (34, 35) did
not specify the type of arrhythmia in COVID-19, which meant
that those studies mainly focused on arrhythmias instead of
each subtype, such as AF. Our meta-analysis extended these
studies and had two important strengths. This is the most
comprehensive study to assess the prevalence of AF, as well as
new-onset AF, among hospitalized patients with COVID-19, and
our results showed that new-onset AF was also independently
associated with an increased risk of mortality by excluding data
from patients with a prior history of AF. More importantly,
our subgroup analyses first revealed regional differences in the
prevalence of AF among hospitalized patients with COVID-19
and the correlation between AF and severe COVID-19.

Compared with the prevalence of arrhythmias in hospitalized
patients with community-acquired pneumonia (7%, 95% CI:
6 to 9%), (40) this study showed a higher prevalence of AF
in hospitalized patients with COVID-19 (11%, 95% CI: 7 to
14%). The exact pathophysiology underlying AF in COVID-19
may be multifactorial and remains elusive. At present, some
studies preliminarily speculate that SARS-CoV-2 is similar to
SARS-CoV, which may cause a series of cascade reactions
leading to pneumonia by combining with angiotensin-converting
enzyme-2 (ACE2) in the human respiratory tract and lung
tissue (41). The ACE2 receptor is also widely expressed in
the cardiovascular system (42). Theoretically, the cardiovascular
system is also a potential target organ of SARS-CoV-2 (43).
Therefore, ACE2-related signaling pathways may play a key
role in myocardial injury, which may affect atrial remodeling
and increase susceptibility to AF (44). Moreover, inflammatory
factor storms may be the mechanism of disease progression (45).
Various inflammatory factors have been proven to be closely
related to the development of AF. It has been reported that
even mild tension in rat atrial tissue pretreated with IL-6 can
lead to the occurrence of AF (46). In addition to the direct
damage to myocardial cells caused by virus infection and the
systemic inflammatory response syndrome induced by the virus,
metabolic abnormalities, (47) hypoxemia, (48–50) respiratory
failure, and usage of certain antiviral drugs (51, 52) also play roles
in the pathogenesis of AF.

The potential mechanism by which AF contributes to
increased mortality in patients with COVID-19 is yet to be
determined. Coagulation abnormalities, cardiac injury, and
stroke are possible mechanisms. For example, patients with
AF had marked elevations in troponin, brain natriuretic
peptide, C-reactive protein, and D-dimer, which may be
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FIGURE 4 | Forest plot of the association between atrial fibrillation and all-cause mortality in patients with COVID-19. (A) Crude effect size of the association between

atrial fibrillation and all-cause mortality in patients with COVID-19. (B). Adjusted effect size of the association between atrial fibrillation and all-cause mortality in

patients with COVID-19.

FIGURE 5 | Forest plot of the association between new-onset atrial fibrillation and all-cause mortality in patients with COVID-19. (A) Crude effect size of the

association between new-onset atrial fibrillation and all-cause mortality in patients with COVID-19. (B) Adjusted effect size of the association between new-onset atrial

fibrillation and all-cause mortality in patients with COVID-19.

the manifestations of cardiac injury, worsening cardiac
function, and inflammatory response (28). Furthermore,
hypercoagulability is an important feature in COVID-19,
and AF could contribute to poor cardiac output, exacerbate

the hypercoagulable state, and eventually lead to increased
mortality (53).

Our prognosis analysis showed that in-hospital mortality
was significantly higher among patients with AF than among
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patients without AF. After adjustment for age, race, body
mass index, and comorbidities, AF and new-onset AF were
independently associated with a higher risk of all-cause mortality
among patients with COVID-19. Moreover, it was notable
that a few studies reported that new-onset AF was associated
with longer hospital stays, more bleeding events, and more
embolic events. These consistent findings indicated that AF
and new-onset AF were associated with poor prognosis in
patients with COVID-19. Therefore, clinicians should be more
attentive to patients with COVID-19 and AF, optimize the
clinical management of the disease, and implement more
effective treatment regimens. Although no specific therapies
have been recommended for patients with COVID-19 with
AF to date, anticoagulant therapy may be useful. Systemic
anticoagulants were reported to reduce mortality in hospitalized
patients with COVID-19 (54). Similarly, low-molecular-weight
heparin treatment was associated with lower 28-day mortality
in patients with COVID-19 who had symptoms of coagulation
disorders (55). In addition, several potential agents have been
proposed for the treatment of patients with severe COVID-
19, such as the interleukin-6 receptor antagonist tocilizumab
(56, 57) and corticosteroids (58). Considering the strong link
between inflammation and AF, the effect of these agents on the
prevention of AF in patients with severe COVID-19 should be
studied further.

Considering the high prevalence of AF among patients with
COVID-19 and its poor prognostic implications, clinicians
should recognize AF in patients with COVID-19. Careful
electrocardiographic monitoring is advisable in patients
with COVID-19 to detect AF early. Additionally, screening
for AF should be performed in patients with COVID-19
and respective risk factors, particularly in older patients
(≥60 years of age), North American and European patients,
and patients with severe COVID-19. Moreover, our results
highlight the importance of utilizing AF and new-onset
AF as clinical markers of in-hospital mortality and poor
prognosis in hospitalized patients with COVID-19. Future
investigations will need to further explore the association
between COVID-19 and AF and to evaluate the safest and most
effective strategies for clinical treatment and management of
the disease.

Study Limitations
There are several limitations to the present systematic review
and meta-analysis that need to be discussed. First, all the
included studies were observational studies which cannot prove
causality. Most of the studies were retrospective (79%) cohort.
Hence, further well-designed, large-scale, prevalence studies are
warranted to assessed the prevalence of AF in patient with
COVID-19, as well as the potential difference in region, severity
and age. Second, a high degree of heterogeneity was observed
in our results. Although meta-regression was not performed,
the subgroup analysis showed the heterogeneity might derived
from region, age or severity (Table 2). Third, many studies
did not adjust for clinical confounding factors regarding the
outcome of death. However, the positive association between

AF and all-cause mortality persisted in the adjusted subgroup,
suggesting that our results were relatively stable. Fourth,
all the included participants were inpatients, rather than
community patients, which may overestimate the prevalence
and clinical impact of AF on patients with COVID-19. Fifth,
many articles did not report specific drugs for treatment,
so we cannot address the effects of these factors on the
association between AF and poor prognosis in patients with
COVID-19. Sixth, it is well known that AF significantly
contributes to the incidence of stroke; however, stroke was
not assessed in the present meta-analysis. Nevertheless, studies
have shown that stroke is an uncommon complication of
COVID-19, and there is no significant association between
cerebrovascular disease and fatal outcomes in patients with
COVID-19, suggesting that the prognostic damage caused by
AF might be independent of stroke (39, 59, 60). Finally,
there was only a small number of studies from Asia and
Africa. In light of varying population characteristics among
different regions, more studies from Asia and Africa are
needed to confirm the regional differences in the prevalence
of COVID-19.

CONCLUSIONS

AF is quite common among hospitalized patients with COVID-
19, particularly among older patients (≥60 years of age),
North American and European patients, and patients with
severe COVID-19. Moreover, AF and new-onset AF were
independently associated with an increased risk of all-cause
mortality among hospitalized patients with COVID-19.
Our results should be confirmed by further well-designed,
prospective studies.
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Background: Rising data suggest that COVID-19 affects vascular endothelium while

the underlying mechanisms promoting COVID-19-associated endothelial dysfunction

and inflammatory vasculopathy are largely unknown. The aim was to evaluate the

contribution of COVID-19 to persisting vascular injury and to identify parameters linked

to COVID-19-associated endothelial dysfunction and inflammatory vasculopathy.

Methods: In a cross-sectional design, flow-mediated dilation (FMD),

nitroglycerine-related dilation (NMD), pulse-wave velocity (PWV), augmentation

index, intima-media thickness (IMT), compounds of the arginine and kynurenine

metabolism, homocysteine, von Willebrand factor (vWF), endothelial microparticles

(EMP), antiendothelial cell antibodies, inflammatory, and immunological parameters, as

well as nailfold capillary morphology were measured in post-COVID-19 patients, patients

with atherosclerotic cardiovascular diseases (ASCVD) and healthy controls without prior

or recent SARS-CoV-2 infection.

Results: Post-COVID-19 patients had higher values of PWV, augmentation index, IMT,

asymmetric and symmetric dimethylarginine, vWF, homocysteine, CD31+/CD42b– EMP,

C-reactive protein, erythrocyte sedimentation rate, interleukin-6, and β-2-glycoprotein

antibodies as well as lower levels of homoarginine and tryptophan compared to

healthy controls (all with p < 0.05). A higher total number of pathologically altered

inflammatory conditions and higher rates of capillary ramifications, loss, caliber variability,

elongations and bushy capillaries with an overall higher microangiopathy evolution

score were also observed in post-COVID-19 patients (all with p < 0.05). Most

parameters of endothelial dysfunction and inflammation were comparably altered

in post-COVID-19 patients and patients with ASCVD, including FMD and NMD.
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Conclusion: COVID-19 may affect arterial stiffness, capillary morphology, EMP and

selected parameters of arginine, kynurenine and homocysteine metabolism as well

as of inflammation contributing to COVID-19-associated endothelial dysfunction and

inflammatory vasculopathy.

Keywords: COVID-19, endothelial dysfunction, inflammation, vasculopathy, capillary changes

INTRODUCTION

COVID-19 caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has evolved into a pandemic since
it was detected in the end of 2019. A higher mortality rate
was reported among patients with preexisting cardiovascular
diseases compared to patients without an underlying disease
and cardiovascular diseases seem to be risk factors for
severe SARS-CoV-2 infection (1–3). Additionally, there are
rising data suggesting that SARS-CoV-2 affects directly and
indirectly endothelial cells, thus leading to endothelial injury
and dysfunction thereby contributing to thromboembolism,
vasculitic changes and abnormal nailfold capillaroscopy (4–9).
The underlying mechanisms promoting COVID-19-associated
endothelial dysfunction and inflammatory vasculopathy are yet
still largely unknown while potential dysregulation of the renin-
angiotensin-aldosterone system, immunothrombosis, and direct
endothelial infection have been proposed (10–12).

Endothelial dysfunction may be a key contributor of
vasculopathy due to underlying functional and structural
changes of endothelial cells, and numerous parameters have
been attributed to endothelial dysfunction. Flow-mediated
dilation (FMD), pulse-wave velocity (PWV), and intima-media
thickness (IMT) represent widely used, non-invasive indicators
of vascular reactivity, arterial stiffness, and morphological
changes of large arteries (13–15). All have been thoroughly
evaluated in atherosclerotic cardiovascular diseases (ASCVD)
as predictors for cardiovascular events and mortality (16–
18). Additionally, homocysteine, kynurenine and compounds
of the arginine metabolism, like homoarginine, asymmetric
dimethylarginine (ADMA) and symmetric dimethylarginine
(SDMA), are important mediators of endothelial dysfunction
representing further predictors of cardiovascular mortality (19–
22). Moreover, endothelial microparticles (EMP), which are
released during apoptosis or activation of endothelial cells, as

Abbreviations: ACP, anti-citrullinated protein; ADMA, asymmetric

dimethylarginine; AECA, antiendothelial cell antibodies; ANA, antinuclear

antibodies; ANCA, anti-neutrophil cytoplasmic antibodies; ASCVD,

atherosclerotic cardiovascular diseases; CRP, C-reactive protein; CSURI,

capillaroscopic skin ulcer risk index; ELISA, enzyme-linked immunosorbent

assay; EMP, endothelial microparticles; ENA, extractable nuclear antigen; ESR,

erythrocyte sedimentation rate; FMD, flow-mediated dilation; GAB, global

arginine bioavailability; Ig, immunoglobulin; IL-6, interleukin 6; IMT, intima-

media thickness; LEAD, lower extremity arterial disease; MES, microangiopathy

evolution score; NMD, nitroglycerine-related dilation; NVC, nailfold video

capillaroscopy; PCR, polymerase chain reaction; PWV, pulse-wave velocity; SAA,

serum amyloid A; SARS-CoV-2, severe acute respiratory syndrome coronavirus

2; SD, standard deviation; SDMA, symmetric dimethylarginine; UEAD, upper

extremity arterial disease; vWF, von Willebrand factor.

well as antiendothelial cell antibodies (AECA) may be associated
with endothelial injury and activation, thus contributing to
vasculopathy and endothelial dysfunction (23, 24).

Data about the respective parameters of endothelial
dysfunction and inflammatory vasculopathy are largely
lacking in COVID-19. Furthermore, data investigating if
SARS-CoV-2 infection may cause persistent endothelial and
vascular immunopathologic changes are also very limited. The
aim of this study was to investigate if previous SARS-CoV-2
infection contributes to persisting endothelial dysfunction,
inflammatory vasculopathy, macro-, and microvascular changes
and to compare these findings to patients with ASCVD and
healthy controls without SARS-CoV-2 infection.

MATERIALS AND METHODS

Study Population and Design
Post-COVID-19 patients diagnosed between March and April
2020 and inpatient treatment at the division of Angiology
of the Medical University of Graz were screened via charts
review for study inclusion and invited to participate. For every
COVID-19 subject, one sex-matched healthy volunteer was
recruited as well as one age—(± 1 year) and sex-matched subject
with known ASCVD was also screened for study inclusion
and invited to participate in the study (Figure 1). Overall, 42
subjects participated that study which were subdivided into
three respective groups with 14 subjects per group. Inclusion
criterion for the group of patients with COVID-19 was a known
prior SARS-CoV-2 infection. Inclusion criterion for the ASCVD
group was the presence of at least one detected, asymptomatic
or symptomatic ASCVD, either coronary artery disease, or
cerebrovascular disease, or lower extremity arterial disease
(LEAD) or upper extremity arterial disease (UEAD). Exclusion
criteria for all three cohorts were age < 18 years, any type
of preexisting connective tissues disease or vasculitis, existing
autoimmune diseases, recent pregnancy, recent malignancies
and any acute infections, including foot ulcers or necrosis,
at time of enrollment. For the group of COVID-19 subjects,
preexisting history of diabetes mellitus, asymptomatic and
symptomatic ASCVD, including angina pectoris, myocardial
infarction, stroke, intermittent claudication, rest pain, and/or
necrosis or ulcers of the lower or upper extremity, were
additional exclusion criteria. All subjects were instructed to
withhold potentially vasodilatory medications, including calcium
channel blockers, phosphodiesterase-5 inhibitors, or prostanoids,
and anticoagulation at least 24 h prior to study measurements.
All participating patients with ASCVD and healthy controls
underwent measurement of COVID-19 immunoglobulin (Ig) G
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FIGURE 1 | Flow chart of study recruitment.

antibodies and detection of SARS-CoV-2 RNA by polymerase
chain reaction (PCR) testing within 3 days prior to start of the
study in order to exclude a preexisting or recent SARS-CoV-
2 infection. SARS-CoV-2 IgG antibodies were measured by the
LIAISON R© SARS-CoV-2 S1/S2 IgG (DiaSorin, Saluggia, Italy).
This fully automated test allows detection and quantitation of IgG
antibodies against S1/S2 antigens of SARS-CoV-2. For detection
of SARS-CoV-2 RNA, oropharyngeal swabs were collected by
using the Copan ESwab collection system containing 1ml of
transport medium. Samples were tested for SARS-CoV-2 RNA
at the Molecular Diagnostics Laboratory, Medical University of
Graz, within 12 h of arrival. Presence of SARS-CoV-2 RNA was
determined by real-time PCR using the SARS-CoV-2 Test for use
on the cobas R© 6800/8800 Systems (RocheMolecular Diagnostics,
Pleasanton, USA). With this assay, selective amplification of
target nucleic acid from the sample is achieved by the use
of target-specific forward and reverse primers for ORF1a/b
nonstructural region that is unique to SARS-CoV-2. In addition,

a conserved region in the structural protein envelope E-gene
is chosen for pan-Sarbecovirus detection. The pan-Sarbecovirus
detection set also detects SARS-CoV-2 virus. No study subject
had received COVID-19 vaccines prior to study measurements.

Between September 2020 and March 2021, parameters of
endothelial dysfunction, immune-inflammatory parameters, and
capillary morphology of the nailfold were investigated. Primary
endpoint was the difference of FMD between post-COVID-19
patients, patients with ASCVD and healthy controls. Secondary
endpoints were differences of nitroglycerine-related dilation

(NMD), PWV, IMT, homocysteine, compounds of the arginine
metabolism, kynurenine, tryptophan, von Willebrand factor
(vWF), EMP, AECA, immune-inflammatory parameters and
capillary morphology of the nailfold between patients with
previous SARS-CoV-2 infection, ASCVD and healthy controls.
After signing the informed consent form, blood sampling
or biochemical analysis were obtained followed by medical
history evaluating cardiovascular risk factors. Subsequently,
pulse-wave analysis and measurements of IMT, FMD, NMD and
capillary changes by nailfold video capillaroscopy (NVC) were
performed. Measurements of pulse-wave analysis, IMT, FMD,
NMD, laboratory parameters, and NVC were performed in the
morning between 7:00 a.m. and 9:00 a.m. after an overnight fast
in a temperature-controlled (22–24◦C) and quiet room.

Pulse-Wave Analysis, Intima-Media
Thickness, and Flow-Mediated Dilation
Pulse-wave analysis including aortic PWV, augmentation
index and pulse pressure was measured and calculated via
the oscillometric device Mobil-O-Graph R© (I.E.M., Aachen,
Germany) by automated analysis. After obtainment of blood
samples and a rest of 5min, size-adjusted cuff was placed on
the right upper arm about 2–4 cm above the ante-cubital fossa
in supine position and subsequent pulse-wave analysis was
performed. The patients were requested not to speak and not to
move over the whole pulse-wave analysis. PWV of >10 m/s was
defined as pathologic PWV (17).
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Measurement of the IMT of the common carotid, axillary and
superficial femoral artery was assessed in supinely positioned
patients. After further rest of 5min, both common carotid,
axillary, and femoral arteries were examined in a longitudinal
plane using a high-resolution linear array probe with 8–13
MHz (Siemens ACUSON S2000TM, Siemens Healthcare Corp.,
Erlangen, Germany). The thickness of the intimal and medial
layers of the vascular wall was measured on frozen longitudinal
images in at least 1-cm-long segment of the artery. Three IMT
measurements were performed per subject and per anatomic
location while the mean value of the three measurements of the
respective location was recorded.

All FMD measurements were performed by the same
trained technician according to recent guidelines (13). All
recommendations of those guidelines were fulfilled regarding
subject preparation, protocol, and operator-dependent factors
while sublingual administration of 0.4mg glyceryl trinitrate
was used instead of recommended 25 µg glyceryl trinitrate.
Guideline recommendations for technique and analysis,
including continuous measurement of velocity and diameter
using simultaneous live duplex ultrasound and the use of
continuous edge-detection and wall tracking software calculating
peak diameter and shear rate stimulus, could not be fulfilled
since such a software was not available during the study.
Instead, offline analysis by a blinded observer was performed.
A blood pressure cuff was placed below the antecubital fossa
on the forearm and the baseline diameter of brachial artery was
examined in a longitudinal plane between 2 and 7 cm proximal
to the antecubital fossa. Three end-diastolic diameters between
two intimal layers were measured ECG-gated during image
acquisition in a one-centimeter-long segment of the brachial
artery. Afterwards, the cuff was inflated >50 mmHg above
the resting systolic pressure for 5min and then deflated. The
postischemic diameter of the brachial artery was measured 60 s
after cuff release. FMDwas defined as the change in postischemic
diameter as a percentage of the baseline diameter. After a rest of
15min, NMDwas performed. Diameter of the brachial artery was
recorded similar to the technique described for FMD before and
5min after sublingual administration of 0.4mg glyceryl trinitrate
spray. All FMD and NMD measurements were performed using
a conventional ultrasound scanner (Siemens ACUSON S2000TM,
Siemens Healthcare Corp., Erlangen, Germany) with an 8–13
MHz linear array transducer. Additionally, values of FMD <

7% and of NMD < 15.6% were defined as pathologic FMD and
NMD values according to proposed reference values (25, 26).

Biochemical Analyses
Fasting blood samples for evaluation of L-arginine,
homoarginine, citrulline, ornithine, ADMA, and SDMA,
kynurenine, tryptophan, vWF, homocysteine, AECA, and EMP
and immune-inflammatory parameters were obtained. Present
leukocytosis, lymphopenia, hypocomplementemia, elevated
levels of C-reactive protein (CRP), erythrocyte sedimentation
rate (ESR), serum amyloid A (SAA), interleukin 6 (IL-6),
antinuclear antibodies (ANA), extractable nuclear antigen
(ENA) antibodies, antiphospholipid antibodies, anti-neutrophil
cytoplasmic antibodies (ANCA), anti-citrullinated protein (ACP)

TABLE 1 | Immune-inflammatory parameters and cut-off values indicating

potentially inflammatory conditions.

White blood cells (WBC) Antinuclear antibodies (ANA)

C-reactive protein (CRP) Extractable nuclear antigen (ENA)

antibodies

Erythrocyte sedimentation rate (ESR) Lupus anticoagulant

Serum amyloid A (SAA) Cardiolipin and β-2-glycoprotein

antibodies

Complement factors C3 and C4 Anti-neutrophil cytoplasmic antibodies

(ANCA)

Interleukin 6 (IL-6) Anti-citrullinated protein (ACP) antibodies

Immunoglobulin (Ig) A, G, M Rheumatoid factor

IgG subclasses 1–4 Cytoplasmic antibodies

Definitions of pathologically altered inflammatory conditions

Leucocytosis > 11.3 × 109/L Elevated antiphospholipid antibodies:

Lupus anticoagulant > 45 s

Lymphopenia < 20% Cardiolipin antibodies > 10 U/mL

Elevated CRP > 5 mg/L β-2-glycoprotein antibodies > 10 U/mL

Elevated ESR > 20 mm/h Elevated ANCA:

MPO-ANCA > 5 U/mL

Elevated SAA > 6.4 mg/L PR3-ANCA > 10 U/mL

Hypocomplementemia c-ANCA ≥ 1:80

C3 < 0.9 g/L p-ANCA titer ≥ 1:80

C4 < 0.1 g/L x-ANCA ≥ 1:80

Elevated IL-6 > 7.0 pg/mL Elevated ACP antibodies > 10 U/mL

Elevated ANA titer ≥ 1:80 Elevated rheumatoid factor > 20 U/mL

Elevated ENA antibodies > 1 U/mL Positive cytoplasmic antibodies

Decreased Ig Elevated Ig

IgA < 0.7 g/L IgA > 4 g/L

IgG < 7 g/L IgG > 16 g/L

IgM < 0.4 g/L IgM > 2.3 g/L

IgG1 < 4.05 g/L IgG1 > 10.11 g/L

IgG2 < 1.69 g/L IgG2 > 7.86 g/L

IgG3 < 0.11 g/L IgG3 > 0.85 g/L

IgG4 < 0.03 g/L IgG4 > 2.01 g/L

antibodies, rheumatoid factor, and cytoplasmic antibodies, as
well as decreased and increased levels of Ig were additionally
recorded. Detailed list of the respective immune-inflammatory
parameters is shown in Table 1.

Blood sample for measurement of parameters of the
arginine and kynurenine metabolism as well as AECA were
centrifuged at 4,000 × g for 10min at 15◦C temperature
within 1 h after blood sampling obtainment. The supernatant
was collected and divided into aliquots of 1ml, which
were stored at −80◦C until final analysis. Amino acids
and metabolites were measured by high-performance
liquid chromatography as described elsewhere (27–29). L-
arginine/ADMA, L-arginine/SDMA, homoarginine/ADMA,
homoarginine/SDMA, L-arginine/ornithine, citrulline/L-
arginine, citrulline/ornithine, global arginine bioavailability
(GAB) ratio, defined as ratio of L-arginine over ornithine
plus citrulline, and kynurenine/tryptophan were calculated by
division of the respective parameter. AECA were measured by
enzyme-linked immunosorbent assay (ELISA) method using
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a qualitative ELISA kit (Cusabio Technology, Wuhan, China)
according to the user manual.

EMP were measured according to the recommendations for
the analysis of extracellular vesicles published by Cossarizza
et al. (30). Blood samples were collected in 5ml citrate tubes
after discarding the first 2ml of blood without venous stasis
and kept in upright position. Within 1 h after obtaining
blood sampling, the plasma was centrifuged at 2,500 ×

g for 15min at room temperature to obtain platelet-poor
plasma. One milliliter of the supernatant was centrifuged
again at 2,500 × g for 15min at room temperature to
obtain platelet-free plasma. The supernatant was collected and
divided into aliquots of 0.1ml, which were snap-frozen in
liquid nitrogen and stored at −80◦C until further analysis.
A platelet-free plasma aliquot was thawed in a water bath
at 37◦C and immediately processed for fluorescence staining.
Twenty-five microliters of platelet-free plasma was mixed
with fluorochrome-labeled anti-human CD31, CD42b, CD51,
CD54, CD62E, CD105, and CD144 antibodies (Biolegend, San
Diego, USA) and incubated for 1.5 h at 4◦C in the dark,
followed by incubation with fluorescein-isothiocyanate-labeled
lactadherin (CellSystems, Troisdorf, Germany) for another
30min. Lactadherin binds specifically to phosphatidylserine
on the outer surface of extracellular vesicles. Corresponding
fluorochrome-labeled isotype antibodies were used as negative
controls. After incubation, the samples were diluted 1:50
with 0.22µm filtered phosphate buffered saline prior to flow
cytometric analysis. EMP were identified as events that are
positive for the above-mentioned markers and negative for
CD42b. CD42b was used to distinguish EMP from platelet-
derived microparticles (31). A microparticle gate was established
using fluorescent 1µm silica beads (Kisker Biotech, Steinfurt,
Germany) for size calibration.

The remaining laboratory parameters were measured in sera
and plasma samples of the patients at a single central lab of the
Medical University of Graz.

Nailfold Video Capillaroscopy and Capillary
Changes
NVC of the second to the fifth finger on both hands was
performed in sitting position after pulse-wave analysis (Skinview,
Optometron Ltd., Ismaning, Germany). Morphological changes
of the capillaries, including microhemorrhages, capillary edema,
capillary ramifications, bushy capillaries, capillary loss, giant
capillaries, capillary ectasia, tortuous capillaries, capillary caliber
variability, elongated capillaries, capillary thrombosis and
disorganization of the microvascular array were recorded
and a semi-quantitative rating scale to score each capillary
abnormality was adopted (0 = no changes; 1 = <33% of
capillary changes; 2 = 33–66% of capillary changes; 3 =

more than 66% of capillary changes, per linear millimeter).
The score values from the eight digits were added together
and divided by eight resulting in the final score values.
Microvascular disease activity was assessed by capillaroscopic
skin ulcer risk index (CSURI) and microangiopathy evolution
score (MES) (32, 33). Microvascular changes were also quantified

into early, active and late pattern, as defined by Cutolo
et al. (34).

Statistical Analysis
Categorical variables were represented by frequency and
percentages. Continuous variables were given as median and
interquartile range or as mean ± standard deviation (SD).
Normal distribution was examined via Shapiro–Wilk test. In
case of normally distributed data, two-sided t-test was used and
for non-normally distributed data Mann–Whitney U-test was
utilized. P < 0.05 were assumed as statistically significant and
statistical analyses were executed via SPSS version 26.0.

Ethical Approval
The study was approved by the Institutional Review Board of
the Medical University Graz, Austria (EK 32-502 ex 19/20). All
patients gave their written informed consent.

RESULTS

Fourteen post-COVID-19 patients (7 male, 50%) with amean age
(± SD) of 68.7 (±12.0) years, 14 sex-matched healthy controls
with a mean age (± SD) of 30.7 (±4.2) years, and 14 sex- and
age-matched patients with ASCVD and a mean age (± SD) of
66.9 (±10.9) years participated in that study. Age-matching was
impossible for two patients with ASCVD due to a high refusal
rate of study participation (Figure 1). No subject of the healthy
controls and ASCVD controls had a positive COVID-19 PCR or
COVID-19 antibody testing. Patients characteristics are shown in
Table 2.

Endothelial Dysfunction and
Macrovascular Changes
No difference between all three groups were found for FMD
and NMD. Post-COVID-19 patients had a higher rate of
pathologic aortic PWV with >10 m/s (p = 0.001) and
higher values of aortic PWV, augmentation index, IMT of the
common carotid, axillary and superficial femoral artery, ADMA,
SDMA, kynurenine/tryptophan ratio, vWF antigen and activity,
homocysteine and CD31+/CD42b– EMP compared to healthy
controls (p < 0.001; p = 0.009; p < 0.001; p < 0.001; p <

0.001; p = 0.001; p = 0.043; p = 0.001; p = 0.002; p =

0.004; p = 0.004; p = 0.020, respectively). In the group of
post-COVID-19 patients, values of those respective parameters
were comparable to patients with ASCVD without significant
differences, except for IMT of the axillary artery, which was
lower (p = 0.017), and for CD31+/CD42b– EMP, which were
higher (p = 0.012) in the COVID-19 group. Significantly
lower values of homoarginine, tryptophan, L-arginine/ADMA,
homoarginine/ADMA, and homoarginine/SDMA ratio were
found in post-COVID-19 patients compared to healthy controls
(p = 0.004; p = 0.027; p < 0.001; p < 0.001; p = 0.002,
respectively), which were again comparable to the values of
patients with established ASCVD. Ornithine was lower and L-
arginine/ornithine and GAB ratio were higher in post-COVID-
19 patients compared to patients with ASCVD (p = 0.001;
p = 0.020; p = 0.022, respectively). AECA, CD54+/CD42b–,
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TABLE 2 | Patients’ characteristics.

COVID-19 (n = 14) ASCVD (n = 14) Controls (n = 14)

Patients, n (%)

Female 7 (50.0%) 7 (50.0%) 7 (50.0%)

Male 7 (50.0%) 7 (50.0%) 7 (50.0%)

Age (years), mean (± SD) 68.7 ± 12.0* 66.9 ± 10.9† 30.7 ± 4.2

Duration after SARS-CoV-2 infection (weeks), mean (± SD) 28.6 ± 3.0 – –

COVID-19 phenotype, n (%)

COVID-19 pneumonia 14 (100.0) – –

COVID-19 ARDS 3 (21.4) – –

Disease duration of ASCVD (weeks), median (25th−75th percentile) – 293.3 (62.1–529.9) –

Prior familial ASCVD, n (%) 5 (35.7) 9 (64.3) 4 (28.6)

BMI (kg/m2), mean (± SD) 29.4 ± 8.3* 27.6 ± 4.5† 23.8 ± 3.2

HbA1c (mmol/mol), median (25th−75th percentile) 39 (33–42)* 41 (37–47)† 33 (32–34)

eGFR (ml/min/1.73 m²), median (25th−75th percentile) 84.4 (72.2–90.7)* 76.7 (65.1–89.1)† 103.4 (97.6–115.7)

Current sport activity, n (%) 8 (57.1)* 5 (35.7)† 13 (92.9)

Times per week (n), median (25th−75th percentile) 2 (0–3)* 0 (0–3)† 4 (2–5)

Duration per week (min), median (25th−75th percentile) 30 (0–60)‡ 0 (0–45)† 50 (30–60)

Previous history, n (%)

COPD 1 (7.1%) 3 (21.4) 0 (0.0)

Smoking

Current 0 (0.0)*‡ 5 (35.7) 4 (28.6)

Ex 6 (42.9) 6 (42.9) 4 (28.6)

Non-smokers 8 (57.1) 3 (21.4) 6 (42.9)

Bronchial asthma 0 (0.0) 0 (0.0) 0 (0.0)

Arterial hypertension 6 (42.9)*‡ 13 (92.9)† 0 (0.0)

Diabetes mellitus 0 (0.0)‡ 4 (28.6)† 0 (0.0)

Atrial fibrillation 1 (7.1) 2 (14.3) 0 (0.0)

Hypercholesterolemia 6 (42.9)*‡ 12 (85.7)† 0 (0.0)

Hypertriglyceridemia 2 (14.3)‡ 7 (50.0)† 0 (0.0)

CKD 1 (7.1) 3 (21.4) 0 (0.0)

Inactive malignancy 4 (28.6)* 1 (7.1) 0 (0.0)

Coronary artery disease 0 (0.0)‡ 8 (57.1)† 0 (0.0)

Myocardial infarction 0 (0.0)‡ 4 (28.6)† 0 (0.0)

Cerebrovascular disease 0 (0.0)‡ 11 (78.6)† 0 (0.0)

Stroke 0 (0.0) 2 (14.3) 0 (0.0)

Upper extremity arterial disease 0 (0.0) 3 (21.4) 0 (0.0)

Lower extremity arterial disease 0 (0.0)‡ 13 (92.9)† 0 (0.0)

Renal artery disease 0 (0.0) 1 (7.1) 0 (0.0)

Mesenteric artery disease 0 (0.0) 1 (7.1) 0 (0.0)

PCI/PTA 0 (0.0)‡ 11 (78.6)† 0 (0.0)

Drug therapy, n (%)

ACE inhibitors 3 (21.4) 4 (28.6)† 0 (0.0)

ARB 2 (14.3) 5 (35.7)† 0 (0.0)

Beta blockers 3 (21.4)‡ 9 (64.3)† 0 (0.0)

Calcium antagonists 2 (14.3) 5 (35.7)† 0 (0.0)

Diuretics 1 (7.1) 4 (28.6)† 0 (0.0)

Other antihypertensives 0 (0.0) 0 (0.0) 0 (0.0)

Antiplatelet therapy 0 (0.0)‡ 9 (64.3)† 0 (0.0)

Oral anticoagulation 2 (14.3) 3 (21.4) 0 (0.0)

Statins 0 (0.0)‡ 10 (71.4)† 0 (0.0)

PCSK-9 inhibitors 0 (0.0) 2 (14.3) 0 (0.0)

Metformin 0 (0.0)‡ 4 (28.6)† 0 (0.0)

(Continued)
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TABLE 2 | Continued

COVID-19 (n = 14) ASCVD (n = 14) Controls (n = 14)

Other oral antihyperglycemic agents 0 (0.0) 2 (14.3) 0 (0.0)

Insulin 0 (0.0) 0 (0.0) 0 (0.0)

ACE, angiotensin-converting enzyme; ARB, Angiotensin receptor blockers; ARDS, acute respiratory distress syndrome; ASCVD, atherosclerotic cardiovascular diseases; BMI, body

mass index; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; PCI, percutaneous coronary intervention; PCSK-9,

proprotein convertase subtilisin/kexin type 9; PTA, percutaneous transluminal angioplasty.

*p < 0.05 between group with previous COVID-19 and healthy controls.
†
p < 0.05 between group with ASCVD and healthy controls.
‡p < 0.05 between group with previous COVID-19 and group with ASCVD.

CD62E+/CD42b–, CD105+/CD42b–, and CD144+/CD42b–
EMP were undetectable in all three groups (Table 3).

Inflammation
Higher values of CRP, ESR, IL-6, and β-2-glycoprotein antibodies
as well as higher frequencies of CRP elevation and any Ig
decrease were observed for post-COVID-19 patients compared
to healthy controls (p = 0.009; p = 0.007; p = 0.004; p
= 0.031; p = 0.007; p = 0.015, respectively). Again, these
parameters were comparable between the ASCVD und the
COVID-19 cohort, without statistically significant differences.
Post-COVID-19 patients revealed higher levels of PR3-ANCA,
IgM, and IgG2 compared to patients with ASCVD (p =

0.016; p = 0.011; p = 0.036, respectively), but not to healthy
controls. Healthy controls had lower levels of C3 and C4
and higher rates of hypocomplementemia than patients with
previous COVID-19 and with ASCVD (all with p < 0.05). Post-
COVID-19 patients had a higher total number of pathologically
altered inflammatory conditions compared to healthy controls
(p = 0.016), but not to patients with ASCVD (p = 0.385
(Table 4).

Microvascular Changes
Capillary ramifications, loss, caliber variability, and elongations
were more frequently observed in post-COVID-19 patients
compared to patients with ASCVD (p = 0.015; p = 0.034; p =

0.047; p = 0.020, respectively) and capillary ramifications, loss,
caliber variability and bushy capillaries were more frequently
compared to healthy controls (p = 0.015; p = 0.034; p =

0.003; p = 0.014, respectively). Using a semi-quantitative rating
scale, significantly higher score values were achieved for capillary
ramifications, capillary loss and elongated capillaries in the group
with previous COVID-19 compared to the group with ASCVD
(p = 0.016; p = 0.035; p = 0.028, respectively). Higher score
values were also observed for capillary ramifications, loss, caliber
variability, elongation and bushy capillaries compared to healthy
controls (p = 0.016; p = 0.035; p = 0.003; p = 0.028; p = 0.018,
respectively). Total MES was higher in post-COVID-19 patients
compared to patients with ASCVD (p = 0.048) and to healthy
controls (p= 0.040) (Table 5).

DISCUSSION

We could demonstrate substantial differences of selected
pathways contributing to endothelial dysfunction in patients 6
months after SARS-CoV-2 infection. Although no differences
were observed for markers of vascular reactivity, post-COVID-
19 patients had an increased arterial stiffness, distinct alterations
of the arginine and kynurenine metabolism, and higher values of
IMT, vWF, homocysteine, and CD31+/CD42b– EMP compared
to healthy controls. Additionally, many of the respective
parameters, including also FMD and NMD, were altered to an
extent comparable with the values of patients with clinically
relevant ASCVD; 78.6% of those had a prior endovascular
intervention. Furthermore, capillary changes have been observed
more frequently in post-COVID-19 patients compared to healthy
controls and the group of ASCVD including also a higher MES.
Changes for most of the respective parameters have previously
been described in patients mainly with acute COVID-19 while
data about persistent changes after suffered COVID-19 are very
limited (9, 35–40).

Pathophysiological mechanisms contributing to endothelial
dysfunction in COVID-19 are largely unknown. Direct and
indirect endothelial damage due to SARS-CoV-2 by binding
to the angiotensin-converting-enzyme-2 receptor and by
acute systemic inflammation have been proposed (4, 41).
While direct infection of endothelial cells by SARS-CoV-2
may be unlikely, as there is lacking evidence of expression
of angiotensin-converting-enzyme-2 receptor on human
endothelial cells, indirect endothelial damage by release
of inflammatory mediators may affect several pathways
contributing to endothelial dysfunction, including nitric oxide
or kynurenine metabolism, resulting subsequently in impaired
FMD and increased arterial stiffness (22, 42–45). Our findings
support the hypothesis of indirect endothelial damage caused
by systemic inflammation. On the one hand, post-COVID-19
patients revealed numerous altered parameters of endothelial
dysfunction, and subclinical inflammation expressed by elevated
levels of CRP, ESR, and IL-6 as well as by a higher total number
of pathologically altered inflammatory conditions (17, 25, 26).
Respective inflammatory changes of post-COVID-19 patients
were again similar to those observed in patients with ASCVD.
Furthermore, although FMD and NMD did not differ between

the three cohorts, post-COVID-19 patients had similar values
of FMD and NMD compared to patients with ASCVD and
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TABLE 3 | Parameters of endothelial dysfunction.

COVID-19 (n = 14) ASCVD (n = 14) Controls (n = 14)

FMD (%), mean (± SD) 4.44 ± 2.90 3.17 ± 2.95 4.58 ± 3.48

<7%, n (%) 10 (71.4%) 11 (78.6%) 10 (71.4%)

NMD (%), mean (± SD) 16.78 ± 6.32 17.11 ± 9.23 20.60 ± 8.46

<15.6%, n (%) 5 (38.5%) 7 (50.0%) 3 (21.4%)

Aortic PWV (m/s), median (25th−75th percentile) 10.75 (8.10–11.45)* 9.95 (8.40–11.60)† 5.70 (5.38–6.05)

>10m/s, n (%) 8 (57.1%)* 7 (50.0%)† 0 (0.0%)

Augmentation index (%), median (25th−75th percentile) 22 (10–40)* 33 (24–39)† 4 (1–11)

Pulse pressure (mmHg), median (25th−75th percentile) 47 (35–50) 52 (48–67) 49 (41–53)

IMT (mm), median (25th−75th percentile)

IMT common carotid artery average 0.59 (0.52–0.68)* 0.72 (0.60–1.01)† 0.44 (0.40–0.45)

IMT axillary artery average 0.58 (0.45–0.64)*‡ 0.71 (0.59–0.88)† 0.40 (0.39–0.46)

IMT superficial femoral artery average 0.54 (0.47–0.62)* 0.55 (0.43–0.61)† 0.40 (0.36–0.40)

ADMA (µmol/L), median (25th−75th percentile) 0.76 (0.65–0.79)* 0.80 (0.72–0.83)† 0.60 (0.62–0.65)

SDMA (µmol/L), median (25th−75th percentile) 0.73 (0.65–0.86)* 0.84 (0.65–1.07)† 0.65 (0.62–0.70)

L-arginine (µmol/L), median (25th−75th percentile) 119.74 (113.40–142.29) 136.64 (120.34–149.80) 132.50 (107.62–143.44)

Homoarginine (µmol/L), median (25th−75th percentile) 1.59 (1.16–2.31)* 1.59 (1.41–2.21)† 2.36 (1.90–3.45)

Citrulline (µmol/L), median (25th−75th percentile) 34.59 (31.13–38.69) 39.21 (32.46–50.94) 32.11 (25.91–40.24)

Ornithine (µmol/L), median (25th−75th percentile) 66.17 (63.33–73.63)‡ 94.30 (80.98–114.48)† 64.25 (38.44–78.30)

L-arginine/ADMA ratio, median (25th−75th percentile) 173.33 (143.28–188.47)* 165.88 (151.23–192.94)† 207.22 (200.43–224.48)

L-arginine/SDMA ratio, median (25th−75th percentile) 167.33 (132.87–188.57) 153.82 (125.35–201.30)† 190.40 (167.97–220.01)

Homoarginine/ADMA ratio, median (25th−75th percentile) 2.16 (1.47–2.90)* 2.02 (1.75–2.82)† 3.75 (2.99–5.67)

Homoarginine/SDMA ratio, median (25th−75th percentile) 2.01 (1.39–3.20)* 2.04 (1.38–2.93)† 3.79 (2.89–5.19)

L-arginine/ornithine ratio, median (25th−75th percentile) 1.88 (1.53–2.11)‡ 1.49 (1.10–1.78)† 2.22 (1.46–2.82)

Citrulline/L-arginine ratio, median (25th−75th percentile) 0.28 (0.21–0.31) 0.31 (0.22–0.38) 0.27 (0.22–0.28)

Citrulline/ornithine ratio, median (25th−75th percentile) 0.50 (0.39–0.56) 0.43 (0.40–0.46) 0.59 (0.39–0.66)

GAB ratio, median (25th−75th percentile) 1.20 (1.06–1.42)‡ 0.95 (0.77–1.17)† 1.38 (1.07–1.71)

Kynurenine (µmol/L), median (25th−75th percentile) 2.45 (2.00–3.14) 2.96 (2.37–3.23)† 2.21 (2.00–2.39)

Tryptophan (µmol/L), median (25th−75th percentile) 54.40 (49.97–59.15)* 59.52 (54.33–66.96) 61.76 (56.25–70.70)

Kynurenine/tryptophan ratio, median (25th−75th percentile) 0.050 (0.040–0.053)* 0.045 (0.040–0.050)† 0.030 (0.030–0.040)

vWF antige n (%), mean (± SD) 138.6 ± 14.1* 137.8 ± 11.1† 109.3 ± 25.3

vWF activity (%), mean (± SD) 168.5 ± 60.8* 177.9 ± 55.3† 110.5 ± 31.5

Homocysteine (µmol/L), median (25th−75th percentile) 12.3 (10.5–14.8)* 9.7 (6.6–14.8) 9.0 (8.6–10.4)

AECA, n (%)

Positive 0 (0.0) 0 (0.0) 0 (0.0)

Negative 14 (100.0) 14 (100.0) 14 (100.0)

EMP (U/µl)

CD31+/CD42b– 201.25 (158.88–279.50)*‡ 115.50 (90.88–169.75) 137.50 (73.00–171.38)

CD51+/CD42b– 13.50 (5.25–49.25) 27.75 (19.38–39.63) 22.25 (17.88–28.50)

CD54+/CD42b– –§ –§ –§

CD62E+/CD42b– –§ –§ –§

CD105+/CD42b– –§ –§ –§

CD144+/CD42b– –§ –§ –§

ADMA, asymmetric dimethylarginine; AECA, antiendothelial cell antibodies; ASCVD, atherosclerotic cardiovascular diseases; EMP, endothelial microparticles; FMD, flow-mediated

dilation; GAB, global arginine bioavailability; IMT, intima-media thickness; NMD, nitroglycerine-related dilation; PWV, pulse-wave velocity; SDMA, symmetric dimethylarginine; vWF, von

Willebrand factor.

*p < 0.05 between group with previous COVID-19 and healthy controls.
†
p < 0.05 between group with ASCVD and healthy controls.
‡p < 0.05 between group with previous COVID-19 and group with ASCVD.
§not detectable.

also the number of post-COVID-19 with pathologic FMD
and NMD values according to proposed reference values
were similar compared to patients with ASCVD (25, 26).

Interestingly, FMD and NMD values of our healthy control
cohort were also comparable to FMD and NMD values of
post-COVID-19 and ASCVD patients, which may be attributed
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TABLE 4 | Immune-inflammatory parameters.

COVID-19 (n = 14) ASCVD (n = 14) Controls (n = 14)

WBC (109/L), median (25th−75th percentile) 6.0 (5.7–6.6) 6.8 (5.1–8.2) 5.3 (3.9–7.0)

Leukocytosis, n (%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Lymphocytes (109/L), median (25th−75th percentile) 1.5 (1.1–1.7) 1.5 (1.3–2.2) 1.6 (1.2–1.9)

Lymphopenia, n (%) 3 (21.4%) 5 (35.7%) 1 (7.1%)

CRP (mg/dL), median (25th−75th percentile) 2.5 (0.8–7.8)* 1.9 (0.8–3.8)† 0.7 (0.5–1.3)

CRP elevation, n (%) 6 (42.9%)* 3 (21.4%) 0 (0.0%)

ESR (mm/h), median (25th−75th percentile) 7 (5–10)* 9 (4–15)† 2 (2–5)

ESR elevation > 20, n (%) 1 (7.1%) 0 (0.0%) 0 (0.0%)

SAA (mg/L), median (25th−75th percentile) 4.5 (2.2–9.3) 5.7 (3.3–8.2) 4.5 (1.1–6.0)

SAA elevation > 6.4, n (%) 5 (35.7%) 5 (35.7%) 3 (21.4%)

Complement factors (g/L), median (25th−75th percentile)

C3 1.136 (1.086–1.302)* 1.245 (1.102–1.336)† 1.001 (0.858–1.190)

C4 0.193 (0.170–0.243)* 0.216 (0.146–0.245)† 0.158 (0.140–0.197)

Hypocomplementemia, n (%) 0 (0.0)* 0 (0.0)† 4 (28.6)

IL-6 (pg/mL), median (25th−75th percentile) 2.5 (1.8–4.0)* 3.1 (1.6–4.7)† 1.4 (1.4–1.7)

Elevated IL-6, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

Positive ANA titer ≥ 1:80, n (%) 5 (35.7) 4 (28.6) 4 (28.6)

ENA (U/mL), median (25th−75th percentile) 0.0 (0.0–0.1) 0.1 (0.0–0.1) 0.1 (0.0–0.2)

Elevated ENA, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

Antiphospholipid antibodies

Lupus anticoagulant (sec), median (25th−75th percentile) 32.8 (31.2–38.5) 35.3 (33.8–37.4) 33.7 (31.6–35.3)

Elevated lupus anticoagulant, n (%) 0 (0.0) 1 (7.1) 0 (0.0)

Total level of cardiolipin antibodies including IgA, IgG, IgM cardiolipin

antibodies (U/mL), median (25th−75th percentile)

1.7 (0.1–3.9) 3.1 (2.5–4.4)† 0.5 (0.3–1.1)

Elevated cardiolipin antibodies, n (%) 2 (14.3) 0 (0.0) 0 (0.0)

Total level of β-2-glycoprotein antibodies including IgA, IgG, IgM

β-2-glycoprotein antibodies (U/mL), median (25th−75th percentile)

2.2 (1.6–2.7)* 2.3 (1.9–2.4)† 1.6 (1.5–1.8)

Elevated β-2-glycoprotein antibodies, n (%) 1 (7.1) 0 (0.0) 0 (0.0)

Any elevated antiphospholipid antibody, n (%) 2 (14.3) 1 (7.1) 0 (0.0)

ANCA

MPO-ANCA (U/mL), median (25th−75th percentile) 0.8 (0.6–1.1) 0.8 (0.8–1.0)† 1.2 (0.8–1.3)

Elevated MPO-ANCA, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

PR3-ANCA (U/mL), median (25th−75th percentile) 0.4 (0.4–1.9)‡ 0.4 (0.4–0.4)† 0.5 (0.4–2.4)

Elevated PR3-ANCA, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

Positive c-ANCA titer ≥ 1:80, n (%) 0 (0.0) 1 (7.1) 0 (0.0)

Positive p-ANCA titer ≥ 1:80, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

Positive x-ANCA titer ≥ 1:80, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

ACP antibodies (U/mL), median (25th−75th percentile) 0.9 (0.5–1.1) 0.8 (0.5–1.1) 0.9 (0.6–1.1)

Elevated ACP antibodies, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

Rheumatoid factor (U/mL), median (25th−75th percentile) 0 (0–7) 0 (0–1) 0 (0–8)

Elevated rheumatoid factor, n (%) 0 (0.0) 0 (0.0) 1 (7.1)

Positive cytoplasmic antibodies, n (%) 1 (7.1) 1 (7.1) 0 (0.0)

Ig (g/L), median (25th−75th percentile)

IgA 1.88 (1.07–2.82) 1.77 (1.60–2.42) 1.52 (1.18–2.00)

<0.7, n (%) 1 (7.1) 1 (7.1) 0 (0.0)

> 4, n (%) 1 (7.1) 1 (7.1) 1 (7.1)

IgG 10.55 (8.47–12.10) 9.13 (8.25–10.30) 9.61 (9.13–10.80)

<7, n (%) 1 (7.1) 1 (7.1) 0 (0.0)

> 16, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

(Continued)
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TABLE 4 | Continued

COVID-19 (n = 14) ASCVD (n = 14) Controls (n = 14)

IgM 1.03 (0.72–1.24)‡ 0.55 (0.49–0.76)† 0.83 (0.57–1.04)

<0.4, n (%) 0 (0.0) 1 (7.1) 0 (0.0)

> 2.3, n (%) 0 (0.0) 1 (7.1) 0 (0.0)

IgG1 6.44 (5.02–8.14) 6.11 (5.33–7.72) 5.99 (5.41–7.45)

<4.05, n (%) 0 (0.0) 1 (7.1) 0 (0.0)

> 10.11, n (%) 0 (0.0) 0 (0.0) 1 (7.1)

IgG2 3.00 (2.12–4.31)‡ 2.27 (1.77–2.72)† 3.46 (2.5–3.88)

<1.69, n (%) 0 (0.0) 2 (14.3) 0 (0.0)

> 7.86, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

IgG3 0.35 (0.17–0.41) 0.28 (0.25–0.43) 0.32 (0.27–0.41)

<0.11, n (%) 2 (14.3) 0 (0.0) 0 (0.0)

> 0.85, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

IgG4 0.41 (0.13–1.04) 0.23 (0.11–1.02) 0.45 (0.27–0.54)

<0.03, n (%) 2 (14.3) 0 (0.0) 0 (0.0)

>2.01, n (%) 1 (7.1) 0 (0.0) 0 (0.0)

Any Ig elevation, n (%) 2 (14.3) 2 (14.3) 2 (14.3)

Any Ig decrease, n (%) 5 (35.7)* 4 (28.6)† 0 (0.0)

Total number of pathologically altered inflammatory conditions, median

(25th−75th percentile)

2 (1–3)* 2 (1–2) 1 (0–2)

ACP, anti-citrullinated protein; ANA, antinuclear antibodies; ANCA, anti-neutrophil cytoplasmic antibodies; ASCVD, atherosclerotic cardiovascular diseases; CRP, C-reactive protein;

ENA, extractable nuclear antigen; ESR, erythrocyte sedimentation rate; Ig, immunoglobulin; IL-6, interleukin 6; SAA, serum amyloid A; WBC, white blood cells.

*p < 0.05 between group with previous COVID-19 and healthy controls.
†
p < 0.05 between group with ASCVD and healthy controls.
‡p < 0.05 between group with previous COVID-19 and group with ASCVD.

to other subject-related factors influencing vascular reactivity,
like smoking, physical activity, mental stress, alcohol intake or
hormonal changes during physiological menstrual cycle (13).
The association between inflammation and atherosclerosis is
well-established and it may be possible that persisting changes
of inflammatory parameters caused by SARS-CoV-2 may affect
endothelial cells similarly (46). On the other hand, the occurrence
of persisting capillary changes in post-COVID-19 patients also
suggests an interaction via inflammation and immunological
pathways. Capillary changes have mainly been described in
autoimmune disorders, especially in systemic sclerosis (32–34).
Interestingly, post-COVID-19 patients had a higher prevalence
of capillary ramifications and capillary loss, which are typically
seen in long-lasting systemic sclerosis, while no capillary pattern
suggestive for systemic sclerosis were observed. Compared to the
study of Natalello et al. (9), we could observe less capillary edema,
thrombosis and ectasia but higher rates of capillary ramifications,
bushy capillaries and capillary loss. Additionally, higher rates of
capillary caliber variability and elongations were observed and
higher scores using semi-quantitative rating scale of respective
capillary changes and total MES were found in post-COVID-19
patients. As connective tissues diseases or vasculitides were
an exclusion criterion, it can be assumed that SARS-CoV-2
affects substantially and persistently microvasculature. Finally,
endothelial damage caused by SARS-CoV-2 per se without
interaction via inflammatory pathways may also be a potential
pathophysiologic explanation for COVID-19-associated
endothelial dysfunction and vasculopathy. Associations between

EMP and parameters of the arginine metabolism to other viruses,
like parvovirus B19 or human immunodeficiency virus, have
previously been described (47, 48). Furthermore, ADMA and
CD31+/CD42b– EMP have been associated with capillary
changes in systemic sclerosis (49, 50). Therefore, direct but yet
unknown interactions of SARS-CoV-2 to nitric oxidemetabolism
or endothelial homeostasis may also contribute to the persistent
endothelial dysfunction and vasculopathy observed in our study.

Limitations of our study are that this study included a limited
number of patients and the fact that we did not measure
the above-named parameters before, during and after SARS-
CoV-2 infection to evaluate potential changes. Therefore, it
can be only hypothesized that persisting endothelial damage
is caused directly or indirectly due to COVID-19. However,
measuring endothelial function in people before COVID-19
is challenging, given that one would need to assess a large
number of people to ascertain that a subgroup will have a
SARS-CoV-2 infection. Additionally, while no post-COVID-
19 patient had any preexisting ASCVD, most of them had at
least one atherosclerotic cardiovascular risk factor. Although
those cardiovascular risk factors were not significantly different
or overrepresented in post-COVID-19 patients, a potential
bias affecting the results on endothelial dysfunction due to
present cardiovascular risk factors cannot be definitely excluded.
Furthermore, the large age difference between the control
group and the two patient groups need to be mentioned
which may affect several measured parameters. However, the
aim of this study was to compare parameters of endothelial
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TABLE 5 | Capillary changes.

COVID-19 (n = 14) ASCVD (n = 14) Controls (n = 14)

Microhemorrhages

n, (%) 8 (57.1) 6 (42.9) 3 (21.4)

Points, median (25th−75th percentile) 0.125 (0.000–0.250) 0.000 (0.000–0.125) 0.000 (0.000–0.031)

Capillary edema

n, (%) 0 (0.0) 0 (0.0) 0 (0.0)

Points, median (25th−75th percentile) 0.000 (0.000–0.000) 0.000 (0.000–0.000) 0.000 (0.000–0.000)

Capillary ramifications

n, (%) 5 (35.7)*‡ 0 (0.0) 0 (0.0)

Points, median (25th−75th percentile) 0.000 (0.000–0.125)*‡ 0.000 (0.000–0.000) 0.000 (0.000–0.000)

Bushy capillaries

n, (%) 7 (50.0)* 3 (21.4) 1 (7.1)

Points, median (25th−75th percentile) 0.063 (0.000–0.156)* 0.000 (0.000–0.031) 0.000 (0.000–0.000)

Capillary loss

n, (%) 4 (28.6)*‡ 0 (0.0) 0 (0.0)

Points, median (25th−75th percentile) 0.000 (0.000–0.469)*‡ 0.000 (0.000–0.000) 0.000 (0.000–0.000)

Giant capillaries (≥50µm)

n, (%) 0 (0.0) 0 (0.0) 0 (0.0)

Points, median (25th−75th percentile) 0.000 (0.000–0.000) 0.000 (0.000–0.000) 0.000 (0.000–0.000)

Capillary ectasia (≥25µm)

n, (%) 1 (7.1) 2 (14.3) 0 (0.0)

Points, median (25th−75th percentile) 0.000 (0.000–0.000) 0.000 (0.000–0.000) 0.000 (0.000–0.000)

Tortuous capillaries

n, (%) 12 (85.7) 8 (57.1) 9 (64.3)

Points, median (25th−75th percentile) 0.500 (0.125–1.375) 0.375 (0.000–1.063) 0.125 (0.000–0.531)

Capillary caliber variability

n, (%) 7 (50.0)*‡ 2 (14.3) 0 (0.0)

Points, median (25th−75th percentile) 0.063 (0.000–0.281)* 0.000 (0.000–0.000) 0.000 (0.000–0.000)

Elongated capillaries

n, (%) 8 (57.1)‡ 2 (14.3) 3 (21.4)

Points, median (25th−75th percentile) 0.125 (0.000–0.469)*‡ 0.000 (0.000–0.000) 0.000 (0.000–0.031)

Capillary thrombosis

n, (%) 0 (0.0) 1 (7.1) 0 (0.0)

Points, median (25th−75th percentile) 0.000 (0.000–0.000) 0.000 (0.000–0.000) 0.000 (0.000–0.000)

Disorganization of microvascular array

n, (%) 12 (85.7) 8 (57.1) 8 (57.1)

Points, median (25th−75th percentile) 1.063 (0.250–2.156) 0.375 (0.000–1.313) 0.313 (0.000–1.125)

Early pattern, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

Active pattern, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

Late pattern, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

CSURI (points) –§ –§ –§

MES (points), median (25th−75th percentile) 1.630 (0.250–2.438)*‡ 0.375 (0.000–1.313) 0.315 (0.00–1.125)

ASCVD, atherosclerotic cardiovascular diseases; CSURI, capillaroscopic skin ulcer risk index; MES, microangiopathy evolution score.

*p < 0.05 between group with previous COVID-19 and healthy controls.
†
p < 0.05 between group with ASCVD and healthy controls.
‡p < 0.05 between group with previous COVID-19 and group with ASCVD.
§not detectable.

dysfunction and inflammation in post-COVID-19 patients
between a healthy group without suspected alterations and
a group of patients with suspected altered parameters to
rank the potential influence of COVID-19 on endothelial
dysfunction and inflammatory vasculopathy. Therefore, young,

healthy and sex-matched controls were used instead of age-
matched controls.

Strengths of our study are that all parameters were measured
together in one study cohort with balanced sex and age
distribution and a quite homogenous COVID-19 phenotype.
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Another strength of our study is that we included a healthy
control and a sex- and age-matched ASCVD control group
to discriminate the impact of COVID-19 on endothelial
dysfunction and inflammatory vasculopathy, which has not
been done before in studies investigating endothelial function
in people who had COVID-19. In previous studies, different
COVID-19 phenotypes and COVID-19 subjects with several
cardiovascular comorbidities were commonly included (9, 34–
39). A further strength is that all controls had no proven recent
or prior SARS-CoV-2 infection at study measurement.

In conclusion, COVID-19 may contribute to enhanced
endothelial dysfunction and disturbed vascular homeostasis via
influence of EMP, inflammatory pathways as well as of arginine,
kynurenine and homocysteine metabolism. Thus, changes of
arterial stiffness, vascular reactivity and microvasculature may
be promoted after SARS-CoV-2 infection. Further studies are
needed to elucidate the underlying pathways of COVID-19
associated endothelial dysfunction and to clarify if those vascular
changes are long-lasting and if COVID-19 may be even a
potential risk factor for the development of atherosclerotic or
inflammatory vascular diseases.
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The role of SARS-CoV-2 as a direct cause in the cardiac lesions in patients

with severe COVID-19 remains to be established. Our objective is to report the

pathological findings in cardiac samples of 30 patients who died after a prolonged

hospital stay due to Sars-Cov-2 infection. We performed macroscopic, histological and

immunohistochemical analysis of the hearts of 30 patients; and detected Sars-Cov-2

RNA by RT-PCR in the cardiac tissue samples. The median age of our cohort was 69.5

years and 76.6% were male. The median time between symptoms onset and death

was 36.5 days. The main comorbidities were arterial hypertension (13 patients, 43.3%),

dyslipidemia (11 patients, 36.7%), cardiovascular conditions (8 patients, 26.7%), and

obesity (8 patients, 26.7%). Cardiovascular conditions included ischemic cardiopathy

in 4 patients (13.3%), hypertrophic cardiomyopathy in 2 patients (6.7%) and valve

replacement and chronic heart failure in one patient each (3.3%). At autopsy, the most

frequent histopathological findings were coronary artery atherosclerosis (8 patients,

26.7%), left ventricular hypertrophy (4 patients, 13.3%), chronic epicardial inflammation

(3 patients, 10%) and adipose metaplasia (2 patients, 6.7%). Two patients showed focal

myocarditis, one due to invasive aspergillosis. One additional patient showed senile

amyloidosis. Sars-Cov-2 RNA was detected in the heart of only one out of 30 patients,

who had the shortest disease evolution of the series (9 days). However, no relevant

cardiac histological alterations were identified. In present series, cardiac pathology was

only modest in most patients with severe COVID-19. At present, the contribution of a

direct effect of SARS-CoV-2 on cardiac lesions remains to be established.
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INTRODUCTION

Coronavirus-19 disease (COVID-19), caused by the new
coronavirus SARS-CoV-2 has become a global health challenge
in our time (1). It is known that SARS-CoV-2 affects mainly the
respiratory system, with a spectrum of clinical manifestations
ranging from asymptomatic to mild illness with fever and
fatigue (80% of symptomatic patients) (2). However, in the
most severe cases, which represent around 5%, it can lead
to respiratory distress syndrome that requires ventilatory
support (3, 4). As cardiovascular complications including
myocarditis, acute myocardial infarction, and exacerbation
of heart failure are present in patients suffering from other
respiratory viral infections, such as influenza virus each annual
epidemic period, special attention has been paid to a possible
heart involvement by SARS-CoV-2 since the beginning of the
pandemic (5). In fact, reported clinical cardiac manifestation
in COVID-19 patients included right heart dilatation and
dysfunction, myocarditis, cardiac fibrosis, arrhythmias,
endothelial dysfunction, dysautonomia, and thrombotic
events (6). Moreover, it has been suggested that patients
with a history of cardiovascular disease or cardiovascular
risk factors such as hypertension, dyslipidemia or obesity are
strongly associated to severe symptoms and higher mortality
rate in patients infected by SARS-CoV-2 (2, 7). The possible
pathophysiological mechanisms by which SARS-CoV-2 would
cause damage to the myocardium and vascular endothelium
include a direct myocardial injury due to viral invasion, a
damage secondary to hypoxemia as consequence of respiratory
failure, infarct secondary to thrombosis, as well as a dysregulated
immunological response (known as cytokine storm) (8).

Since autopsies are the gold standard procedure to settle the
underlying pathophysiology of the diseases (9), several autopsy
series of patients who died from COVID-19 have been reported
in the last months. In addition, some studies have reviewed
the cardiac lesions reported in those series (10–12). However,
our information regarding cardiac pathology is limited to about
700 hearts and, despite these studies, there is still limited and
controversial data about the histopathological cardiac findings in
patients with SARS-CoV-2 infection. Previous series are mostly

formed by patients who died during the acute illness. Thus, the
longest duration of illness in the cohorts reviewed by Roshdy et al.
(10) was 52 days with a median duration from symptoms onset
to death of 12 days (range, 0–52 days, n = 98), which means that
the long-term evolution or complications of the disease were not
covered by this review.

The objective of our study is to present the histopathological
cardiac lesions in a series of 30 autopsies performed in patients
who died by severe COVID-19 with relative long-term evolution
from symptoms onset (median 36.5 days, range 9–108 days).

MATERIALS AND METHODS

Autopsy Procedure and Clinical Data
This is a retrospective analysis of the macroscopic and
histological findings in the hearts of all autopsies performed
on patients with COVID-19 in University Hospital Ramón y

Cajal (Madrid, Spain), from April 2020 to April 2021 (n =

30), representing ∼3% of patients who died from COVID-19
during this period. The Research Ethics Committee approved the
study (reference: Necropsias_Covid19; 355_20). All the deceased
patients were diagnosed of SARS-CoV-2 infection confirmed by
RT-PCR nasopharyngeal swab test. Demographic and clinical
data were collected from the electronic medical records.

These consecutive autopsies were requested by the medical
staff according to clinical interest. Most autopsies (n = 25, 83%)
corresponded to patients with severe respiratory diseases and
were requested by ICU staffs. Consequently, the series does not
represent the complete spectrum of causes of death attributable
to COVID-19 (Table 1). All autopsies were consented by patients’
relatives and carried out according to safety protocols, in
a negative pressure autopsy room, using personal protection
equipment, as previously reported (13).

In the first 14 consecutive decedents, we took in-corpore
representative sections from the heart, lungs, liver, kidney,
pancreas, and bone marrow. In the rest of the patients, due to
improved technical training, we extracted the complete heart
and lung block, left kidney, spleen, and sections from the liver,
pancreas and bonemarrow.We extracted the brain in 10 patients.

After each procedure, the hearts were fixed in formalin for
24–48 h.

Histopathology and Immunohistochemistry
For histological study, in the 14 first autopsies, we only took 5
representative sections corresponding to the anterior, lateral and
posterior left ventricle walls, the septum, and right ventricle wall.
In the rest of the patients, the complete heart and great proximal
vessels were studied following the protocol depicted in Figure 1.

Hematoxylin and eosin stain was performed in all sections.
In addition, when inflammatory infiltrates were present, special
histochemical stains such as PAS, Grocott or Gram were done
to rule out microorganisms such as bacteria or fungi. Congo red
stain was performed in suspected cases of amyloid deposit.

To analyze the immune infiltrates, we performed
immunohistochemistry for CD20, CD3, CD8, CD4, and CD68
(Agilent, Santa Clara, CA, USA) in sections with inflammation.
Transthyretin immunohistochemistry (Agilent, Santa Clara, CA,
USA) was also done to confirm senile amyloidosis.

Sars-Cov-2 RNA Analysis
To investigate the presence of Sars-Cov-2 RNA, we took
swabs samples from the left ventricle in 28 patients. In
addition, we tested Sars-Cov-2 RNA in paraffin blocks from
the left ventricle in all 30 patients, selecting those blocks with
inflammatory infiltrates.

All swab samples were sent on the same day to the
Microbiology Department for the detection of genomic SARS-
CoV-2 RNA (gRNA). RNA extraction and reverse-transcription-
polymerase-chain-reaction (RT-PCR) amplification were
performed within 3 h after reception in the laboratory. RNA
extraction was performed using MagmaxTM Core Nucleic Acid
Purification Kit (Thermo Fisher, Waltham, United States) and
gRNA SARS-CoV-2 was detected using TaqmanTM 2019 nCoV
assay (Thermo Fisher, Waltham, United States).
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TABLE 1 | Demographic, clinical, and laboratory findings.

Demographics Total 30 (100%)

Male, n (%) 23 (76.67%)

Age Median (IQR) 69.5 (12.25)

Min, Max 52, 91

Weight Median (IQR) 76.5 (14)

Min, Max 53, 109

Days from initial symptoms Median (IQR) 36.5 (17.5)

Min, Max 9, 108

Hospitalization days Median (IQR) 29.5 (18)

Min, Max 3, 102

Patients admitted to ICU, n (%) 26 (86.67%)

ICU days Median (IQR) 21 (15)

Min, Max 12, 95

Mechanical ventilation, n (%) 26 (86.67%)

Comorbidities

Hypertension, n (%) 13 (43.33%)

Dyslipidemia, n (%) 11 (36.67%)

Cardiovascular condition, n (%) 8 (26.67%)

• Ischemic cardiopathy 4 (50.00%, n = 8)

• Hypertrophic cardiomyopathy 2 (18.18%, n = 8)

• Valve replacement 1 (12.50%, n = 8)

• Heart failure 1 (12.50%, n = 8)

Obesity, n (%) 8 (26.67%)

Malignancy, n (%) 6 (20.00%)

Chronic obstructive pulmonary disease/SAHS, n (%) 5 (16.67%)

Neurologic condition, n (%) 3 (10.00%)

Diabetes mellitus, n (%) 2 (6.67%)

Hepatic condition, n (%) 2 (6.67%)

Immunosuppression, n (%) 1 (3.33%)

Clinical symptoms

Fever at admission, n (%) 24 (80.00%)

Dyspnea at admission, n (%) 22 (73.33%)

Cough at admission, n (%) 17 (56.67%)

Asthenia at admission, n (%) 13 (43.33%)

Diarrhea at admission, n (%) 4 (13.33%)

Anosmia/Ageusia at admission, n (%) 4 (13.33%)

Nausea/Vomiting at admission, n (%) 3 (10.00%)

Temperature in Celsius at admission Median (IQR) 36.5 (0.6)

Min, Max 35.5, 38

Oxygen saturation at admission Median (IQR) 88 (14.3)

Min, Max 70, 99

Heart rate at admission Median (IQR) 100 (25)

Min, Max 70–141

Arrythmia, n (%) Previously diagnosed 2 (6.67%)

During hospitalization 6 (20%)

Department that requested the autopsy

Anesthesiology department, n (%) 18 (60%)

Medical intensive care unit, n (%) 7 (23.33%)

Internal medicine department, n (%) 2 (6.67%)

Geriatrics department, n (%) 2 (6.67%)

Pneumology department, n (%) 1 (3.33%)

(Continued)
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TABLE 1 | Continued

Demographics Total 30 (100%)

Cause of death (according to autopsy report)

Hypoxemia, n (%) 24 (80%)

Pancreatitis, n (%) 2 (6.67%)

Intestinal necrosis, n (%) 2 (6.67%)

Subarachnoid hemorrhage, n (%) 1 (3.33%)

Invasive aspergillosis, n (%) 1 (3.33%)

Laboratory test at admission (normal values)

White cell count /µL (4–11 × 10∧3) Median (IQR) 11.1 (9.90)

Min, Max 0.01, 21.9

% Neutrophils (45–75) Median (IQR) 85.75 (20.28)

Min, Max 18.2, 96.9

Lymphocytes/µL (1–4.5 × 10∧3) Median (IQR) 0.89 (0.47)

Min, Max 0, 1.45

Creatinine mg/dL (0.3–1.3) Median (IQR) 0.92 (0.37)

Min, Max 0.48, 2.82

CRP mg/L (0–5) Median (IQR) 188.20 (160.75)

Min, Max 0, 0.8

Ferritin ng/mL (20–300) Median (IQR) 1454.01 (1496.12)

Min, Max 59.15, 5269.9

Lactate dehydrogenase U/L (140–240) Median (IQR) 442 (274.25)

Min, Max 333, 987

Platelets/µL (140–400 × 10∧3) Median (IQR) 195 (146.25)

Min, Max 22.3, 599

Fibrinogen mg/dl (150–400) Median (IQR) 740 (31.65)

Min, Max 295.1,740

APTT% (76–128) Median (IQR) 84.85 (21.25)

Min, Max 16.1, 131.3

PT s (9.7–12, 6) Median (IQR) 12.20 (1.18)

Min, Max 10.2, 49.2

D-dimer ng/mL (0–500) Median (IQR) 1,164 (2,098)

Min, Max 152, 14,493.41

Troponin at admission ng/ml (0–0.1) Median (IQR) 0.00 (0.00)

Min, Max 0, 0.8

Highest troponin during hospitalization ng/ml (0–0.1) Median (IQR) 0.00 (0.00)

Min, Max 0, 10.4

Natriuretic peptide pg/mL (<100) Median (IQR) 81.80 (125.30)

Min, Max 0.4, 2,288

IL6 pg/mL (0) Median (IQR) 62.15 (121.04)

Min, Max 1.27, 589

IL10 pg/mL (0) Median (IQR) 7.94 (6.79)

Min, Max 0.5, 54.44

IL12 pg/mL (0) Median (IQR) 1.19 (2.40)

Min, Max 0, 6.66

Pathologic findings Partial heart

examination (n = 14)

Complete heart

examination (n = 16)

Total (n = 30)

Heart

Coronary artery atherosclerosis, n (%) 2 (14.29%) 6 (37.5%) 8 (26.67%)

Left ventricle hypertrophy, n (%) 3 (21.43%) 1 (6.25%) 4 (13.33%)

Chronic epicardial inflammation, n (%) 0 3 (18.75%) 3 (10%)

Myocarditis, n (%) 0 1 (6.25%) 1 (3.3%)

(Continued)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 October 2021 | Volume 8 | Article 748396331

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ferrer-Gómez et al. Cardiac Pathology in Severe Covid-19

TABLE 1 | Continued

Pathologic findings Partial heart

examination (n = 14)

Complete heart

examination (n = 16)

Total (n = 30)

Aspergillus myocarditis, n (%) 1 (7.14%) 0 1 (3.3%)

Senile amyloidosis, n (%) 1 (7.14%) 0 1 (3.3%)

Without significant alterations, n (%) 5 (35.71%) 8 (50%) 13 (43.33%)

Lung

Patients with predominant pattern, n (%) Normal lung 1 (3.3%)

Exudative DAD 6 (20%)

Proliferative/Organizing

DAD

19 (63.3%)

Fibrotic DAD 4 (13.3%)

Acute bronchopneumonia, n (%) 12 (40%)

Vascular thrombi, n (%) 20 (67%)

Endotheliitis, n (%) 13 (43%)

Diffuse alveolar damage (DAD).

For formalin-fixed-paraffin embedded (FFPE) samples, RNA
was extracted from 10 sections of 5µm obtained from paraffin
blocks using RecoverAll Total Nucleic Acid Isolation Kit
(Invitrogen), following the manufacturer’s instructions. RNA
quantity was measured fluorometrically with Qubit RNA high-
sensitivity assay kit (Invitrogen, Waltham, MAS, USA).

Literature Review
We have performed a non-systematic PUBMED review of
autopsy series published in English including 4 or more patients
not previously reported in the reviews by Halushka and Vander
Heide (11), Roshdy et al. (10) and Kawakami et al. (12).

RESULTS

Demographics
The main demographic, clinical and laboratory findings of the
30 patients are listed in Table 1. The median age of our cohort
was 69.5 years (range 52–91). Twenty-three patients (76.6%)
were male. The median time between admission and death was
29.5 days (range 3–102). The main comorbidities were arterial
hypertension in 13 patients (43.3%), dyslipidemia in 11 patients
(36.7%), cardiovascular conditions in 8 patients (26.7%), obesity
in 8 patients (26.7%), and diabetes in 2 patients (6.67%). None of
them were vaccinated.

Cardiovascular conditions included ischemic cardiopathy
in 4 patients (13.3%), hypertrophic cardiomyopathy in 2
patients (6.7%) and mitral and aortic valve replacement and
chronic heart failure in one patient each (3.3%). Two patients
had a previous diagnosis of auricular flutter and auricular
fibrillation, respectively. Six patients developed arrythmias
during hospitalization, including supraventricular extrasystoles
(6.7%), auricular flutter (3.3%), bundle branch block (3.3%),
streaks of supraventricular tachycardia (3.3%), and self-limited
periods of arrhythmias (3.3%).

Pathology
The main pathological findings of this series are presented in
Table 1.

Cardiac Pathology

Macroscopic Findings
Mean post-fixation weight of the heart, in 16 (53.3%) patients
in whom the complete organ was studied, was 474.2 g (range
310–720) (normal weight 365 ± 71 g). Regarding macroscopic
findings, serous pericardial effusion was evidenced in 8 patients
(26.6%), left ventricular hypertrophy (>1.5 cm in diameter) was
present in 4 patients (13.3%), adipose myocardial replacement in
2 patients (6.6 %), and the presence of a macrothrombus in left
atrium in one patient (3.3%). Two hearts showed post-surgical
changes; one showed mitral and aortic valve replacement and
another a coronary artery bypass grafting. In 14 patients (47%) no
macroscopically relevant alterations were identified in the heart.

Histopathology
The most frequent histopathological finding was coronary
artery atherosclerosis (8 patients, 26.7%). Three patients (10%)
showed focal chronic epicardial inflammation, that consisted
of a slight lymphocytic mononuclear inflammatory infiltrate
associated with reactive mesothelium. This infiltrate was mainly
composed of T lymphocytes (CD3+) with a predominant
cytotoxic phenotype (CD8+) that exceed the CD3+/CD4+
population. One patient (3.3%) revealed myofibrils necrosis
associated with abundant macrophage infiltration and occasional
CD3+ lymphocytes in an area of ∼1 cm2 in the left ventricle,
consistent with the diagnosis of myocarditis (Figures 2A,B).

In a 55-year-old male patient, without any comorbidity and
37 days of hospitalization, we observed the presence of ring-
shaped fungal structures within the myocardium, associated
to myofibrils necrosis and inflammation. This patient received
corticosteroids and antibiotics, but no antifungal treatment.
The fungal structures were positive for PAS and Grocott
techniques (Figures 2C–E). They were also identified in lung and
kidney parenchyma, where they were identified as Aspergillus
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FIGURE 1 | Heart grossing protocol. (A–C) Apex sections. (D) Left atria and ventricle sections, including mitral valve. (E) Right atria and ventricle sections, including

tricuspid valve. (F–I) Dissection of the coronary arteries. Cannulation of left (F) and right (G) coronary arteries. Left (H) and right (I) coronary arteries sections.
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FIGURE 2 | (A) Myofibrils necrosis associated with abundant inflammatory

infiltration. (B) Same case as (A), showing CD68 positive macrophages

infiltrating the myocardium. (C) Fungal structures within the myocardium,

associated to myofibrils necrosis and inflammation. (D) Same case as (C),

PAS technique. (E) Same case as (C), Grocott technique.

fumigatus by postmortem microbiological culture and PCR. We
did not observe intranuclear or intracytoplasmic inclusions in
myocardial cells in none of our patients.

In a 90-year-old patient, suffering chronic cardiac failure, we
evidenced a deposit of eosinophilic and amorphous material
compatible with amyloid within the myocardium (Figure 3).
This was confirmed with Congo red histochemical stain. This
deposit was also identified in the cardiac and pulmonary vessels,
pericardial adipose tissue, kidney and bone marrow. After
performing immunohistochemical staining, the amyloid material
was positive for transthyretin and negative for Kappa, Lambda
and Amyloid AA, rendering the diagnosis of senile amyloidosis.

No histologically relevant alterations were found
in 13 patients (43.3%), according to their age and
clinical status.

Sars-Cov-2 RNA Analysis
All myocardial swabs except one [Cycle threshold (Ct) = 28]
were negative for Sars-Cov2. The only positive case was also
positive in the study of the FFPE tissue (Ct = 33), and
Ct = 20 in nasopharyngeal sample obtained in the same
autopsy. However, this patient did not show any relevant
macroscopic or histopathological cardiac lesion. Interestingly,
in spite of the absence of Sars-Cov-2 RNA in cardiac
samples, all patients showed at least a positive result from
the nasopharynx or lung in autopsy samples (manuscript
in preparation).

FIGURE 3 | (A) Deposit of eosinophilic and amorphous material compatible

with amyloid within the myocardium. (B) Positive Congo Red histochemical

stain. (C) Positive transthyretin immunohistochemistry.

Literature Review
Supplementary Table 1 compares the clinical and pathological
findings reported by Halushka and Vander Heide (11) in their
review of 293 cases and our review of 280 additional cases,
including the 30 patients here reported.

DISCUSSION

In this study, we report the cardiovascular findings in
the autopsies of 30 patients with severe COVID-19. Our
results indicate a modest involvement of the heart in these
patients, being the most frequent histopathological findings
coronary artery atherosclerosis (8 patients, 26.7%), left ventricle
hypertrophy (4 patients, 13.3%), chronic epicardial inflammation
(3 patients, 10%), focal myocarditis (1 patient, 3.3%), and
myocarditis due to Aspergillus (1 patient, 3.3%).

To the best of our knowledge, this is the autopsy series
with the longest disease duration in which the heart has been
histopathologically analyzed, and our results are in accordance
with other studies with a shorter time of disease evolution.

Regarding duration of disease, in the review by Roshdy et al.
(10), the median duration of prehospital symptoms (n= 82) and
hospital stay (n = 158) were 5 (IQR, 2–7) and 6 days (IQR, 3–
10), respectively. In total, the median duration from the onset
of symptoms to death was 12 days (range, 0–52 days, n = 98).
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In the review by Halushka and Vander Heide (11), the median
number of days from diagnosis to fatality was 10 (range 1–51
days). In contrast, our series included patients with a median
disease duration from symptoms onset to death of 36.5 and 29.5
days of hospitalization.

Pre-existing cardiovascular diseases are associated to a worse
prognosis in patients with SARS-CoV-2 infection (6). In our
series, eight patients had previous cardiac conditions, but the
autopsy did not reveal other lesions than those related with the
underlying disease. No differences were observed in the evolution
of these cases in comparison to patients without previous cardiac
conditions but presenting other comorbidity.

In addition to coronary atherosclerosis, the most frequent
cardiac pathological finding was left ventricular hypertrophy
in 4 patients. While two of them had a previous diagnosis of
hypertrophic cardiomyopathy, the other two patients were not
previously diagnosed of any cardiac disease. We did not find
other pathological findings in the heart of these 4 patients.

We found focal and slight lymphocytic inflammatory
infiltrates in the epicardium of 3 patients. However, the
mere presence of these aggregates is not indicative of active
pericarditis. They were mainly placed in the subepicardial
adipose tissue and they were not associated with vessels. For this
reason, we cannot argue in favor of a systemic endothelialitis
involving epicardial lymphatic micro-vessels. Because in our
series 26 of patients (86.7%) were treated with mechanical
ventilation and we only found chronic pericarditis in 3 of them
(10%), our data do not support an association between both
facts. Although 8 patients showed different degrees of pericardial
effusion, we related this finding to the common hemodynamic
alterations in terminal ICU patients. Pericardial effusion has
been reported in up to 94% of patients dying from COVID-19
without evidence of pericarditis (12). Although clinical studies
have reported some cases of pericarditis secondary to SARS-
CoV-2 (14–17), most autopsy studies have not found severe
acute pericarditis.

One of the most controversial issue in COVID-19 cardiac
pathology is to know if myocarditis is a common manifestation
of the disease (7, 11, 18–20). In our series, only one patient
(3.3%) showed focal myocarditis characterized by both
myocyte necrosis and inflammation in absence of ischemic
changes. The frequency of the diagnosis of myocarditis
varies among series, probably due to different diagnostic
criteria among authors. According to cardiac autopsy
guidelines of the European Association of Cardiovascular
Pathology (AECVP) (21), focal presence of myocardial
inflammatory infiltrates in the myocardic tissue in the absence
of myocyte necrosis is not enough evidence for diagnosis of
myocarditis. It also maintains that small fibrosis foci have no
pathological significance.

Following the mentioned restrictive criteria, it seems that
myocarditis is not a frequent manifestation of severe COVID-19.
Halushka and Vander Heide (11) reviewed 22 articles about
cardiovascular findings in autopsies samples from COVID-
19 patients and they concluded that although inflammatory
infiltrates were present in the myocardium of 7% of the 277

patients, only 1.7% had complete histopathological evidence
of myocarditis. In the partially overlapping review by Roshdy
et al. (10) including 316 patients, clear myocarditis meeting
the Dallas criteria was described in only five cases, whereas
35 additional patients had focal inflammatory infiltrates.
In their review, Kawakami et al. (12) specifically discussed
the role of myocarditis in COVID-19 patients. The authors
reviewed literature findings (some series also reviewed by
Halushka and Vander Heide (11) and by Roshdy et al. (10)
and found that myocarditis was an uncommon pathologic
diagnosis occurring in 4.5% of highly selected cases undergoing
autopsy or endomyocardial biopsy. In their own series of
16 autopsied patients, the authors observed myocardial
inflammatory infiltrates in 31% of the patients, which were not
associated with myocardial necrosis. The authors concluded
that given the extremely low frequency of myocarditis and the
unclear therapeutic implications, the use of endomyocardial
biopsy to diagnose myocarditis in the setting of COVID-
19 is not recommended. A recent series (22), where 5%
of the patients developed new onset myocarditis, confirms
these results.

In our study, inflammatory infiltrates within the myocardium
associated to myocyte necrosis were identified in only one
patient (3.3%). In our review of 277 reported autopsied hearts
(not included in previously reported reviews and including
our 30 patients), 20 (7.2%) showed evidence of myocarditis;
however, the frequency was highly variable, ranging from 0
out of 97 patients in the series reported by Bryce et al. (9),
to 9 out of 9 patients in the series reported by del Nonno
et al. (23).

The role of SARS-CoV-2 as the direct cause of viral
myocarditis remains to be established, similarly as has been
observed in other organs, such as the brain, in which no
direct viral brain damage has been proven in large autopsy
case series (24). In our study, myocardial PCR was performed
in order to detect SARS-CoV-2 in the myocardium of all
autopsies, but only one case became positive. However, all cases
showed at least one positive result in samples taken during the
autopsy from the nasopharynx or lungs. In the patient with
the positive RT-PCR in cardiac samples, no relevant cardiac
histological alterations were identified, whereas in the patient
with focal myocarditis, no virus was detected. Several studies have
investigated the presence of SARS-CoV-2 in the myocardium
using different techniques. In the review by Roshdy et al.
(10), 105 hearts were studied for the presence of SARS-CoV-
2 and 50 (47%) were positive. In our review, which included
60 patients in whom the presence of SARS-CoV-2 in the
myocardium was investigated, 17 (28%) had a positive result.
Differences among series can be explain by the time of disease
evolution. Thus, the median of hospital stay was 5 and 6
days in Roshdy’s and our review, respectively, but 29.5 days in
our series. In fact, the only positive patient in our series had
an illness duration of 9 days from symptoms onset to death.
According to these data, myocarditis as an immunologically
mediated phenomena rather than direct viral damage cannot
be excluded. In this sense, immune-mediated myocarditis has
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been reported as a rare complication of COVID-19 mRNA
vaccines (25).

One patient in this series had lesions of focal myocarditis due
to Aspergillus fumigatus. Pulmonary aspergillosis can develop in
severe COVID-19 patients. A review of 15 COVID-19-associated
pulmonary aspergillosis (CAPA) clinical case series in the ICU
reported 158 CAPA cases among 1,702 COVID-19 patients
(9.3%, range between 0 and 33%). Only in four cases, CAPA was
proven, while the majority had a probable or putative diagnosis
(26). In a systematic review of autopsy series, the authors found
8 CAPA cases among 677 decedents (1.2%) (27). Cardiac lesions
occurring in the setting of disseminated aspergillosis, as occurred
in our patient, seem to be very unusual. Hanley et al. (14)
reported a patient with an acute fungal pericarditis without
characterization of the fungus.

Regarding thrombotic phenomena, SARS-CoV-2 infection
has been associated with an increased thrombotic risk (28–30)
and the presence of both micro and macrothrombi. We
identified a patient with an atrial thrombus, but no cases
of microthrombosis were observed. However, macro and
microthrombosis were frequent in the lungs, even though
all but three patients were being treated with prophylactic
anticoagulation treatment. Thrombosis in COVID-19 patients
has been related to the expression of ACE2 in endothelial
tissue, which binds with SARS-CoV-2 causing direct endothelial
damage and favoring thrombotic phenomena. The presence of
thrombi has also been associated with an exaggerated immune
response that triggers endothelial dysfunction and dysregulation.
The frequency of both micro and macrothrombi varies largely
among series (Supplementary Table 1). Thus, Pellegrini et al.
(30) reported that 35% of patients in their series had myocardial
necrosis and the most common cause associated with necrosis
was the presence of microthrombi in 64% of cases. Bois et al.
(31) also reported the presence of small vessel thrombosis in 80%
of their patients. In contrast, other studies, including the series
reported by Bryce et al. (9), who studied 97 patients, did not
find heart vascular thrombosis. Since cardiac vascular pathology
seems to be more frequent during the initial stage of the diseases
(32), differences among series could be related, at least in part,
with the time of evolution of the infection.

Regarding other histological findings, one of our elderly
patients showed the presence of amyloid deposit within the
myocardium that was positive for transthyretin. Other studies
have identified the presence of cardiac amyloidosis in patients
with COVID-19 (14, 33). Although not all series performed
immunohistochemical studies, most cases, as the patient here
reported and those reported by Menter et al. (34), are probably
examples of senile amyloidosis. The frequency of cardiac
amyloidosis is highly variable among series, ranging from 0
to 26.7%. In the reviews by Halushka and Vander Heide (11)
and by Roshdy et al. (10) the frequency was 4 and 3.5%,
respectively. In our own review, the frequency was 7.2%.
Probably, differences among series were partially explained
by the age of the patients included, since in our review the
frequency of amyloidosis was high (14 to 26.7%) in the series
in which the median age was 74 years or older but was low

(0 to 7.3%) in those series with a median age lower than
70 years.

The limitations of our study include a relative low number of
patients, who probably do not represent the complete spectrum
of COVID-19 causes of dead. The use of twomethods to study the
hearts (partial and complete examination) is another limitation.
However, we have not found differences between the pathological
findings between both, except the presence of chronic epicardial
inflammation, which has been more prevalent following the
complete examination protocol. Finally, the lack of a control
group of non-COVID-19 patients of similar age precludes any
conclusion regarding if some lesions, such as collagen deposition,
are increased in COVID-19 hearts.

Our series indicates that cardiac pathology is only modest
in most patients and mainly consists of focal epicardial and
myocardial inflammation, with little contribution of a direct
effect of SARS-CoV-2. However, the frequency of these and other
manifestations is highly variable among series suggesting that,
in addition to biological variables, such as the time of evolution
and methodological variables, like the extent of sampling, are
responsible of these differences.
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Background: Infectious control measures during the COVID-19 pandemic have led to

the propensity toward telemedicine. This study examined the impact of telemedicine

during the pandemic on the long-term outcomes of ST-segment elevation myocardial

infarction (STEMI) patients.

Methods: This study included 288 patients admitted 1 year before the pandemic

(October 2018–December 2018) and during the pandemic (January 2020–March 2020)

eras, and survived their index STEMI admission. The follow-up period was 1 year.

One-year primary safety endpoint was all-cause mortality. Secondary safety endpoints

were cardiac readmissions for unplanned revascularisation, non-fatal myocardial

infarction, heart failure, arrythmia, unstable angina. Major adverse cardiovascular events

(MACE) was defined as the composite outcome of each individual safety endpoint.

Results: Despite unfavorable in-hospital outcomes among patients admitted during

the pandemic compared to pre-pandemic era, both groups had similar 1-year

all-cause mortality (11.2 vs. 8.5%, respectively, p = 0.454) but higher cardiac-related

(14.1 vs. 5.1%, p < 0.001) and heart failure readmissions in the pandemic vs.

pre-pandemic groups (7.1 vs. 1.7%, p = 0.037). Follow-up was more frequently

conducted via teleconsultations (1.2 vs. 0.2 per patient/year, p = 0.001), with

reduction in physical consultations (2.1 vs. 2.6 per patient/year, p = 0.043), during

the pandemic vs. pre-pandemic era. Majority achieved guideline-directed medical

therapy (GDMT) during pandemic vs. pre-pandemic era (75.9 vs. 61.6%, p = 0.010).

Multivariable Cox regression demonstrated achieving medication target doses (HR

0.387, 95% CI 0.164–0.915, p = 0.031) and GDMT (HR 0.271, 95% CI 0.134–0.548,

p < 0.001) were independent predictors of lower 1-year MACE after adjustment.
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Conclusion: The pandemic has led to the wider application of teleconsultation, with

increased adherence to GDMT, enhanced medication target dosing. Achieving GDMT

was associated with favorable long-term prognosis.

Keywords: COVID-19, telemedicine, telehealth, ST-segment elevation myocardial infarction, pandemic

INTRODUCTION

The coronavirus-2019 (COVID-19) pandemic has demanded
the rapid adaptation of healthcare operations in implementing
measures to reduce the infectious rate but to also maintain the
standard of patient care. Patients with cardiovascular disease
are at increased risk of contracting the COVID-19 infection
with a poorer outcome (1). The universally adopted strategy
of social distancing as a measure to “flatten the curve” have
resulted in a decrease in traditional physical consultations and
the wider adaptation of teleconsultations. Teleconsultations, or
telemedicine in general, offers virtual clinic consultations and
monitoring which has gained traction as appropriate viable
alternative for safe and efficient medical care. Its role has
gained attention given the benefits of removing the risk of
hospital exposure for these vulnerable patients during the
pandemic. As the application of telemedicine expands, it becomes
increasingly important to understand its impact on patient care
and clinical outcomes.

During the pandemic, there has been a substantial reduction
in patients presenting with ST-segment elevation myocardial
infarction (STEMI) requiring primary percutaneous coronary
intervention (PPCI) compared to the pre-pandemic era (2).
Despite the decrease in PPCI case volume, the opposite effect
of worse overall in-hospital STEMI performance metrics and
short-term clinical outcomes were observed during the pandemic
(3, 4). At present, little is known about the follow-up care of
these STEMI patients during the pandemic and the potential role
of telemedicine in the management of such patients following
hospital discharge. This study is the first to examine the
trend in teleconsultations for post-STEMI patients during the
pandemic, and its association with optimal medical therapy,
target medication doses, cardiovascular risk factor control and
long-term clinical outcomes.

METHODS

Setting and Design
This is a retrospective single-center study of patients with STEMI
who presented to a major PCI-capable hospital in Singapore, and
survived the index STEMI admission. Consecutive patients were
enrolled into two study groups according to the date of their
index admission: (1) Pre-pandemic, from 1 October 2018 to 31
December 2018, and (2) pandemic, from 1 January 2020 to 31
March 2020. Those who did not survive the index admission
were excluded from the study. There were no patients who were
admitted during both study periods. The follow-up was 1 year
following the index STEMI admission. For at least 1 year post-
STEMI, the cardiologists of the center visit would traditionally

follow up with these patients closely whilst on dual-antiplatelet
therapy. It was highly unlikely for these patients to be followed
up by other cardiologists outside of the center visit, although
these patients might be followed up by doctors from other sub-
specialties based on their comorbidities. The time period for
the pre-pandemic group was carefully chosen to allow a control
with the closest temporal proximity to the COVID-19 pandemic
period, without its 1-year post-STEMI follow-up being affected
by the pandemic.

During the pandemic, particularly when the Disease Outbreak

Response was heightened to its second highest level on 7

February 2020, the standard post-STEMI care after hospital

discharge had to be rapidly revamped with increased adaptation

of telemedicine. This involved virtual consultations that were

conducted via a secure audio-visual telecommunication system

between the patients and healthcare providers. Patients were

encouraged to subscribe to the hospital telemedicine service

and were either provided with or used their own equipment to

measure blood pressure, pulse rate and body weight. Patients

were also offered remote vital signs monitoring conducted

daily for 1 month post-STEMI. Prescriptions were optimized
based on the virtual assessment and delivered to the patient’s
homes. The main goal of teleconsultation during the COVID-19
pandemic was not to provide superior care to the standard
face-to-face consultations, but to provide these patients with
“health maintenance strategy” individualized to their needs and
risk factor control targets (5, 6). The teleconsultation integrated
virtual consultations, symptomology assessment, evaluation
of home monitoring vitals such as blood pressure, patient
education, drug tolerance and adherence, quality of life, and
anticoagulation tolerance (7). Physical face-to-face consultations
were still conducted, albeit less frequently, during the pandemic
and these consultations involved serum testing for cardiovascular
risk factor control. Serum measurements of glycated A1c
(HbA1c), low-density lipoprotein (LDL) cholesterol, creatinine,
estimated glomerular filtration rates (eGFR) and international
normalized ratio (INR) (as appropriate) were taken during the
physical consultations. Hence, these study periods were carefully
chosen to compare the effectiveness of telemedicine on post-
STEMI care during the pandemic, vs. the standard post-STEMI
care during the pre-pandemic era. Patients with recurrent STEMI
presentations during subsequent study periods were excluded to
avoid duplication. During the pandemic, the hospital was actively
involved in the care for COVID-19 patients.

None of the patients in the study were diagnosed with
COVID-19. In our institution, the COVID-19 patients would
be co-managed by the pandemic and the Cardiology inpatient
teams. Once the COVID-19 patients have been de-isolated
with negative COVID-19 polymerase chain reaction tests, they
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will be transferred under the Cardiology team’s care. All
patients, regardless of the COVID-19 status, will be reviewed
outpatient in the Cardiology clinics. The COVID-19 status
of the patients do not have any implications on their post-
STEMI management.

Data Collection
Data on demographic and clinical characteristics were
retrospectively collected from the hospital STEMI registry.
This included past medical history, cardiovascular risk factors,
presentation type, presentation route, complications during
index admission, and medications on discharge. Angiographic
data were also collected from the electronic medical records.
Follow-up outpatient data on the number of outpatient
consultations (including physical consultations, teleconsultations
and cardiac rehabilitation), remote vital signs monitoring uptake,
reported symptoms in clinic, and post-discharge medications
were obtained. Serial measurements of Hba1c, LDL, and systolic
blood pressure during the follow-up period were collected.

Guideline-directed medical therapy for STEMI was defined as
being on dual antiplatelet therapy (aspirin and P2Y12 inhibitor),
statin, β-blocker, with the option of angiotensin-converting
enzyme inhibitor or angiotensin receptor blocker (ACEI/ARB)
if the post-STEMI left ventricular ejection fraction (LVEF) was
≤40% or the patient had diabetes mellitus (8, 9), unless these
medications were clinically contraindicated in the individual.
Patients who were on oral anticoagulation had to complete a
month of triple antithrombotic therapy followed by concomitant
oral anticoagulation and single antiplatelet, to be considered
as being on guideline-directed medical therapy. β-blocker and
angiotensin-converting enzyme inhibitors (ACEI) or angiotensin
II receptor blocker (ARB) doses were recorded on discharge
and at follow-up clinic. Achieving target dose intensity of β-
blocker and ACEI/ARB was based on the type and dose of the
medication in accordance to a standardized algorithm as defined
by our previous study (10). Guideline-directed medical therapy
at follow-up was recorded in any of the outpatient clinic visits
during the first year post-STEMI. The presence of guideline-
directed medical therapy during the outpatient follow-up was
used for the multivariable analyses. Our institution adopted
the protocol for dual antiplatelet therapy in accordance to the
European Society of Cardiology (11) and American College
of Cardiology/American Heart Association (12) guidelines in
administering a potent P2Y12 inhibitor (prasugrel or ticagrelor),
or clopidogrel if these are unavailable or contraindicated, and
is usually prescribed before percutaneous coronary intervention
is performed. Dual antiplatelet therapy was maintained over 12
months unless contraindicated.

Study Outcomes
All study outcomes were measured during the 1-year follow-
up from the discharge date of the index admission. The
primary safety endpoint was all-cause mortality. Secondary
safety endpoints were cardiac readmissions for unplanned
revascularisation, non-fatal MI, heart failure, arrhythmia,
unstable angina, and major adverse cardiovascular events

(MACE). MACE was defined as the composite outcome of each
individual safety endpoints.

Secondary efficacy outcomes measured were (1) prescription
of guideline-directed medical therapy, (2) achieving target
dose intensities of β-blocker and ACEI/ARB (10), and (3)
cardiovascular risk factor control (systolic blood pressure, LDL,
and HbA1c).

Statistical Analyses
Categorical variables were described as percentages and
continuous variables as mean with standard deviation (SD).
Continuous variables were assessed with one-way analysis
of variance (ANOVA). Categorical variables were evaluated
with Pearson’s chi-square test (or Fisher’s Exact Test where
appropriate). The multivariable Cox regression model was
constructed to evaluate the association of telemedicine and
1-year MACE, as well as telemedicine and all-cause mortality,
which included variables such as achieving medication target
doses, guideline-directed medical therapy, remote vital signs
monitoring, age, diabetes mellitus, chronic kidney disease, LVEF,
smoking status, admission in the pandemic era, and presented
with out-of-hospital cardiac arrest and/or cardiogenic shock.
These co-variates were carefully chosen as they are traditional
prognostic factors in STEMI patients.

Furthermore, post-hoc logistic regression was performed to
evaluate the association of telemedicine and achieving guideline-
directed medical therapy or medication target doses, which
included co-variates such as age, smoking status, admission in
the pandemic era, out-of-hospital cardiac arrest and cardiogenic
shock, LVEF, gender, ethnicity, and presence of symptoms post-
discharge. A p-value of < 0.05 was considered statistically
significant. All statistical analyses were performed using IBM
SPSS Statistics for Windows, Version 25.0. Armonk, NY.
This study was conducted in accordance to the revised
Declaration of Helsinki and approved by the institutional and
local ethics committee (NHG DSRB No. 2013/00442). As the
study involved retrospective analysis of clinically acquired data,
the institutional review board waived the need for written
patient consent.

RESULTS

Baseline Characteristics
Table 1 displays the baseline characteristics of the study
population. A total of 320 patients with STEMI who underwent
primary PCI were reviewed retrospectively from the local STEMI
registry. A total of 17 patients were lost to follow-up, with 6
patients from the pre-pandemic era and 11 from the pandemic
era. All patients included in the analysis completed 1-year of
follow-up. There were 15 inpatient deaths, 9 and 6 of whom
were from the pandemic and pre-pandemic eras, respectively.
After excluding inpatient deaths in the index hospitalization, 288
patients who survived their index admission were recruited in the
study analysis. There were 170 (59.0%) STEMI patients in the
pandemic group, and 118 (41.0%) in the pre-pandemic group.
Baseline demographic characteristics and past medical history
were similar between both groups. There were more evolved MI
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TABLE 1 | Baseline characteristics of study participants with ST-segment elevation myocardial infarction during index admission according to pre-pandemic or

pandemic era.

Total (n = 288) Pandemic (n = 170) Pre-pandemic (n = 118) P-value

Demographic

Age, years 59 (13) 59 (13) 58 (12) 0.626

Sex, female 46 (16.0) 29 (17.1) 17 (14.4) 0.546

Ethnicity 0.448

Chinese 142 (49.3) 88 (51.8) 54 (45.8)

Malay 58 (20.1) 29 (17.1) 29 (24.6)

Indian 66 (22.9) 39 (22.9) 27 (22.9)

Other 22 (7.6) 14 (8.2) 8 (6.8)

Medical history

Smoking status 0.952

Non-smoker 130 (45.1) 78 (45.9) 52 (44.1)

Active smoker 124 (43.1) 72 (42.4) 52 (44.1)

Ex-smoker 34 (11.8) 20 (11.8) 14 (11.9)

Hypertension 169 (58.7) 98 (57.6) 71 (60.2) 0.669

Diabetes 113 (39.2) 70 (41.2) 43 (36.4) 0.418

Hyperlipidaemia 179 (62.2) 100 (58.8) 79 (66.9) 0.162

Previous myocardial infarction 38 (13.2) 20 (11.8) 18 (15.3) 0.389

Previous PCI 45 (15.6) 21 (12.4) 24 (20.3) 0.066

Previous CABG 5 (1.7) 1 (0.6) 4 (3.4) 0.073

Stroke 14 (4.9) 8 (4.7) 6 (5.1) 0.883

Chronic kidney disease 23 (8.0) 15 (8.8) 8 (6.8) 0.529

Atrial fibrillation 8 (2.8) 4 (2.4) 4 (3.4) 0.598

Previous heart failure 9 (3.1) 6 (3.5) 3 (2.5) 0.636

Family history of premature CAD 37 (12.8) 28 (16.5) 9 (7.6) 0.027

Index admission

Presentation type <0.001

STEMI 248 (86.1) 136 (80.0) 112 (94.9)

Evolved MI 23 (8.0) 23 (13.5) 0

Out-of-hospital cardiac arrest 17 (5.9) 11 (6.5) 6 (5.1)

Presentation route 0.156

Direct visit 199 (69.1) 112 (65.9) 87 (73.7)

Interhospital transfers 89 (30.9) 58 (34.1) 31 (26.3)

Complications

Heart failure (Killip class 3) 34 (11.8) 26 (15.3) 8 (6.8) 0.028

Sepsis 23 (8.0) 18 (10.7) 5 (4.2) 0.049

New onset atrial fibrillation 16 (5.6) 14 (8.2) 2 (1.7) 0.017

Major bleed 27 (9.4) 18 (10.6) 9 (7.6) 0.397

Cardiogenic shock 21 (7.3) 13 (7.6) 8 (6.8) 0.781

Stroke 3 (1.0) 3 (1.8) 0 0.147

Acute kidney injury 53 (18.4) 27 (15.9) 26 (22.0) 0.185

Inotrope requirement 34 (11.8) 22 (12.9) 12 (10.2) 0.473

Requiring intubation 36 (12.5) 25 (14.7) 11 (9.3) 0.174

Requiring CABG 7 (2.5) 5 (3.2) 2 (1.7) 0.442

Length of stay, days 6 (7) 6 (8) 5 (5) 0.226

LVEF on discharge, % 46 (12) 44 (13) 49 (10) 0.002

Angiographic characteristics

Radial access 210 (73.0) 128 (75.3) 82 (70.1) 0.451

Multivessel disease 140 (48.6) 85 (50.0) 55 (46.6) 0.571

Number of stents 0.616

0 36 (19.3) 30 (19.7) 6 (17.1)

(Continued)
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TABLE 1 | Continued

Total (n = 288) Pandemic (n = 170) Pre-pandemic (n = 118) P-value

1 120 (64.2) 95 (62.5) 25 (71.4)

2 26 (13.9) 22 (14.5) 4 (11.4)

3 5 (2.7) 5 (3.3) 0

Door-to-balloon time, minutes 88 (145) 96 (172) 80 (103) 0.390

Discharge medications

Aspirin

269 (93.4) 160 (94.1) 109 (92.4) 0.557

P2Y12 inhibitor 281 (97.6) 170 (100) 111 (94.1) 0.001

Oral anticoagulation 13 (4.5) 8 (4.7) 5 (4.2) 0.851

Betablocker 231 (82.5) 136 (84.0) 95 (80.5) 0.454

ACEI/ARB 191 (68.2) 113 (69.8) 78 (66.1) 0.517

Statin 269 (93.7) 157 (92.9) 112 (94.9) 0.488

Guideline-directed medical therapy 220 (76.4) 131 (77.1) 83 (75.4) 0.748

Categorical data presented as n (%). Continuous data presented as mean values (standard deviation).

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CABG, coronary artery bypass graft; CAD, Coronary artery disease; LVEF, left ventricular ejection

fraction; MI, myocardial infarction; PCI, percutaneous coronary intervention; STEMI, ST segment elevation myocardial infarction.

Statistically significant P values are highlighted in bold.

TABLE 2 | Characteristics of study participants with ST-segment elevation myocardial infarction during 1-year follow-up based on pre-pandemic or pandemic era.

Total (n = 288) Pandemic (n = 170) Pre-pandemic (n = 118) P-value

Outpatient consultations

Total consultations 3.6 (3.1) 4.1 (3.5) 2.7 (2.2) <0.001

Physical consultations 2.4 (1.7) 2.1 (1.6) 2.6 (1.7) 0.043

Teleconsultations 0.8 (1.7) 1.2 (1.9) 0.2 (1.1) 0.001

Cardiac rehabilitation 0.17 (0.74) 0.1 (0.7) 0.3 (0.7) <0.001

Remote vital signs monitoring 97 (33.7) 59 (34.7) 38 (32.2) 0.659

Reported symptoms

Typical chest pain 3 (1.2) 1 (0.7) 2 (1.9) 0.386

Atypical chest pain 22 (8.7) 12 (8.2) 10 (9.3) 0.741

Dyspnoea 21 (8.3) 10 (6.8) 11 (10.3) 0.320

Palpitations 3 (1.2) 3 (2.0) 0 0.137

Orthopnoea/PND/lower limb oedema 30 (11.8) 20 (13.6) 10 (9.3) 0.299

Post-discharge medications

Aspirin 269 (93.4) 160 (94.1) 109 (92.4) 0.557

P2Y12 inhibitor 251 (87.8) 154 (90.6) 97 (83.6) 0.077

Oral anticoagulation 22 (7.6) 12 (7.1) 10 (8.5) 0.656

Beta-blocker 220 (76.9) 136 (80.0) 84 (72.4) 0.135

ACEI/ARB 202 (70.6) 126 (74.1) 76 (65.6) 0.117

Statin 263 (92.0) 158 (92.9) 105 (90.5) 0.459

Categorical data presented as n (%). Continuous data presented as mean values (standard deviation).

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; PND, paroxysmal nocturnal dyspnea.

Total consultations include physical and teleconsultations.

Statistically significant P values are highlighted in bold.

(13.5% vs. none, p < 0.001) and out-of-hospital cardiac arrest
(6.5 vs. 5.1%, p < 0.001) in the pandemic group compared
to the pre-pandemic group. Those who were admitted during
the pandemic had higher incidence of unfavorable inpatient
clinical progress compared to those admitted during the pre-
pandemic era, such as Killip class 3 heart failure (15.3 vs.
6.8%, p = 0.028), sepsis (10.7 vs. 4.2%, p = 0.049), new
onset atrial fibrillation (8.2 vs. 1.7%, p = 0.017) and lower

LVEF (44 vs. 49%, p = 0.002). Importantly, there was no
difference in discharge medications between the pandemic and
pre-pandemic groups, apart from P2Y12 inhibitor use (100 vs.
94.1%, p = 0.001, respectively). Of the 7 patients discharged
without P2Y12 inhibitor, only 1 was on concomitant oral
anticoagulation with aspirin. The prescription of guideline-
directed medical therapy on discharge between both groups was
similar (p= 0.748).
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Telemedicine, Guideline-Directed Medical
Therapy, Target Drug Dose Intensity, and
Cardiovascular Risk Factor Control
The characteristics of study participants during follow-up

are described in Table 2. The average number of physical

consultations per patient over a 1-year period during the

pandemic was lower than that in the pre-pandemic era (2.1 vs.

2.6 visits per patient per year, respectively, p= 0.043). Conversely,

there was higher average number of teleconsultations per patient

during the pandemic compared to the pre-pandemic era over the

1-year follow-up (1.2 vs. 0.2 teleconsultations per patient per year,

respectively, p = 0.001). Cardiac rehabilitation visits were fewer

during the pandemic compared to pre-pandemic era (mean of 0.1

vs. 0.3 per patient per year, respectively, p < 0.001).
During follow-up, all first visit post-myocardial infarction

clinic consultations were physical consultations. The mean
duration from discharge to first physical consultation was longer
during the pandemic compared to pre-pandemic era (50 ±

39 vs. 39 ± 31 days, respectively, p = 0.005), with also
longer mean duration between the first physical consultation
to second physical consultation during the pandemic compared
to pre-pandemic era (128 ± 84 vs. 98 ± 67 days, respectively,

p = 0.008). There was no statistical difference in the uptake of
remote vital signs monitoring between both study groups.

The pandemic era observed a significantly greater proportion
of patients being on guideline-directed medical therapy (75.9%)
compared to the pre-pandemic era (61.6%, p= 0.010) on follow-
up. There was a trend towards achieving medication target doses
in both β-blocker (19.4 vs. 15.3%, respectively, p = 0.363) and
ACEI/ARB (9.5 vs. 5.9%, respectively, p = 0.278) during the
pandemic compared to the pre-pandemic era.

We observed some differences in cardiovascular risk factor
control and laboratory measurements from admission to
outpatient surveillance between the pandemic and pre-pandemic
periods. Firstly, LDL during index admission was similar in
both pandemic and pre-pandemic groups (3.09 vs. 3.14 mmol/L,
respectively, p = 0.588). Throughout the 1-year follow-up,
similar improvement in LDL was achieved in the pandemic
and pre-pandemic groups on the first clinic visit (1.81 vs. 1.52
mmol/L, respectively, p = 0.124), second visit (1.73 vs. 1.69
mmol/L, respectively, p = 0.788) and third visit (1.95 vs. 1.24
mmol/L, respectively, p = 0.179). Secondly, the percentage of
patients with Hba1c ≥7% was similar between the pandemic
and pre-pandemic eras during admission (30.7 vs. 29.0%,
respectively, p = 0.536) and first clinic visit (29.4 vs. 32.6%,

FIGURE 1 | Strategies in post-STEMI care and the emergence of telemedicine during the pandemic. * indicates p < 0.05.
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respectively, p = 0.734). Thirdly, the average systolic blood
pressure measured on discharge (134 vs. 128 mmHg, p = 0.09)
and first clinic visit (133 vs. 123 mmHg, p < 0.001) was higher
during the pandemic vs. the pre-pandemic eras; however such
difference was no longer observed subsequently during the
second (132 vs. 131 mmHg, p= 0.235) and third visit (130 vs. 123
mmHg, p= 0.174). These findings are summarized in Figure 1.

Study Safety End-Point
The 1-year all-cause mortality rates were similar between both
groups (p = 0.454). However, there was an overall increased
cardiac readmissions in the pandemic vs. the pre-pandemic
era (14.1 vs. 5.1%, p < 0.001). There were increased heart
failure readmissions in the pandemic (7.1%) compared to pre-
pandemic era (1.7%, p = 0.037). No differences in unplanned
revascularisation (p = 0.787), non-fatal MI (p = 0.336),
arrhythmia (p = 0.239), unstable angina (p = 0.701) and MACE
(p= 0.112) were observed between the two groups (Table 3).

On the multivariable Cox regression analysis, there was
no significant association between teleconsultation and 1-year
MACE [adjusted hazards ratio [aHR] 1.938, 95% confidence
interval [CI] 0.896–4.190, p = 0.093]. Patients who achieved
medication target doses (aHR 0.387, 95% CI 0.164–0.915, p
= 0.031) and guideline-directed medical therapy (aHR 0.271,
95% CI 0.134–0.548, p < 0.001) were significantly associated
with decreased rates of MACE after adjusting for important
confounders (Table 4). There was also no significant association
between teleconsultation and 1-year all-cause mortality (aHR
0.867, 95% CI 0.203–3.706, p = 0.847) after adjusting for
important confounders (Supplementary Material 1)

In addition, the association between telemedicine and
guideline-directed medical therapy or medication target
doses was explored. Post-hoc multivariable logistic regression
demonstrated that having teleconsultations was significantly
associated with achieving guideline-directed medical

therapy [odds ratio [OR] 3.472, 95% CI 1.537–7.843, p
= 0.003] but not achieving medication target doses (OR
1.272, 95% CI 0.636–2.542, p = 0.496), after adjusting for
important confounders.

DISCUSSION

The conventional post-STEMI care has been drastically affected
by the COVID-19 pandemic, and healthcare institutions have
been required to adapt quickly to the stringent infectious
control measures without compromising STEMI care. To our
knowledge, this study is the first to systematically examine
real-world data of the impact of COVID-19 pandemic on
the standard of follow-up care and outcomes of STEMI
patients over the ensuing year following hospital discharge.
Our study has revealed several important findings. Firstly,
despite exclusion of those who died while inpatient, patients
admitted with STEMI during the pandemic had worse in-
hospital outcomes such as increased rates of sepsis, new onset
atrial fibrillation, heart failure and reduced left ventricular
ejection fraction, compared to the pre-pandemic counterparts.
Yet, during the 1-year follow-up, both these groups of
patients had similar rates of all-cause mortality, but there
were more frequent overall cardiac readmissions and heart
failure readmission among those admitted during the pandemic
era. This was in conjunction with the wider adaptation of
teleconsultations, albeit a reduction of physical consultations,
during the pandemic. Secondly, there were significantly more
patients achieving guideline-directed medical therapy during the
pandemic compared to the pre-pandemic era. Thirdly, there
was also a trend toward increased rate of achieving medication
target doses of β-blocker and ACEI/ARB therapy during the
pandemic vs. the pre-pandemic era. Despite this, patients in
the pandemic era had substantially higher mean LDL levels

TABLE 3 | Safety and efficacy end-points of the study population during 1-year follow-up post-index ST-segment elevation myocardial infarction admission.

Total (n = 288) Pandemic (n = 170) Pre-pandemic (n = 118) P-value

Safety end-point

All-cause mortality 29 (10.1) 19 (11.2) 10 (8.5) 0.454

Cardiac readmission

Unplanned revascularisation 3 (1.0) 2 (1.2) 1 (0.8) 0.787

Non-fatal MI 5 (1.7) 4 (2.4) 1 (0.8) 0.336

Heart failure 14 (4.9) 12 (7.1) 2 (1.7) 0.037

Arrythmia 2 (0.7) 2 (1.2) 0 0.239

Unstable angina 6 (2.1) 4 (2.4) 2 (1.7) 0.701

Major adverse cardiac events 59 (20.4) 43 (25.2) 16 (13.6) 0.112

Efficacy end-point

Guideline-directed medical therapy 202 (70.2) 129 (75.9) 72 (61.6) 0.010

Achieving target dose intensity

ACEI/ARB 23 (8.0) 16 (9.5) 7 (5.9) 0.278

Beta-blocker 51 (17.7) 33 (19.4) 18 (15.3) 0.363

Categorical data presented as n (%).

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; MI, myocardial infarction.

Statistically significant P values are highlighted in bold.
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TABLE 4 | Cox regression for 1-year MACE in patients who survived index admission of STEMI.

Variables Adjusted hazards ratio (95% confidence ratio) p-value

Teleconsultation 1.938 (0.896–4.190) 0.093

Achieving medication target doses 0.387 (0.164–0.915) 0.031

Post-discharge guideline-directed medical therapy 0.271 (0.134–0.548) <0.001

Remote vital signs monitoring 0.512 (0.216–1.213) 0.128

Age 1.024 (1.000–1.050) 0.055

Diabetes mellitus 1.369 (0.706–2.655) 0.353

Chronic kidney disease 3.057 (1.291–7.238) 0.011

Left ventricular ejection fraction 0.944 (0.921–0.969) <0.001

Smoker/Ex-smoker 0.609 (0.297–1.246) 0.174

Out-of-hospital cardiac arrest/cardiogenic shock 0.842 (0.348–2.037) 0.702

Admission in pandemic era 1.905 (0.827–4.390) 0.130

Statistically significant P values are highlighted in bold.

on follow-up, albeit statistically non-significant, than those in
the pre-pandemic era. Fourthly, for patients who survived the
index STEMI admission, achieving medication target doses
and guideline-directed medical therapy during the follow-up
were independently associated with a lower 1-year MACE.
Even though teleconsultation was not an independent predictor
of MACE, our findings highlight that teleconsultation had a
significant association with achieving guideline-directed medical
therapy during follow-up.

As demonstrated by a recent meta-analysis on the global
impact of the COVID-19 pandemic on STEMI care (3), short-
term STEMI outcomes have been shown to be unfavorable
with delayed symptom onset-to-door time, door-to-balloon time,
lower LVEF on discharge, suboptimal reperfusion following PCI,
increased duration of intensive care unit stay and increased
in-hospital mortality during the pandemic era compared to
the pre-pandemic era. Similarly, our study has shown worse
STEMI metrics during the index admission even after excluding
those who did not survive. There were higher overall cardiac
related readmissions, particularly heart failure readmissions, in
the pandemic compared to pre-pandemic eras. The study sample
size, however, might be too small to detect small significant
differences in readmission rates in the other subgroups. Despite
this, our findings revealed similar 1-year follow-up mortality
between both groups. Moreover, achieving medication target
doses and guideline-directed medical therapy during follow-
up are independent predictors of reducing the risk of MACE.
Whether teleconsultation affects the overall outcome of patients
with STEMI remains to be investigated. However, it allows
for safer and regular follow-up during the pandemic, with
drug optimisation for patients in the early post-STEMI period.
Importantly, as demonstrated by the present study that patients
admitting during the pandemic had worse clinical outcomes
during the index admission, this could have increased the
demand for closer outpatient surveillance with increased
teleconsultations particularly for patients with worse severity of
cardiac disease. This might be reflected by the large standard
deviation of the average number of teleconsultations in this study.
Telemedicine indeed offers a synergistic avenue, in conjunction
with physical consultations, in enhancing more frequent

surveillance which is particularly important during the pandemic
whilst maintaining the stringent infection control measures.
Beyond the pandemic, teleconsultation has been shown to be
cost-effective particularly for patients with myocardial infarction,
as this important window of follow-up helps ameliorate adverse
post-STEMI remodeling, and reduces the potential for the
detrimental consequences of chronic heart failure (13).

Our recent published data displayed an increase in STEMI
cases during the pandemic compared to the pre-pandemic era,
which was partly due to the our regional STEMI network strategy
in centralizing primary PCI service at our hospital, taking
advantage of the geographical proximity of healthcare hospitals
within the West of Singapore allowing timely inter-hospital
transfers (14). Our previous study (4) also demonstrated that
no significant door-to-balloon delay in inter-hospital transfers
between the pandemic and pre-pandemic periods. This allowed
the other hospitals to divert resources in providing care for
the COVID-19 cases. Moreover, patients admitted during the
pandemic had higher incidence of heart failure, sepsis, atrial
fibrillation and lower LVEF, compared to those in the pre-
pandemic period, which might play a role on the follow-up
requirements during the pandemic.

Although telemedicine is a viable alternative, it is not a
complete replacement for physical face-to-face consultations.
In our study, there was increased overall cardiac related and
heart failure readmissions during the pandemic compared
to the pre-pandemic era. This could partly be due to the
increased in-hospital complications during the pandemic era,
such as increased prevalence of Killip class 3 heart failure at
presentation and lower LVEF, compared to the pre-pandemic
era. However, one might speculate that this observation suggests
the limitation of teleconsultation follow-up when it comes to
patients at risk of heart failure especially during the early stage
following STEMI since it is limited by the absence of face-to-
face clinical examination of fluid status and the lack of traditional
parameter measurements in clinics such as body weight (15,
16). Nevertheless, the increasing evidence for telemedicine
in heart failure management appears promising with several
reviews demonstrating significant reduction in heart failure-
related hospital admission compared to the conventional care
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(17–21). Various trials including Telemedical Interventional
Monitoring in Heart Failure (TIM-HF I and TIM-HF II) have
shown improved patient education, medication adherence rates,
lower mortality, overall hospital admissions and heart failure
admissions, with improved quality of life for patients and reduced
healthcare costs with the use of telemedicine (22, 23). Hence,
patients might require closer monitoring during early stage
following STEMI especially those with unfavorable risk factors
such as lower LVEF (10).

Teleconsultations allow rapid titration of guideline-directed
medical therapy and the increased likelihood of achieving
medication target doses. Despite the restrictions during the
pandemic, patients were more likely to be on guideline-directed
medical therapy with similar medication target dose intensities,
compared to their pre-pandemic counterparts. Our study echoes
previous landmark trials such that patients achieving guideline-
directed medical therapy and target doses have significantly
lower rate of MACE (24, 25), especially in the setting of
reduced LVEF. Several reviews demonstrated significant benefits
in telemedicine for HbA1c (26, 27) and LDL reductions (28, 29),
although the evidence for telemedical interventions on lowering
blood pressure and body mass index remains mixed (30–32).
However, our study highlights the concerns regarding aggressive
cardiovascular risk factor control during the pandemic. Even
though we demonstrated non-significant differences between
pandemic and pre-pandemic groups in terms of LDL control over
the 1-year follow-up period, the absolute differences between the
serial LDL levels are clinically significant. Clinicians need to be
aware of the potentiality of inadequate cardiovascular risk factor
control particularly in the pandemic when lifestyle and diet might
be changed during the lockdown. Teleconsultation remains the
cornerstone of post-STEMI care during the pandemic with
timely consultations, prompt initiation and titration of optimal
medical therapy, whilst ensuring social distancing and reducing
the patient’s exposure to the hospital. As it will take time
for the telemedicine program to adapt and evolve with the
dynamic demands of the pandemic, it is a possibility that
there might be variations in follow-up efficacy and efficiency
within each of the study groups. However, given the small study
sample size, the correlation of monthly variations with clinical
outcomes is likely to be underpowered to draw any conclusions.
Nevertheless, these are invaluable lessons that we should take
beyond the pandemic in reducing waiting and traveling time,
and clinic delays, whilst maintaining the standard of post-
STEMI care (33–35). The institution is constantly evolving its
telemedicine programmes in conjunction with regular physical
consultations, and also integrating allied health care practitioner-
led remote intensive management in addition to the cardiologist-
led standard care (10).

Further studies are needed to evaluate patient’s perspective
and potential hurdles of telemedicine. Potential hurdles to
implementation of telemedicine include patient-related factors
associated with older age, low health literacy, cognitive
dysfunction, privacy and security concerns (6, 36, 37). In
the face of constant evolution of modalities to deliver digital
healthcare, the European Society of Cardiology recommends the
development of specific training programs for patients, caregivers

and medical staff to assist them in understanding the capabilities
and limitations of telemedicine (36).

CLINICAL IMPLICATIONS

With enhanced pandemic control measures, there is a pressing
need to reduce physical consultations. Telemedicine plays an
important role during the pandemic to bridge this gap in
providing adequate follow-up to ensure optimisation of medical
therapy post-STEMI and maintaining intensive cardiovascular
risk factor control (21). It has, at least in part, contributed to the
comparable 1-year post-STEMI outcomes between the pandemic
and pre-pandemic eras among our patients, despite the adverse
in-hospital STEMI metrics observed during the pandemic. These
lessons from the pandemic serve a vital and broader role for the
future with the emergence of telemedicine in post-STEMI care.

LIMITATIONS

Although this study is the first to examine the feasibility,
efficacy, and safety of telemedicine in post-STEMI care during
the pandemic, our study has several limitations that merit
consideration. Firstly, this is a single-center retrospective
observational study with a small sample size, and hence it is
not possible to infer causality between telemedicine and the
observed clinical outcomes. Nevertheless, our study offers real-
world data based on consecutive patients enrolled in our STEMI
database, and it reflects the actual follow-up processes that
transitioned from physical consultations to teleconsultations
during the pandemic. Secondly, the care provided to our control
group (pre-pandemic group) might not be representative of care
standard that was in line with the current recommendations.
Nevertheless, it was chosen as it was the most recent period
possible during which the 1-year follow-up care was not affected
by the pandemic. Thirdly, teleconsultation was not standardized
across all attending physicians and follow-up intervals varied
among the patients given the nature of the study and resource
constraints during the pandemic. Fourthly, the general attitudes
to health and the stresses faced by patients and healthcare
providers may also differ during pre-pandemic and pandemic
era. For example, the pandemic might motivate the adoption of
healthier lifestyle and healthier choices; on the other hand, the
social distancing and compulsory home isolation may compel
a more sedentary lifestyle (38). New challenges for healthcare
providers during the pandemic include the need to comply
to social distancing while ensuring the rapport with patients
and quality of care are not compromised, and also identifying
patients at higher risk of complications in a remote setting (39).
However, this study was not designed to evaluate these additional
factors which might have an impact on clinical outcomes and
cardiovascular risk factor control.

However, our study findings represent actual clinical practice
based on the physician’s clinical judgment and discretion.
Moreover, telemedicine consists of both virtual telehealth clinics
and the utility of digital healthcare technologies. However,
our study was not designed to evaluate the deliverance of
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digital healthcare. Overall, the results of the study need to
be interpreted with caution, as the study observations might
be related to the complex interplay between the COVID-
19 pandemic, telemedicine and other non-measurable factors.
This retrospective cohort provides, for the first time, real-
world data of the dynamic change in hospital follow-up
processes in STEMI follow-up with drastic decrease in physical
consultations due to social distancing policies and the rapid
emergence of telemedicine. With the inherent limitations of
a real-world cohort study in this ever-changing landscape
during a pandemic, the preliminary findings shed light on the
invaluable lessons of teleconsultation adaptation, but controlling
for external influences of the pandemic is evidently not possible.
Furthermore, we were not able to evaluate if the number of
total consultations correlated with improvement in outcomes
as the number of consultations was determined by both the
routine follow-up as well as the patient’s individual need for
closer surveillance.

CONCLUSION

Despite the unfavorable in-hospital STEMI metrics of patients
admitted during the pandemic, their 1-year mortality rate
was similar to those admitted during the pre-pandemic era.
The pandemic led to wider adaptation of teleconsultation
which might partly contribute to increased use of guideline-
directed medical therapy and meeting medication target
dosing. Guideline-directed medical therapy was associated with
better outcomes regardless of telemedicine or the pandemic.
Telemedicine, at its core, should not be considered a replacement
of the traditional face-to-face doctor-patient interactions, but a
synergistic extension of post-STEMI care. The invaluable lessons

of telemedicine during the pandemic should be extended for
future post-STEMI care.
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In the course of human history, we encountered several devastating waves of pandemics,

affecting millions of lives globally and now the rapid and progressive spread of the novel

SARS-CoV-2, causing Coronavirus disease (COVID-19) has created a worldwide wave of

crisis. Profoundly straining national health care systems, it also significantly impacted the

global economic stability. With the introduction of COVID-19 measures, mainly driven by

immunization drives, casualties due to the virus were reported to decrease considerably.

But then comes into play the post-Covid morbidities, along with their short and long-term

effects on the elderly and the co-morbid population. Moreover, the pediatric population

and the otherwise healthy cohort of the young athletes were also reported being largely

affected by the varying amount of post-recovery virus-induced Cardiac manifestations,

in the subsequent waves of the pandemic. Therefore, here we thrived to find answers

to the seemingly unending series of questions that popped up with the advent of the

disease, nevertheless, there still lies a blind spot in understanding the impacts of the

disease on the Cardiovascular Health of an individual, even after the clinical recovery.

Thus, along with the current data related to the diverse cardiovascular complications due

to SARS-COV-2 infection, we suggest long-term ‘Cardiac surveillance’ for the COVID-19

recovered individuals.

Keywords: SARS-CoV-2, inflammation, myocardial damage, heart, CVD

INTRODUCTION

In late 2019, a cluster of cases of “pneumonia of unknown origin,” emerged, the epicenter of
which was linked to the seafood wholesale market in Wuhan, China, that heralded the onset
of Coronavirus disease (1). However, there are further reports suggesting that this virus was
already circulating in China before the seafood market cluster event (https://www.sciencemag.org/
news/2020/01/wuhan-seafood-market-may-not-be-source-novel-virus-spreading-globally). The
disease spread rapidly to several countries around the globe andwas already declared a pandemic by
WHO. To date, a total of 187,086,096 confirmed cases of COVID−19 with a mortality of 4,042,921
have been reported (2). COVID−19 questioned the existence of mankind in the twenty-first
century not just by crippling the global healthcare system but also contributing to the psychological
and socio-economic burden on the entire humanity.

The family of seven known human Coronaviruses has long been associated with emerging
respiratory distress syndromes and flu-like outbreaks. This is the reason behind the high occurrence
of cases of pneumonia and bronchitis in patients with a severe COVID-19 infection. In the past
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two decades, two recorded epidemics were caused by the
same family of the virus—Severe Acute Respiratory Syndrome
Coronavirus (SARS-CoV), in 2002–2003, and more recently, the
Middle East Respiratory Coronavirus (MERS-CoV) in 2012, has
widely been mentioned. Previously known human coronavirus
variants, which were associated with the common cold—HCoV-
229E, HCoV-NL63, HCoV-OC43, and HCoV-HKU1, have not
yet been found to be associated with heart abnormalities. But
there are few reports of the patients suffering from the Middle
East respiratory syndrome (MERS; caused by MERS-CoV) with
myocarditis and a few cases of cardiac disease in the patients
who suffered from SARS (caused by SARS-CoV) (3, 4). However,
recent literature reported serious cardiovascular complications
occurring in about 10–20% of hospitalized patients, apart from
the respiratory effects of COVID-19; and the patients who
suffered from pre-existing heart ailments may suffer either a
heart attack or congestive heart failure (5). This deciphers distinct
characteristics of SARS-CoV-2 in its comprehensive cardiac
involvement, which could also be a consequence of the exposure
of the virus to millions due to the pandemic. Reports also stated
that COVID-19 triggered inflammation of the heart muscle—
Myocarditis (6). The most recent severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), displayed tropism for
the heart and can lead tomyocarditis (inflammation of the heart),
necrosis of its cells, mimicking heart attacks, arrhythmias, and
acute or protracted heart failure (muscle dysfunction) (3). These
complications, which at times are the sole features of COVID-
19 clinical presentation, have occurred even in the cases with
milder symptoms and in people who did not experience any
symptoms. Unsuspected cardiac involvement including sudden
cardiac death, in such healthy and young athlete groups, has
further elevated the concerns regarding our current knowledge
about the impact of the disease on heart health.

STRUCTURAL ASPECTS OF COVID-19
VIRUS

The difference between SARS-CoV-2 and SARS is apparently a
furin polybasic site that alters their structure, and when cleaved,
broadens the types of cells (tropism) that the virus can infect
(7). It is a large family of single positive-stranded, enveloped
RNA virus that finds its host in several animals, and by methods
not yet explained, they can pass from one species to another.
The virus targets the angiotensin-converting enzyme 2 (ACE2)
receptor throughout the body, which facilitates the entry of viral
genetic material by the means of its spike protein, along with the
assistance of the cellular serine protease transmembrane protease
serine 2 (TMPRSS2), heparan sulfate, and other proteases, which
cleaves the viral spikes protein and make the entry pathway for
the viral genetic contents (8). So, the higher the ACE2 receptor’s
number of receptors in any cell, the higher the susceptibility for
the viral entry and greater viral load possibility. The involvement
of ACE2 in the regulation of blood volume, systemic vascular
resistance, and thus cardiovascular homeostasis is monumental
(Figure 1). Previous studies have shown its association with
hypertension, stroke, dyslipidemia, and cardiovascular diseases,

and kidney diseases (9–12). The heart also has a high level
of ACE2 expression which makes it more susceptible to the
SARS-COV-2 infection. The affinity of SARS-CoV-2to ACE2 is
significantly higher than that of SARS (13), and thus it may
perturb the angiotensin-renin pathway severely.

COVID-19 AND ITS SYSTEMIC
IMPLICATIONS

The tropism to other organs beyond the lungs has been quoted
in some studies from the autopsy specimens. It was found that
the SARS-CoV-2 genomic RNA was the highest in the lungs.
However, in the heart, kidney, and liver, considerable amounts
of viral load were detected in 16 out of 22 deceased patients
(14). In a report from (15), out of a series of an autopsy of 39
deceased COVID-19 patients, only 31% had a high viral load, i.e.,
above 1,000 copies, in the heart while ∼38% of the deceased was
not found to possess a detectable viral load in the myocardium.
Accordingly, SARS-CoV-2 infection can damage the heart in
both direct and indirect ways. In-vitro studies have shown the
ability of SARS-CoV-2 to infect the induced pluripotent stem
cells (iPSCs) derived cardiomyocytes, causing the distinctive
pattern of cell fragmentation along with the complete dissolution
of the contractile machinery (16). In another iPSC study, SARS-
CoV-2 infection leads to apoptosis, and ultimately the heartbeat
ceases within 72 h of the viral exposure (17). Besides the direct
involvement of the viral infection in the heart muscles, its entry
into the endothelial lining of the blood vessels of the heart and
multiple vesicular beds has also been reported. Another potential
threat is the effects of secondary immune response in the infected
heart and endothelial cells (endothelitis) which may include
the dysregulation of the renin-angiotensin-aldosterone system
modulating blood pressure; activation of pro-inflammatory
responses including platelets, neutrophils, macrophages, and
lymphocytes, the cytokine storm and a prothrombotic state
(Figure 1).

There is a varying level of cardiovascular manifestations,
oscillating from limited necrosis of cardiac cells leading to
myocarditis to an often-fatal failure of the heart to pump
sufficient blood leading to cardiogenic shock (18). One out
of every five hospitalized COVID-19 patients suffering from
cardiac injury reflects an accumulation of troponin (a cardiac
muscle-specific marker) in blood and the same happens with
those having pre-existing heart ailments. Also, for this kind of
myocardial injury in-hospital mortality, troponin accumulation
is an indicator of morbidity risk (19). Moreover, it has
been observed that patients with higher troponin amounts
also have increased levels of many inflammatory markers
[including interleukin-6(IL-6), C- reactive protein, ferritin,
lactate dehydrogenase (LDH), and an increased neutrophil
count] and heart dysfunction (amino-terminal pro-B–type
natriuretic peptide) (20). Conversely, an immunologic basis
is likely as there is a possibility of myocarditis results from
the hyperimmune response in order to tackle coronavirus
by releasing excess cytokines. Cytokines could result in
inflammation that damages the lungs and the heart alike. This
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FIGURE 1 | Schematic representation of the pathways leading to post-COVID Heart conditions. The Yellow boxes represent the causes, whereas the Red and the

Orange boxes depict the consequences of the infection on the heart and the lungs. The Pink, Blue, and the Green boxes depict the various systemic pathways

involved, leading to the development of the conditions.

condition, known as a cytokine storm, is more serious in the
elderly and the co-morbid population. However, it was also
seen to affect the middle-aged population largely during the
subsequent waves of the pandemic in India. It is the primary
reason for the severe respiratory complications which lead to
death in patients suffering from coronavirus (21). Cytokines
promote blood coagulation and thus, interfere with the body’s
clot-busting system. Blood clots in coronary arteries in turn
can block blood flow and cause heart attacks. A tendency for
clotting, both in the microvasculature and large vessels, has been
reported in multiple autopsy reports and in young COVID-19
patients with a history of stroke. Another relevant possibility
could be the development of cardiac complications in some
coronavirus patients, as a consequence of infections in their
lungs. Insufficient oxygen increases the risk of arrhythmias.
At the same time, fever caused by the virus increases the
body’s metabolism, thus the cardiac output. As a result, the
patient’s heart struggles with an elevated oxygen demand along
with a reduced supply, causing an imbalance that leads to a
myocardial injury. The causes of death might involve multiple

organ dysfunctions in most cases, and therefore it is difficult
to differentiate the myocardial injury as the sole reason for
such cases. Schematic representation of the different pathways
leading to the post-COVID conditions has been depicted in
Figure 1.

CARDIOVASCULAR HEALTH WITH THE
RISE OF COVID-19

With an ascent in the number of COVID-19 confirmed
cases and the accumulating clinical data, in addition to the
common presentation of respiratory failure, the cardiovascular
manifestations induced by this viral infection have generated
considerable concern (22). Huang et al. (23) reported that 12%
of the patients with COVID-19 were diagnosed to have an acute
myocardial injury, manifested due to the elevated levels of high-
sensitive troponin I. This was further supported by reports stating
16.7% out of 138 hospitalized patients with COVID-19 had
suffered from arrhythmias and 7.2% had an acute myocardial
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injury (24). However, the plausible cause of the COVID-
19 infection in the development of myocardial injury in the
hospitalized patients suffering from underlying cardiovascular
disease (CVD) is still unknown and it requires extensive study.
Although still unclear, whether it is an after-effect of a hyperactive
immune response against the virus or the virus itself leading
to myocardial inflammation which is associated with cardiac
function impairment and ventricular tachyarrhythmias.

Myocarditis is a diffuse pattern of inflammation of the
heart, typically representing a variable admixture of injury
and an inflammatory response to the injury, and may
extend through all the three layers of the human heart
to the pericardium, encompassing the heart. This is even
more worrisome than the restricted pattern injury. The
immunological and the inflammatory response is one of the
most common observations at the autopsy studies after SARS-
CoV-2 infections, unlike the SARS-associated myocarditis,
which didn’t show any lymphocyte infiltration. Conduction
block and malignant ventricular arrhythmias, both of which
can lead to cardiac arrest, can occur when myocytes, which
synchronize electrical conduction, are involved. Besides in-
hospital arrhythmias, numerous geographic regions with high
COVID-19 dissemination have been reported to observe a steep
increase in out-of-hospital cardiac arrest and sudden death.
There has been a rise of 77% in the cases in Lombardy, Italy,
as compared to the previous year (25). Due to a cluster of chest
pain-like sensations, an irregular EKG, and high levels of cardiac-
specific enzymes in the blood, myocarditis imitating a heart
attack has been reported in individuals as young as 16 years
old (3). Heart failure, acute cor pulmonale (right heart failure
with potential pulmonary emboli), and cardiogenic shock can
occur when there is significant and diffuse heart muscle injury.
Other pathways that could also be responsible for COVID-
19-related heart dysfunction, such as Takotsubo syndrome or
the Broken heart syndrome (a transient stress-related illness
that causes apical ballooning), ischemia caused by endocarditis,
and related atherosclerotic plaque rupture with thrombosis
were reported (3). Other causes included the multisystem
inflammatory syndrome of children (MIS-C), although MIS-C
reported here, was not only exclusive to children but also the
same clinical features have been the subject of case reports in
adults, such as in a 45-year-old (3).

Although the children were thought to be less susceptible to
COVID-19, as compared to the adults, and while the majority
of them with COVID-19 were asymptomatic or presented with
only milder forms of the symptoms, the reports of COVID-19
associated severe inflammatory symptoms among the pediatric
patients were not null (26–28). An unexpected cluster of eight
children (aged 4–14 years) presenting with a hyperinflammatory
syndrome with symptoms of Kawasaki Disease was reported
in a case series from the United Kingdom (26). COVID-19
patients who underwent magnetic resonance imaging (MRI) or
echocardiogram of the heart have recently revealed some fresh
information concerning some cardiac involvement (29–31). In
one such study, the left and the right ventricular abnormalities
were reported in 479 out of 1,216 patients, and 397 patients,
respectively, with evidence of new myocardial infarction in
36 of them. Myocarditis was reported in 35 and Takotsubo

Cardiomyopathy in 19 patients in the same study. Severe cardiac
disease (severe ventricular dysfunction or tamponade) was also
observed in 15% of the patients. And in those without any
pre-existing cardiac disease, the echocardiogram was abnormal
in 46%, and 13% of the cases had severe disease. Patients
were between 52 and 78 years old (30). In another study, 15
patients had abnormal CMR findings on conventional CMR
sequences: myocardial edema was found in 54% of patients,
and LGE was found in 31% of the patients reduced right
ventricle performance which includes ejection fraction, cardiac
index, and stroke volume per body surface area were found
in patients with positive conventional CMR findings (31). A
group of 100 individuals recovered from the illness, but 78 had
cardiac abnormalities, including 12 of 18 patients who had no
symptoms, and 60 showed continuing myocardial inflammation,
which is consistent with myocarditis (29). These findings point
to the necessity for more research on covid-19’s long-term
cardiovascular effects. Themajority of over 1,200 individuals with
COVID-19 in a large prospective cohort had echocardiographic
abnormalities (30). This raises questions about whether heart
involvement is considerably more common than previously
thought, especially because at least 30–40% of SARS-CoV-
2 infections are asymptomatic. Because all of these patients
did not have a systematic cardiovascular assessment for any
probable myocarditis or other heart abnormalities, which could
explain some of the lingering symptoms, they may have hidden
underlying cardiac pathology.

ROLE OF ANGIOTENSIN-CONVERTING
ENZYME AND IT’S INHIBITORS IN
COVID-19

Angiotensin-converting enzyme inhibitors (ACEIs) and
angiotensin receptor blockers (ARBs), both of which are
known to block the renin-angiotensin system (RAS), also might
affect an individual’s susceptibility to COVID-19 and further
worsen its severity (32–35). Angiotensin II, the main effector
molecule in the renin-angiotensin-aldosterone system (RAAS),
is upregulated in many clinical conditions, for which inhibition
of angiotensin II by RAAS inhibitors is a common therapeutic
strategy. Angiotensin-converting enzyme (ACE) produces
angiotensin II from angiotensin I, whereas ACE2 inactivates
angiotensin II by converting it to angiotensin (1–7) (34).
Therefore, ACE2 has been assumed to have a protective effect
against cardiovascular disease and lung injury. It has been shown
that the RAAS inhibitors may increase the ACE2 expression,
thus raise concern among COVID-19 positive patients (33).

On the other hand, a study reported significant interactions
between ethnicity and ACE inhibitors and ARBs for COVID-
19 disease. The risk of COVID-19 disease associated with ACE
inhibitors was shown to be higher in the Caribbean and Black
African groups than the white group. Variations among the
ethnic groups raise the possibility of ethnic-specific effects of
ACE inhibitors/ARBs on COVID-19 disease susceptibility and
severity (36). Another study found that the administration of
ACEI/ARB drugs had a positive effect on reducing D-dimer
and the number of people with fever (37). As a result of such
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paradoxical issues of using ACEIs/ARBs during COVID-19, it is
still an area requiring extended investigation to prove. However,
in the setting of coronavirus disease, downregulation of ACE2 by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection might be involved in mediating cardiovascular damage,
besides, the medications that have been proposed as treatments
for COVID-19 such as hydroxychloroquine and azithromycin
have pro-arrhythmic effects, AF, atrial fibrillation; VF, ventricular
fibrillation; VT, ventricular tachycardia (38).

PRESENT SCENARIO

Previous studies have depicted the overall clinical attributes
and epidemiological findings of patients with COVID-19, and a
portion of it has shown that the condition of some patients with
COVID-19 deteriorates rapidly. In contrast to the asymptomatic,
a substantial proportion of people suffer a long-standing, often
incapacitating illness, called long-COVID. Typical symptoms
of this include fatigue, difficulty in breathing, chest pain,
and abnormal heart rhythm (39, 40). While the patients with
underlying Cardiovascular pathology, but without myocardial
injury put up with a relatively favorable prognosis, myocardial
injury is much more common in patients with COVID-19 and
has been found to have a significant association with the fatalities
due to COVID-19.

The most intriguing question that stirred up in this while
is that why do certain individuals have a propensity for heart
involvement after the SARS-CoV-2 infection? Studies deciphered
that the infected patients who get myocarditis do not necessarily
have any more virus in their bodies than those who do not foster
the condition. The prediction once recognized a few months into
the pandemic, was that the cardiac involvement would chiefly
occur in patients with severe COVID-19. Clearly, it is found
to be much more common than anticipated. However, the true
incidence is unknown. Primarily, it is vital to determine any cause
that drives the pathogenesis.Whether it represents an individual’s
inflammatory response, an autoimmune phenomenon or some
other explanations are yet to be clarified.

Beyond the prevention of COVID-19 infections, the goal of
averting cardiovascular involvement is paramount. The marked
heterogeneity of the disease, ranging from lack of symptoms to
fatality, is poorly understood. A newly emerged virus, widely
circulating throughout the human population, with a panoply of
manifestations, has made this especially daunting to untangle. It
wouldn’t surprise much in the future if the patients present with
cardiomyopathy of unknown etiology and test positive for SARS-
CoV-2 antibodies. However, attributing all such cardiomyopathy
solely to the virus may be difficult, given the high prevalence of
infections. A biopsy might be a necessity to identify any virus
particles to support any causality.

These sudden after-effects could be attributed and studied
to be validated at two different levels. First is the entry point
for the virus, that is the ACE2 receptors and their variations
among the individuals of certain ethnicities, which makes them
more susceptible or resistant toward the virus. There have been
studies concluding the polymorphism within the ACE2 gene
within the populations that explains the outcome, on comparing

the Western and the Indian populations, and their affinity with
the East Asians (41).

The other points to be considered include the immunity of the
individual and its effects after the entry of the virus. The reaction
of the immunity toward the non-self determines its activity,
and thus results in a hyperactive state of immune responses,
that leads to systemic inflammation, which prevails for a much
longer time, as compared to the symptoms themselves. The
classification of asymptomatic people for COVID-19 is vague.
And in many cases, the asymptomatic individuals are sometimes
just the result of the symptoms getting masked due to ignorance
or the socio-economic background of those individuals. They
may have underlying inflammation-related pneumonia due to
the disease and still not experience any level of hypoxia and
thus, be considered asymptomatic. On the other hand, the body
of the athletes, in practice, may demand more oxygen and
experience the symptoms of hypoxia and thus, can lead to cardiac
arrest due to pulmonary thromboembolism, as a consequence
of dilated arteries due to the disease-related inflammation (42).
The same demographic group of young and healthy, that is most
common to lack the symptoms after SARS-CoV-2 infections,
raises the question of how many athletes have an occult cardiac
disease. Systematic assessment through some form of cardiac
imaging and arrhythmia screening of athletes, who test positive
for SARS-CoV-2, irrespective of symptoms, seems prudent until
more is perceived. The authors in a study reported on a
cohort, consisting of a large sample size of 2,461 athletes, of
whom 1,597 (64.9%) had the complete comprehensive screening
testing, including CMR imaging without prior selection, where
they found that 37 (2.3%) of these athletes demonstrated
diagnostic criteria for myocarditis by CMR imaging, including
20 without cardiovascular symptoms and with normal ECG,
echocardiography, and troponin test results, who would not
have been identified without CMR imaging (43). However,
another subsequent study was published, where a cohort of 145
competitive athletes, who had tested positive for COVID-19
with either mild to moderate or, no symptoms, were evaluated
approximately 15 days post-positive test result, using cardiac
MRI, EEG, and serummarkers of cardiac pathology, and only two
were found to have MRI findings consistent with myocarditis.
This led to conclude that its incidence following COVID-19 was
much less prevalent than previously thought (44). Controversies
remain until the results are validated further, on larger cohorts,
considering ethnicity (ancestry) as a parameter, as that could play
a vital role in the risk prediction of an individual.

FUTURE DIRECTION AND CONCLUSION

Long-term observation and prospective study design (Cardiac
Surveillance) on the viability of treatments, explicit for
myocardial injury are of utmost significance. Further, aggressive
treatment may be considered for patients with myocardial
injury. Therefore, monitoring of myocardial injury markers
and cardiac function is of extreme importance, and attention
should be paid to the early identification and comprehensive
management of myocardial injury in such patients. But what has
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so far driven populations to be more vulnerable to post-COVID
morbidities?

We hypothesize it as the genetic variability among the
individuals at these two tiers, making them more or less
susceptible toward the mentioned long-standing ailments,
which are probably more severe than the disease itself. There
comes into play the role of genetic mapping. Genome-wide
analysis (GWAS) and Whole-genome analysis (WGA) study
designs would reveal and map a particular population at
risk, would categorize the vulnerable groups to prioritize
them at first, and thus manage the casualties due to the
disease burden.
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Background: Early risk stratification is crucial in critically ill COVID-19 patients.

Myocardial injury is associated with worse outcome. This study aimed to evaluate cardiac

biomarkers and echocardiographic findings in critically ill COVID-19 patients and to

assess their association with 30-day mortality in comparison to other biomarkers, risk

factors and clinical severity scores.

Methods: Prospective, single-center, cohort study in patients with PCR-confirmed,

critical COVID-19. Laboratory assessment included high sensitive troponin T (hs-cTnT)

and N-terminal pro-brain natriuretic peptide (NT-proBNP) on admission to ICU: a

hs-cTnT ≥ 14 pg/mL and a NT-proBNP ≥ 450 pg/mL were considered as elevated.

Transthoracic echocardiographic evaluation was performed within the first 48 h of ICU

admission. The primary outcome was 30-day all-cause mortality. Predictive markers for

mortality were assessed by ROC analysis and cut-off values by the Youden Index.

Results: A total of 100 patients were included. The median age was 63.5 years, the

population was predominantly male (66%). At the time of ICU admission, 47% of patients

had elevated hs-cTnT and 39% had elevated NT-proBNP. Left ventricular ejection fraction

was below 50% in 19.1%. Elevated cardiac biomarkers (hs-cTnT P-value < 0.001,

NT-proBNP P-value = 0.001) and impaired left ventricular function (P-value = 0.011)

were significantly associated with mortality, while other biomarkers (D-dimer, ferritin,

C-reactive protein) and clinical scores (SOFA) did not differ significantly between survivors

and non-survivors. An optimal cut-off value to predict increased risk for 30-day all-cause

mortality was 16.5 pg/mL for hs-cTnT (OR 8.5, 95% CI: 2.9, 25.0) and 415.5 pg/ml for

NT-proBNP (OR 5.1, 95% CI: 1.8, 14.7).

Conclusion: Myocardial injury in COVID-19 is common. Early detection of elevated

hs-cTnT and NT-proBNP are predictive for 30-day mortality in patients with critical

COVID-19. These markers outperform other routinely used biomarkers, as well as

clinical indices of disease severity in ICU. The additive value of routine transthoracic

echocardiography is disputable and should only be considered if it is likely to impact

therapeutic management.

Keywords: COVID-19, hs-cTnT, NT-proBNP, ICU, myocardial injury, myocardial biomarker

357

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.752237
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.752237&domain=pdf&date_stamp=2021-11-05
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:bert.zwaenepoel@uzgent.be
https://doi.org/10.3389/fcvm.2021.752237
https://www.frontiersin.org/articles/10.3389/fcvm.2021.752237/full


Zwaenepoel et al. Biomarkers and Echocardiography in COVID-19

INTRODUCTION

Currently, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has infected almost 230 million people, resulting
in more than 4.6 million registered deaths (1). Based upon
the severity of illness, the National Institutes of Health (NIH)
proposes five categories of Coronavirus Disease 2019 (COVID-
19): asymptomatic, mild, moderate, severe and critical. The latter
contains individuals with respiratory failure, septic shock, and/or
multiple organ dysfunction requiring intensive care (2).

Myocardial injury is defined by an elevation of cardiac
troponin. In case of myocardial infarction, this elevation
occurs in combination with clinical features of ischemia, e.g.,
electrocardiographic changes, ischemic symptoms or imaging
of new loss of viable myocardium or new regional wall motion
abnormalities (3). Myocardial injury is common in COVID-19.
The presence of values above the upper reference limit (URL) for
high sensitive troponin (hs-cTnT) in COVID-19 patients varies
widely, ranging from 20% in cohorts of hospitalized patients
to more than 50% in critically ill patients (4–7). Ischemic or
non-ischemic causes can mediate myocardial injury. Ischemic
cardiac damage can be subdivided in type 1 and type 2 ischemia.
The underlying pathophysiology of type 1 ischemia in COVID-
19 is not fully understood. On one hand, the inflammatory
response due to a COVID-19 infection may lead to plaque
instability by activating inflammatory cells and release of
inflammatory mediators, causing oxidative stress. On the other
hand, COVID-19 infection is associated with endothelialitis
and a prothrombotic state (8–11). Type 2 ischemia can be
attributed to several factors such as hypoxemia, vasopressor
use and suboptimal fluid balance, leading to a demand-supply
inequity of oxygen (10). Non-ischemic injury may find its
origin in various mechanisms such as myocarditis, Takotsubo
syndrome, arrythmias, pulmonary embolism, and septic
shock (12–16).

Data about natriuretic peptides are more scarce, though up
to 48% of critical COVID-19 patients present with elevated
levels of N-terminal pro-brain natriuretic peptide (NT-proBNP),
reflecting hemodynamic stress (17). The presence of circulating
NT-pro-BNP in patients with critical COVID-19 can be

attributed to several factors. Myocardial injury may lead to
cardiac dysfunction and increased ventricular wall stress, which
can be increased further by the use of mechanical ventilation
and vasopressor agents (18). Hypoxia-induced pulmonary
hypertension may further aggravate myocardial wall stress by
increasing right ventricular afterload (19, 20).

Echocardiographic abnormalities, such as left ventricular
systolic and diastolic dysfunction as well as right ventricular
impairment, are observed in up to half of all COVID-19 patients
undergoing echocardiography (21–24).

Elevated cardiac biomarkers and echocardiographic
abnormalities, especially reduced ventricular contractility,
are associated with worse clinical outcome including mortality
in COVID-19 patients (10, 17, 18, 23, 25–27). As most of
the published reports are retrospective studies, the current
role of cardiac biomarkers and/or echocardiography in the
prognostication of COVID-19 patients is still unclear. Different

cardiac societies therefore have recommended against the
routine use of these parameters for prognostic purposes (16, 28).

The purpose of this study was to prospectively evaluate the
presence of elevated cardiac biomarkers and echocardiographic
abnormalities in critical COVID-19 patients at the time of
admission to the intensive care unit (ICU), to assess their
association with 30-day all-cause mortality and to compare their
prognostic performance to that of other biomarkers, risk scores
and risk factors.

METHODS

Study Design, Data Collection, and Study
Outcome
This prospective, single-center, cohort study was carried out at
the ICU of the Ghent University Hospital in Belgium, a 1.061-
beds tertiary care center, between April 2020 and April 2021.
The study was approved by the local ethical committee (BC-
07568, April 1st, 2020). Inclusion criteria were: age 18 years or
older, inclusion within 48 h of ICU admission, severe COVID-
19 as diagnosed by real-time reverse-transcriptase polymerase
chain reaction assays, and informed consent of the patient
or legal representative. At the time the study protocol was
made and the study was started, there were no epidemiological
data available about cardiac biomarkers and echocardiography
in critical COVID-19. The necessary number of patients to
demonstrate differences between survivors and non-survivors
could therefore not be estimated and therefore no power analysis
was made. It was decided to include all consecutive patients
admitted to our ICU in the first and second COVID-19 wave
which arose in Belgium.

Demographics, pre-existing comorbidities, chronic
medication, administered medication on ICU, clinical risk-
scores and ratios (total and respiratory sequential organ failure
assessment score (SOFA) and PaO2/FiO2-ratio (P/F ratio) on
admission were automatically abstracted from the electronic
health record on the moment of admission. Laboratory
assessment included hs-cTnT (electrochemiluminescence
immunoassay (ECLIA), Roche Cobas 8000 e80, Roche

Diagnostics, Switzerland), NT-proBNP (ECLIA, Roche
Cobas 8000 e80, Roche Diagnostics, Switzerland), C-reactive
protein (CRP) (photometric measurement, Architect c16000,
Abbott, Abbott Laboratories, Illinois, United States), ferritin
(chemiluminescent Microparticle Immunoassay (CMIA),
Architect i2000SR, Abbott, Abbott Laboratories, Illinois,
United States) and D-dimer (immunoturbidimetry, STA R
Max2, Stago, France). The first value upon admission was
withheld when several blood samples were taken within 1 day.
The cut-off for hs-cTnT was 14 pg/ml (corresponding with levels
above the 99th percentile of a normal reference population)
and for NT-proBNP 450 pg/mL. Patients were continuously
monitored with a 3-lead electrocardiogram (ECG) and an
additional 12-lead ECG was obtained on a daily base.

During follow-up, the use of vasopressors, mechanical
ventilation and/or venovenous extracorporeal membrane
oxygenation was recorded. Bedside transthoracic
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echocardiography was performed within the first 48 h of
inclusion, using a portable ultrasound machine CX50 (Philips
Medical Systems, Andover, MA). The left ventricular ejection
fraction (LVEF) was estimated with eyeball-method (normal,
midrange and reduced) because of two reasons. First, acquisition
of good quality images is often hard to obtain in critically
ill patients and therefore more sophisticated methods (e.g.,
Simpson biplane, speckle tracing) to estimate the LVEF
are not always feasible. Second, visually estimated ejection
fraction has already shown to be extremely effective, rapid
and consistent with quantitative echocardiographic assessment
and is therefore a feasible method in critically ill patients (29).
Other parameters that were obtained are: LV end diastolic
diameter (LVEDD), diastolic function (E/A ratio and E/e

′

septal), tricuspid annular plane systolic excursion (TAPSE),
estimate systolic pulmonary arterial pressure (SPAP) using the
maximal tricuspid regurgitation velocity with CW Doppler,
valvular function and presence of pericardial fluid. Diastolic
function was dichotomized according to indices of diastolic
dysfunction and increased left ventricular pressure (E/A > 1.5
and/or E/e’ septal > 14). Echocardiography was performed
by six skilled sonographers, all images were stored in the
Picture Archiving and Communication System (PACS) of
the hospital. The primary outcome of the study was all-cause
30-day mortality.

Data Analysis
The statistical analysis was performed using SPSS statistics
(Version 27.0, IBM Corp, Armonk, NY). Normality of the
distribution of continuous variables was tested by the Shapiro
Wilk test. Categorical variables are shown as frequencies, and
continuous variables as mean (standard deviation) or median
(interquartile range) based upon normality of distribution.

Comparison of categorical variables was performed using Chi-
squared tests and for comparison of continuous variables Mann-
Whitney U tests was used. Predictive markers for mortality were
assessed by receiver operating characteristic (ROC) analysis and
cut-off values by the Youden Index. The latter is a frequently
used summary measure of the ROC curve. It represents the
effectiveness of a diagnostic marker and enables the selection of
an optimal threshold value (30). Multivariate logistic regression
analysis was conducted to investigate risk factors for mortality.
Since the number of events of the independent variable 30-
d mortality was 21, the number of covariates that were added
into the regression analysis to explore adjusted OR’s was
limited to 1. All tests were 2-sided with P < 0.05 considered
statistically significant.

RESULTS

Patient Characteristics, Comorbidities,
Chronic Medication, and Outcomes
In the study period, a total of 265 critically ill COVID-19
patients were admitted to our ICU department. The main
reasons for exclusion were: more than 48 h on ICU prior
to inclusion, inability to provide informed consent in Dutch,
French or English (as the informed consent forms were only
in these languages available) and refusal to participate by the
patient or his/her representative (n = 165). A total sample
of 100 critically ill COVID-19 patients was finally included
within 48 h of ICU admission. Included patients originated from
emergency departments of surrounding hospitals (n = 34), our
own emergency department (n= 44) or the pneumology ward (n
= 22). A flow diagram to illustrate the patients’ selection can be
found in Figure 1.

FIGURE 1 | Flow diagram on inclusion and exclusion of patients in the current study. Flow diagram reporting the numbers of included and excluded patients in the

current study.
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TABLE 1 | Baseline demographics, disease severity, laboratory assessments, and

echocardiographic parameters of patients on admission to the intensive care unit.

Demographics (n = 100)

Age (y) 63.5 (IQR 57.0–71.0)

Gender

Male 66 (66.0 %)

Female 34 (34.0 %)

BMI (kg/m²) 28.7 (IQR 25.1–33.6)

Smoking history

Never smoker 57 (57.0%)

Former smoker 36 (36.0%)

Active smoker 7 (7.0%)

Transferred from

Emergency department 44 (44.0%)

Pneumology ward 22 (22.0%)

Surrounding hospital (not ICU) 34 (34.0%)

Comorbidities (n = 100)

Arterial hypertension 42 (42.0%)

Kidney disease upon admission

eGFR < 30 mL/min 3 (3.0%)

eGFR 30–60 mL/min 17 (17.0%)

eGFR > 60 mL/min 80 (80.0%)

Diabetes mellitus type 2 28 (28.0%)

Obstructive sleep apnea 6 (6.0%)

Chronic obstructive pulmonary disease / asthma 8 (8.0%)

Hypercholesterolemia 40 (40.0%)

Coronary artery disease 17 (17.0%)

Peripheral artery disease 6 (6.0%)

Chronic medication (n = 100)

Use of statins 37 (37.0%)

Use of antidiabetic drugs

Metformin 24 (24.0%)

SGLT2 inhibitor 2 (2.0%)

Other 15 (15.0%)

Use of antihypertensive drugs

ACE-inhibitor 28 (28.0%)

Beta blocker 40 (40.0%)

Other 25 (25.0%)

Use of antithrombotic / anticoagulant drugs

Aspirin 20 (20.0%)

P2Y12 inhibitor 4 (4.0%)

NOAC or VKA 12 (12.0%)

Medication administered on ICU (n = 100)

Dexamethasone 74 (74.0%)

Remdesivir 12 (12.0%)

Hydroxychlorquine 11 (11.0%)

Convalescent plasma 10 (10.0%)

Severity of illness (n = 100)

Total SOFA-score on admission 3.0 (IQR 2.0–8.0)

Respiratory SOFA-score on admission 2.0 (IQR 2.0–3.0)

P/F ratio (IQR) on admission 96.3 (IQR 71.6–124.7)

Use of vasopressors during admission 54 (54.0 %)

Use of mechanical ventilation during admission 60 (60.0 %)

Use of vv-ECMO during admission 7 (7.0 %)

(Continued)

TABLE 1 | Continued

Inflammatory markers at time of inclusion (n = 100)

CRP (mg/L) 136.5 (IQR 67.0–201.3)

D-dimer (ng/mL) 1020.0 (IQR

660.0–1795.0)

Ferritin (µg/L) 1139.0 (IQR

640.8–2346.8)

Cardiac biomarkers at time of inclusion (n = 100)

hs-cTnT (µg/L)

≥14 µg/L 47 (47.0 %)

<14 µg/L 53 (53.0 %)

NT-proBNP (pg/mL)

≥450 pg/mL 39 (39.0 %)

<450 pg/mL 61 (61.0 %)

Echocardiography parameters at time of inclusion

LVEF (%) (n = 89)

Normal (>50%) 72 (80.9 %)

Midrange (40–50%) 16 (18.0 %)

Reduced (< 40%) 1 (1.1 %)

LVEDD (mm) (n = 83) 46.0 (IQR 43.0–51.0)

Diastolic function

E/A (n = 79)

<1.5 85 (85.0 %)

≥1.5 15 (15.0 %)

E/e’ septal (n = 72)

<14 60 (83.3 %)

≥14 12 (16.7 %)

Right ventricular function

TAPSE ≥ 14mm (n = 77) 73 (94.8 %)

Pulmonary artery pressure (mmHg) (n = 51) 24.0 (IQR 15.0–31.0)

Moderate to severe valvular dysfunction (n = 87) 7 (8.0 %)

Pericardial effusion (n = 89) 4.5 (4.5 %)

BMI, body mass index; vv-ECMO, venovenous extracorporeal membrane oxygenation;

SOFA, Sequential Organ Failure Assessment; CRP, c-reactive protein; NT-proBNP, N-

terminal pro-brain natriuretic peptide; hs-cTnT, high sensitive troponin T; LVEDD, left

ventricular end diastolic diameter; DT, deceleration time; TAPSE, tricuspid annular plane

systolic excursion; LVEF, left ventricular ejection fraction; MR, mitral regurgitation; AR,

aortic regurgitation; TR, tricuspid regurgitation; ICU, intensive care unit.

Baseline characteristics are presented in Table 1. Median age
was 63.5 years, and the population was predominantly male
(66%). None of the included patients were vaccinated against
SARS-CoV-2. The mean body mass index (BMI) was 28.7 kg/m².
Following comorbidities were recorded upon admission: arterial
hypertension (42%), diabetes mellitus (28%), sleep apnea (6%),
chronic obstructive pulmonary disease (COPD)/asthma (8%),
coronary artery disease (17%), peripheral artery disease (6%),
hypercholesterolemia (40%) and kidney disease upon admission
(estimated glomerular filtration rate < 60 mL/min in 20%
of patients). Chronic medication consisted of statins (37%),
antidiabetic drugs (metformin 24%, SGLT2 inhibitors 2%, others
15%), antihypertensive drugs (ACE-inhibitors 28%, beta blockers
40%, others 25%) and antithrombotic/anticoagulant drugs
(aspirin 20%, P2Y12 inhibitors 4%, NOAC/VKA 12%). During
admission on ICU patients received additional treatment with
dexamethasone (74%), remdesivir (12%), hydroxychloroquine
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(11%) and convalescent plasma (10%). During admission
54% of patients required vasopressors, 60% of patients were
mechanically ventilated and 7% of patients were supported
with venovenous extracorporeal membrane oxygenation. On
admission the median total SOFA-score was 3.0, with a
respiratory SOFA-score of 2.0. The median P/F-ratio on
admission was 96.3 mmHg. The median length of stay in ICU
was 10 days. Within the first 30 days after inclusion 21 patients
died (21%). Non-survivors were significantly older, were more
often male and more often had kidney disease, sleep apnea,
COPD/asthma and hypercholesterolemia. Respiratory SOFA,
total SOFA and P/F ratio did not differ significantly between
survivors and non-survivors.

Biomarkers
Biomarkers of inflammation (CRP and ferritin) and D-dimer
did not differ significantly among survivors and non-survivors.
Cardiac biomarkers were elevated in almost half of all included
patients: hs-cTnT ≥ 14 pg/ml in 47%, and NT-proBNP ≥ 450
pg/ml in 39%. The level of these biomarkers was significantly
higher in non-survivors (Table 2). Figure 2 shows a ROC-curve
for all 5 biomarkers with their respective area under the curve
(AUC). CRP, ferritin and D-dimer were not associated with
mortality, while the association of hs-cTnT (AUC: 0.79) and NT-
proBNP (AUC: 0.71) was fair. Based on our data, we explored
an optimal cut-off value for risk prediction for hs-cTnT and
NT-proBNP. A value of 16.5 pg/ml for hs-cTnT corresponded
with sensitivity and specificity for mortality of resp. 71.4 % and
48.6 %. The univariable odds ratio for 30-day all-cause mortality
in patients with hs-cTnT ≥ 16.5 pg/ml was 8.5 (95% CI 2.9,
25.0). For NT-proBNP, an optimal cut-off value of 415.5 pg/ml
corresponded with sensitivity and specificity formortality of resp.
71.4 % and 38.5 %. The univariable odds ratio for 30-day all-cause
mortality in patients with NT-proBNP ≥ 415.5 pg/ml was 5.1
(95% CI 1.8, 14.7). When adjusted for age, the adjusted odds ratio
for 30-day all-cause mortality in patients with hs-cTnT ≥ 16.5
pg/ml was 7.1 (95% CI 2.3, 21.7; P = 0.001). For NT-proBNP a
cut-off value of 415.5 pg/ml corresponded with an adjusted odds
ratio of 3.5 (95% CI 1.1, 10.9; P 0.029). When adjusted for gender,
the adjusted odds ratio for 30-day all-cause mortality in patients
with hs-cTnT≥ 16.5 pg/ml was 7.3 (95% CI 2.4, 21.9; P < 0.001).
For NT-proBNP a cut-off value of 415.5 pg/ml corresponded with
an adjusted odds ratio of 4.6 (95% CI 1.6, 13.4; P 0.006). When
adjusted for kidney function (eGFR < or ≥ 60 mL/min), the
adjusted odds ratio for 30-day all-cause mortality in patients with
hs-cTnT ≥ 16.5 pg/ml was 8.1 (95% CI 2.7, 24.6; P < 0.001). For
NT-proBNP a cut-off value of 415.5 pg/ml corresponded with
an adjusted odds ratio of 4.5 (95% CI 1.5, 13.2; P 0.006). When
adjusted for SOFA-score, the adjusted odds ratio for 30-day all-
cause mortality in patients with hs-cTnT ≥ 16.5 pg/ml was 8.1
(95% CI 2.7, 24.2; P < 0.001). For NT-proBNP a cut-off value of
415.5 pg/ml corresponded with an adjusted odds ratio of 4.8 (95%
CI 1.6, 14.5; P 0.005). A survival analysis based upon the level
of hs-cTnT and NT-proBNP on admission to ICU is presented
in Figure 3. The unadjusted and adjusted odds ratios for 30-day
all-cause mortality are in Figures 4, 5.

TABLE 2 | Distribution of baseline demographics, disease severity, laboratory

assessments, and echocardiographic parameters of patients between survivors

and non-survivors.

Survivors Non-survivors P-value

(n = 79) (n = 21)

Demographics

Age (y) 61.0 (IQR 52.0–71.0) 69.0 (IQR 66.5–72.0) 0.008

Sex

Male 48 (60.8 %) 18 (85.7 %) 0.032

Female 31 (39.2 %) 3 (14.3 %)

BMI (kg/m²) 28.9 (IQR 25.7–33.9) 25.8 (IQR 22.4–31.4) 0.034

Smoking history 0.338

No smoker 48 (60.8%) 9 (42.9%)

Former smoker 26 (32.9%) 10 (47.6%)

Active smoker 5 (6.3%) 2 (9.5%)

Transferred from 0.826

Emergency

department

36 (45.6%) 8 (38.1%)

Pneumology ward 17 (21.5%) 5 (23.8%)

Other hospital (not

ICU)

26 (32.9%) 8 (38.1%)

Length of stay ICU (d) 10.0 (IQR 5.0–16.0) 15.0 (IQR 6.5–24.0) 0.085

Comorbidities

Arterial hypertension 33 (41.8 %) 9 (42.9 %) 0.929

Kidney disease upon admission 0.031

eGFR < 30 mL/min 1 (1.3%) 2 (9.5%)

eGFR 30–60 mL/min 11 (13.9%) 6 (28.6%)

eGFR > 60 mL/min 67 (84.8%) 13 (61.9%)

Diabetes mellitus 22 (27.8 %) 6 (28.6 %) 0.948

Obstructive sleep

apnea

2 (2.5%) 4 (19.0%) 0.005

Chronic obstructive

pulmonary disease /

asthma

2 (2.5%) 6 (28.6%) <0.001

Hypercholesterolemia 27 (34.2%) 13 (61.9%) 0.021

Coronary artery disease 12 (15.2%) 5 (23.8%) 0.350

Peripheral artery

disease

3 (3.8%) 3 (14.3%) 0.072

Chronic medication

Use of statins 25 (31.6%) 12 (57.1%) 0.031

Use of antidiabetic drugs

Metformin 20 (25.3%) 4 (19.0%) 0.550

SGLT2 inhibitor 0 (0.0%) 2 (9.5%) 0.006

Other 11 (13.9%) 4 (19.0%) 0.559

Use of antihypertensive drugs

ACE-inhibitor 22 (27.8%) 6 (28.6%) 0.948

Beta blocker 31 (39.2%) 9 (42.9%) 0.764

Other 22 (27.8%) 3 (14.3%) 0.202

Use of antithrombotic / anticoagulant drugs

Aspirin 13 (16.5%) 7 (33.3%) 0.086

P2Y12 inhibitor 2 (2.5%) 2 (9.5%) 0.146

NOAC or VKA 7 (8.9%) 5 (23.8%) 0.061

Medication administered on ICU

Dexamethasone 56 (70.9%) 18 (85.7%) 0.169

(Continued)
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TABLE 2 | Continued

Survivors Non-survivors P-value

(n = 79) (n = 21)

Remdesivir 6 (7.6%) 6 (28.6%) 0.009

Hydroxychlorquine 10 (12.7%) 1 (4.8%) 0.304

Convalescent plasma 8 (10.1%) 2 (9.5%) 0.935

Severity of illness at time of inclusion

Use of vasopressors 36 (45.6 %) 18 (85.7 %) 0.001

Use of mechanical

ventilation

42 (53.2 %) 18 (85.7 %) 0.007

Use of vv-ECMO 4 (5.1 %) 3 (14.3 %) 0.141

Total SOFA-score 3.0 (IQR 2.0–8.0) 4.0 (IQR 2.0–11.5) 0.342

Respiratory

SOFA-score

2.0 (IQR 2.0–3.0) 2.0 (IQR 2.0–3.0) 0.784

P/F ratio (IQR) 96.3

(IQR 70.2–120.6)

92.9

(IQR 74.5–153.5)

0.375

Inflammatory markers at time of inclusion

CRP (mg/L) 137.1

(IQR 69.0–208.0)

125.5

(IQR 56.5–200.5)

0.496

D-dimer (ng/mL) 1025.0 (IQR

640.0–1740.0)

965.0 (IQR

625.0–2885.0)

0.912

Ferritin (µg/L) 1079.0 (IQR

661.0–2271.0)

1492.0 (IQR

603.0–3072.0)

0.469

Cardiac biomarkers at time of inclusion

hs-cTnT (µg/L)

≥16.5 µg/L 18 (22.8 %) 15 (71.4 %) < 0.001

<16.5 µg/L 61 (77.2 %) 6 (28.6 %)

NT-proBNP (pg/mL)

≥415.5 pg/mL 26 (32.9 %) 15 (71.4 %) 0.001

<415.5 pg/mL 53 (67.1 %) 6 (28.6 %)

Echocardiography parameters at time of inclusion

LVEF (%)

Normal (>50%) 62 (86.1 %) 10 (58.8 %) 0.011

Midrange (40–50%) 10 (13.9 %) 6 (35.3 %)

Reduced (< 40%) 0 (0.0 %) 1 (5.9 %)

LVEDD (mm) 47.0 (IQR 43.0–51.0) 46.0 (IQR 40.0–54.0) 1.000

Diastolic function

E/A

<1.5 55 (83.3 %) 12 (92.3 %) 0.410

≥1.5 11 (16.7 %) 1 (7.7 %)

E/e′ septal

<14 52 (86.7 %) 8 (66.7 %) 0.090

≥14 8 (13.3 %) 4 (33.3 %)

Right ventricular function

TAPSE ≥ 14mm 62 (96.9 %) 11 (84.6 %) 0.069

Pulmonary artery

pressure (mmHg)

22.0 (IQR 11.8–30.0) 29.0 (IQR 26.0–37.0) 0.043

Moderate to severe

valvular dysfunction

4 (5.6 %) 3 (18.8 %) 0.081

Pericardial effusion 3 (4.2 %) 1 (5.9 %) 0.759

BMI, body mass index; vv-ECMO, venovenous extracorporeal membrane oxygenation;

SOFA, Sequential Organ Failure Assessment; CRP, c-reactive protein; NT-proBNP, N-

terminal pro-brain natriuretic peptide; hs-cTnT, high sensitive troponin T; LVEDD, left

ventricular end diastolic diameter; TAPSE, tricuspid annular plane systolic excursion; LVEF,

left ventricular ejection fraction; MR, mitral regurgitation; AR, aortic regurgitation; TR,

tricuspid regurgitation; ICU, intensive care unit. Statistically significant result are marked

in bold.

Echocardiography
Transthoracic echocardiography was not feasible in 11 patients
(11%) due to poor visualization or prone ventilation. LVEF
was reduced in 19.1% of patients (Table 1). One patient had
a severely reduced LVEF of 25%, which was pre-existing due
to a non-ischemic dilated cardiomyopathy. Sixteen patients
(18.0%) had a mildly reduced LVEF. Of these, four patients
(25%) were known with coronary artery disease and a pre-
existing mildly reduced ejection fraction. For the other portion
of patients there was no history of coronary artery disease
and no previous echocardiography available. However, during
admission none of the patients had evidence for acute ischemic
signs on a continuous 3-lead ECG and daily 12-lead ECG.
LVEF was significantly lower in those who ultimately died
(Table 2). Levels of hs-cTnT and NT-proBNP were elevated in,
respectively, 38.9 and 34.7% of patients with normal LVEF. Right
ventricular function, evaluated by TAPSE, was normal (≥14mm)
in 94.8% of our cohort. After dichotomization between normal
and abnormal TAPSE (≥ vs.<14mm), patients with an abnormal
RV function had higher mortality but this increase was not
significant. There was no significant difference between survivors
and non-survivors concerning diastolic function. The presence
of moderate to severe valvular regurgitation (aortic, mitral, and
tricuspid) or pericardial effusion did not differ significantly
between the two groups. When adjusted for SOFA-score, the
adjusted OR for 30-day all-cause mortality in patients with a
reduced LVEF was 4.8 (95% CI 1.4, 16.2; P 0.011), which is
represented in Figure 5. When adjusted for age, the adjusted OR
for 30-day all-cause mortality in patients with a reduced LVEF
was 3.7 (95% CI 1.1, 12.3; P 0.034). When adjusted for gender,
the adjusted OR for 30-day all-cause mortality in patients with a
reduced LVEF was 3.9 (95% CI 1.2, 12.9; P 0.026). Unadjusted
OR’s for 30-day all-cause mortality for all echocardiographic
findings are shown in Figure 4.

DISCUSSION

This prospective study in critically ill COVID-19 patients has
six important findings: (I) elevated levels of hs-cTnT and NT-
proBNP upon admission are common and were found in,
respectively, 47 and 39% of patients, (II) Elevated cardiac
biomarkers are not necessarily linked to ventricular dysfunction
as around 40% of patients with normal ejection fraction
had either elevated levels of hs-cTnT and/or NT-proBNP,
(III) Elevated levels of hs-cTnT, and to a lesser extent, NT-
proBNP were associated with mortality, (IV) Serum levels of
frequently used biomarkers (C-reactive protein, D-dimer and
ferritin) and other clinical parameters of disease-severity (total
SOFA, respiratory SOFA and P/F ratio) were not predictive
for 30-day all-cause mortality, (V) Decreased LV function was
associated with worse prognosis, whereas diastolic dysfunction
and impaired RV function were not, (VI) cardiac ultrasound was
not possible for various reasons in as much as 11% of this cohort
of critical COVID-19 patients.

Whether cardiac biomarkers should be systematically
measured as part of the workup for every hospitalized
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Area under the curve (AUC) 95% confidence interval P-value

hs-cTnT 0.797 0.687–0.907 <0.001

NT-proBNP 0.732 0.594–0.870 0.001

CRP 0.451 0.309–0.594 0.496

D-dimer 0.508 0.349–0.668 0.912

Ferritin 0.552 0.406–0.697 0.469

FIGURE 2 | Receiver operating characteristic curve. Receiver operating characteristic (ROC) curves for five biochemical markers: high-sensitive troponin T (A),

N-terminal pro-brain natriuretic peptide (B), C-reactive protein (C), D-dimer (D) and ferritin (E). hs-cTnT, high-sensitive troponin T; NT-proBNP, N-terminal pro-brain

natriuretic peptide. Statistically significant result are marked in bold.

COVID-19 patient remains subject of debate. Currently,
the European Society of Cardiology (ESC) and the American
College of Cardiology (ACC) recommend against their routine
use, while awaiting more evidence, as they warn for unnecessary
diagnostic investigations, risk exposure and medical overuse
(16, 28). Another reason to not currently recommend the routine
use of cardiac biomarkers in prognostication is the belief that
these markers would only be of limited incremental prognostic
value to other markers of disease-severity (31). Recent research
showed for example that higher D-dimer levels on admission
to ICU seem to be independently associated with higher risk
of death in critical COVID-19 (32). This, however, contrasts
with the findings in our study and previous research. In an
early report of 191 patients with COVID-19 in Wuhan, the
univariable odds ratio for mortality when hs-cTnT was above

the 99th percentile upper reference limit was 80.1 (95% CI,
10.3–620.4; P < 0.0001) regardless of underlying cardiovascular
disease. This was higher than for all other biomarkers or
scores tested, including D-dimer, ferritin and SOFA-score (33).
Another study by Manocha et al. showed that hs-cTnT was
the only independent predictor of mortality among the same
five biomarkers (i.e., CRP, ferritin, D-dimer, NT-proBNP and
hs-cTnT), whereas Shi et al. found statistical significance for both
hs-cTnT and NT-proBNP (34, 35). Our results are in line with
these findings and support the statement of Sandoval et al. that
the use of cardiac biomarkers for prognostic purposes may help
in risk-stratification (36). We furthermore agree that this should
not necessarily lead to unnecessary diagnostic testing when it is
accompanied by clear education about the goals and implications
of potentially elevated biomarkers (36).
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FIGURE 3 | Survival analysis based upon the level of hs-cTnT and NT-proBNP on admission to ICU. Survival analysis based upon both levels of high sensitive troponin

T (A) and N-terminal pro-brain natriuretic peptide (B) on admission to ICU. hs-cTnT, high-sensitive troponin T; NT-proBNP, N-terminal pro-brain natriuretic peptide.

We observed a reduced left and right ventricular function
in, respectively 17 and 5.2% of our patients. Previous large-
scale research found similar results concerning reduced left
ventricular function (20%), whereas right ventricular function
was reduced in about 30% (23). Based on our data, reduced
left ventricular systolic function was associated with mortality.
However, right ventricular function, assessed with TAPSE, which
only estimates longitudinal right ventricular function, was not.
Due to the low number of patients with reduced right ventricular
contractility one should interpret this finding with caution. In
previous research, left- and right ventricular function, analyzed
with strain measurements, were both correlated with poor

outcome (23, 26, 37). Diastolic dysfunction, based upon E/A

and E/e
′

measurement, was not associated with higher odds
for 30-day all-cause mortality. A prospective study of Szekely
et al. showed similar results for E/A, though elevated E/e’

in their cohort was associated with a higher hazard ratio
for death. However, this result just narrowly met statistical
significance (HR 1.08, 95% CI: 1.001, 1.2) (22). Overall,
comparison of echocardiographic findings in COVID-19 subjects
is difficult given the large heterogeneity in study populations and
measurement approaches (37).

The fact that patients with elevated cardiac biomarkers did
not necessarily have a reduced LVEF underlines the hypothesis
that cardiac injury in COVID-19 may be due to a myriad
of causes including direct myocardial injury of SARS-CoV-
2 and indirect myocardial stress due to respiratory failure,
thrombogenicity, sympathetic stimulation, cytokine release and

endothelial dysfunction (31, 38–40). In recent research using
cardiac magnetic resonance imaging (cMRI), COVID-19 patients
with elevated hs-cTnT of unknown origin showed to have both
ischemic and non-ischemic alterations on cMRI. However, in
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FIGURE 4 | Univariable odds ratio for 30-day all-cause mortality. Univariable odds ratio for 30-day all-cause mortality for cardiac biomarkers hs-cTnT and NT-proBNP

as well as several echocardiographic measurements (reduced left ventricular ejection fraction (LVEF), increased E/e’, increased E/A, decreased tricuspid annular plane

systolic excursion (TAPSE), valvular dysfunction and pericardial fluid). Both elevated cardiac biomarkers above their respective cut-off value and a reduced LVEF had a

significant higher odds ratios for 30-day all-cause mortality. NT-proBNP, N-terminal pro-brain natriuretic peptide; hs-cTnT, high sensitive troponin T; TAPSE, tricuspid

annular plane systolic excursion; LVEF, left ventricular ejection fraction; OR, odds ratio.

FIGURE 5 | Adjusted odds ratio for 30-day all-cause mortality. Odds ratio for 30-day all-cause mortality, adjusted for SOFA-score, for cardiac biomarkers hs-cTnT

and NT-proBNP as well as reduced left ventricular ejection fraction. NT-proBNP, N-terminal pro-brain natriuretic peptide; hs-cTnT, high sensitive troponin T. LVEF, left

ventricular ejection fraction; OR, odds ratio.

31% of cases even with cMRI no cause could be found and most
subjects had a normal LVEF (93%) (41). As such, elevated cardiac
biomarkers may represent disease severity in a more complete
way than routine echocardiography.

Moreover, routine echocardiography is not always possible
in real-world practice due to practical (poor visualization
and prone ventilation) or logistic problems, which limits its
use even more. In the present cohort echocardiography was
not feasible in about one tenth of patients. Furthermore, it

exposes health care personnel to contagious risks and may
be more time-consuming due to disinfection protocols. Taken
together, the additive value of routine echocardiography on
top of the measurement of cardiac biomarkers is questionable,
even though reduced left ventricular function may predict
worse outcome. This is in line with the ESC guidance, which
currently recommends against performing echocardiography in
COVID-19 patients, unless it is likely to alter the management
strategy (16).
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The current study has some important strengths. First,
the study population was critically ill and prospectively
evaluated, which contrasts with most studies evaluating all
hospitalized patients retrospectively. Second, the combination of
a prospective assessment of biomarkers and echocardiography in
the same study population is rather unique. To our knowledge,
only two smaller similar series were previously published (42, 43).
In these studies, LV dysfunction was common in patients with
elevated serum levels of hs-cTnT, though also present in 12% of
patients without elevated levels of hs-cTnT (42, 43). However,
possible relationships between the levels of cardiac biomarkers
or echocardiographic findings and outcome parameters were
not studied.

Five study limitations should also be addressed. First, no
serial data of cardiac biomarkers were obtained, although this
could be of interest as dynamic changes and/or peak values
during admission may add additive value in prognostication
(36, 44). Second, extrapolation of these results should be done
with caution as this was a single-center study in critical COVID-
19 patients and criteria for admission to ICU may differ between
hospitals. For instance, COVID-19 patients with mono-organ
failure requiring high flow nasal cannula, as well as patients with
established do-not-resuscitate orders were admitted to dedicated
mid-care units and thus not included in the present study. Third,
our study has a relatively small sample size and results must be
validated in larger cohorts. Fourth, echocardiographic evaluation
of LVEF was performed using eye-balling methodology and no
other more advanced imaging techniques were obtained. Finally,
the extent of preexisting cardiovascular disease was largely
unknown and therefore no difference could be made between
established cardiovascular disease and new COVID-19 induced
cardiovascular abnormalities.

CONCLUSION

This study highlights the strong predictive value of the
cardiac biomarkers hs-cTnT and NT-proBNP taken upon

ICU admission in critically ill COVID-19 patients. They
outperform other routinely used biomarkers, as well as clinical
indices of disease severity in ICU in this specific cohort.
Transthoracic echocardiography has several limitations and
should therefore only be considered if it is likely to impact
therapeutic management.
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Background: Individuals with cardiovascular disease are considered high risk for severe

COVID-19. However, the clinical impact of COVID-19 in patients with hypertrophic

cardiomyopathy (HCM) is unknown. The purpose of this study was to describe the clinical

course and outcomes of COVID-19 in patients with HCM.

Methods: This retrospective observational study included adults with HCM and positive

PCR/antibody test for SARS-CoV-2 at a large urban hospital system in the New York from

January, 2020 to January, 2021.

Results: Seventy individuals were included, with a mean (SD) age of 60.1 (15.1) years,

39 (55.7%) of whom were male, and 42 (60%) white. Forty-five (65.3%) patients had

obstructive HCM. Hypertension and obesity (BMI ≥ 30) were present in 45 (64.3%)

and 37 (52.9%) patients, and the prevalence of atrial fibrillation, obstructive sleep apnea

and diabetes was high. Common symptoms of COVID-19 were fever, cough, shortness

of breath and fatigue, affecting 33 (47.1%), 33 (47.1%), 28 (40.0%), and 28 (40.0%)

patients, respectively. Fourteen (20%) patients were hospitalized. The majority (45

[64.3%] patients) recovered without intervention. Two patients had non-fatal pulmonary

embolisms, 1 had atrial fibrillation requiring electrical cardioversion and 1 had acute

decompensated heart failure. Three (4.3%) patients required mechanical ventilation, two

of whom died (case fatality rate 2.9%). A total of 15 (21.4%) patients were asymptomatic.

Conclusions: Our data suggest that in this diverse and high-risk group of patients

with HCM, established risk factors for severe COVID-19, such as obesity, may be more

important drivers of morbidity and mortality than the presence of HCM alone.
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INTRODUCTION

Since the beginning of the COVID-19 pandemic, over 200 million cases with over 4 million
deaths worldwide have been recorded (1). Cardiovascular disease has emerged as risk factor for
increased morbidity and mortality (2–4). Heart failure in particular was shown to be associated
with worse outcomes (5). Hypertrophic cardiomyopathy is the most common inherited cardiac
disorder and is characterized by cardiac hypertrophy, left ventricular outflow obstruction in the
majority of cases, and diastolic dysfunction (6). We were particularly concerned about outcomes of
patients with hypertrophic cardiomyopathy (HCM) due to reports of ACE2 gene upregulation in
septal myectomy specimens (7) — the ACE2 receptor being the entry point for the SARS-CoV-2
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virus. However, the impact of preexisting HCM on the clinical
course of COVID-19 is currently unknown. This study aimed to
examine the outcomes of COVID-19 in patients with HCM.

MATERIALS AND METHODS

To address this question, we performed a retrospective cohort
study of consecutive adult patients, age ≥18 years with HCM
who underwent testing for COVID-19 PCR or antibodies at NYU
LangoneHealth, a large urban healthcare system in the NewYork
City area with hospitals in Manhattan, Brooklyn, and Nassau
County between January 1, 2020 and January 6, 2021. Individuals
were included in the study if they had either positive SARS-CoV-
2 PCR or antibody testing. The study was approved by the NYU
Grossman School of Medicine’s Institutional Review Board and
informed consent was waived.

Imaging studies were reviewed by one cardiologist (D.M.)
to confirm HCM diagnosis by current guidelines (6) and to
identify HCM structural characteristics including distribution
of left ventricular hypertrophy (LVH), systolic anterior motion
(SAM), left ventricular outflow tract (LVOT) obstruction,
mid-ventricular obstruction, apical aneurysm, and mitral
annular calcification (MAC). Clinical information was recorded,
including medical therapy, history of septal myectomy or alcohol
septal ablation, comorbid conditions, COVID-19 presenting
symptoms, treatment, hospitalizations, and outcomes. Statistical
analysis was performed using STATA 16 (StataCorp LLC,
College Station, TX) (8). Data were expressed as means and
standard deviation (SD) or medians (interquartile range) for

FIGURE 1 | Distribution of patients by zip code. One patient per zip code. Two patients per zip code. Three patients per zip code.

continuous variables, and proportions for categorical variables,
as appropriate. The unpaired t-test or the Mann Whitney U test
were used to compare continuous variables, as appropriate, and
the chi-squared or Fisher’s exact test for categorical variables. A
p < 0.05 was considered significant.

RESULTS

Demographics and HCM Characteristics
A total of 70 patients with HCM had positive COVID-19 testing,

58 (82.9%) of whom by PCR and 12 (17.1%) only by antibody
testing. Median (IQR) age was 62 (51–71) years, 39 (55.7%)

were male. There were 42 (60%) white, 19 (27%) Black, and 5

(7%) Asian individuals, of whom 10 (14%) were of Hispanic

ethnicity. Individuals resided in the NYC metropolitan tri-state
area (including Westchester County, Nassau County, Suffolk
County, New Jersey and Connecticut) (Figure 1).

The majority of patients, 45 (64%), in this sample had
obstructive HCM, defined as ≥30 mmHg LVOT or mid-
ventricular gradient at rest or with provocation. Apical aneurysm
was present in five (7.1%) patients, all of whom had a mid-
systolic Doppler signal void (9). Asymmetric septal hypertrophy
(ASH) was present in 60 (85.7%) individuals, Mean (SD) left
ventricular ejection fraction was 69.6 (5.6) % and mean maximal
LV wall thickness was 17.6 (4.2) mm. Fifteen patients (21.7%)
had an implantable cardioverter defibrillator and one patient had
a permanent pacemaker. Most patients were on standard HCM
specific medical therapy including beta blockers and calcium
channel blockers (Table 1). Disopyramide was used in 11 (15.9%)
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TABLE 1 | Demographics and baseline HCM characteristics.

Total

N = 70

Hospitalized

N=14

Non-hospitalized

N = 56

p-value

Age, median (IQR), years 62 (51–71) 64.5 (55–78) 61.5 (48.5–70) 0.155

Male sex, N (%) 39 (55.7) 6(42.9) 33 (58.9) 0.279

Race, N (%)

White

Black/African American

Asian

42 (60.0)

19 (27.1)

5 (7.1)

8 (57.1)

6 (42.9)

0 (0)

34 (60.7)

13 (23.2)

5 (8.9)

0.569

Ethnicity, N (%)

Hispanic 10 (14.3) 2 (14.3) 8 (14.3)
0.967

LV ejection fraction, median (IQR), % 70 (65–75) 72.5 (65–75) 70 (65–75) 0.208

Maximum LV thickness, median (IQR), mm 17 (15–20) 18 (16–20) 17 (15–20) 0.370

Type HCM, N (%)

Non-obstructive

Obstructive

23 (32.9)

47 (67.1)

6 (42.9)

8 (57.1)

17 (30.4)

39 (69.6)

0.373

Distribution of LV hypertrophy, N (%)

Asymmetric septal hypertrophy

Concentric hypertrophy

Apical hypertrophy

60 (85.7)

4 (5.8)

15 (21.4)

11 (78.6)

0 (0)

2 (14.3)

48 (85.7)

4 (7.1)

13 (23.2)

0.608

Apical aneurysm

Pulmonary hypertension

5 (7.1)

4 (5.7)

1 (7.1)

3 (21.4)

4 (7.1)

1 (1.8)

0.684

0.023

≥ moderate mitral regurgitation, N (%) 4 (5.7) 0 (0) 4 (7.1) 0.401

≥ moderate aortic stenosis, N (%) 1 (1.4) 0 (0) 1 (1.8) 0.200

History of surgical septal myectomy, N (%) 15 (21.4) 1 (7.1) 14 (25) 0.135

Beta blocker, N (%)

Calcium channel blocker, N (%)

Disopyramide, N (%)

ACE/ARBs, N (%)

Amlodipine, N (%)

Diuretics, N (%)

Anti-coagulant therapy, N (%)

Anti-platelet agents, N (%)

58 (82.9)

16 (22.9)

11 (15.7)

14 (20.0)

8 (11.4)

22 (31.4)

19 (27.1)

22 (31.4)

11 (78.6)

5 (35.7)

4 (28.6)

2 (14.3)

3 (21.4)

5 (35.7)

7 (50)

4 (28.6)

47 (83.9)

11 (20)

7 (12.5)

12 (21.4)

5 (8.9)

17 (30.4)

12 (21.4)

18 (32.1)

0.634

0.214

0.143

0.494

0.193

0.699

0.032

0.506

Implantable cardioverter defibrillator, N (%) 15 (21.7) 2 (14.3) 13 (23.2) 0.374

patients and 15 (21.4%) had a prior history of surgical septal
myectomy; none had alcohol septal ablation. A total of 26 (37.1%)
individuals were taking QT-prolonging drugs.

Co-morbidities
The overall burden of co-morbidities was high (Table 2).
The most common co-morbidities were hypertension in
45 (64.3%), obesity (BMI>30 kg/m2) in 37 (52.9%), atrial
fibrillation in 23 (32.3%), coronary artery disease in 17 (24.3%),
obstructive sleep apnea in 15 (21.4%) and diabetes in 15
(21.4%) patients. Individuals in this sample had a median
(IQR) of three (2–5) co-morbidities in addition to HCM.
There were no significant differences in co-morbidities between
racial/ethnic groups and between men and women (data
not shown).

COVID-19 Course and Outcomes
Fifteen individuals (24.3%) in this cohort were asymptomatic.
The most common symptoms included fever in 33 (47.1%),
cough in 33 (47.1%), shortness of breath in 28 (40.0%)
and fatigue in 28 (40.0%) patients (Table 3). The majority
of patients, 45 (64.3%), did not seek or require medical

interventions. Medical therapy included the use of antibiotics
and steroids. Azithromycin was given to five (7.1%) patients
and hydroxychloroquine to six (8.6%). Fourteen (20.0%) patients
were hospitalized. There were no significant differences in
demographics, HCM characteristics, or co-morbidity profile
between the hospitalized and the non-hospitalized group.
However, there were differences in presenting symptoms between
the groups, as expected. The majority of hospitalized patients
presented with shortness of breath, cough and fever than the
non-hospitalized patients, 13 (92.9%) vs. 15 (26.8%), p < 0.001,
10 (71.4%) vs. 23 (41%), p = 0.042, and 10 (71.4%) vs. 23
(41%), p = 0.042, respectively. Furthermore, treatment differed
between the hospitalized and non-hospitalized patients, with
hospitalized patients utilizing more antibiotic therapy. Four of
the hospitalized individuals required intensive care and three
required intubation and mechanical ventilation. Two patients
(2.9%) died during hospital admission, one woman and one man,
both non-Hispanic whites, ages 69 and 71 years, and both obese,
with BMI of 38 and 35.3 kg/m2. The female patient had non-
obstructive HCM (maximal wall thickness 23mm), hypertension,
hyperlipidemia, non-obstructive coronary artery disease, non-
insulin dependent diabetes, COPD, liver steatosis, paroxysmal
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TABLE 2 | Co-morbidities.

Total

N = 70

Hospitalized

N = 14

Non-hospitalized

N = 56

p-value

Hypertension, N (%) 45 (64.3) 11 (78.6) 34 (60.7) 0.212

Hyperlipidemia, N (%) 41 (58.6) 7 (50) 34 (60.7) 0.467

Coronary artery disease, N (%) 17 (24.3) 4 (28.6) 13 (23.2) 0.676

Atrial fibrillation, N (%) 23 (32.3) 5 (35.7) 18 (32.1) 0.799

Stroke or transient ischemic attack, N (%) 5 (7.1) 1 (7.1) 4 (7.1) 0.684

BMI, mean (SD), kg/m2 31.6 (6.0) 32.1 (1.6) 31.2 (0.81) 0.805

BMI > 30, N (%) 37 (52.9) 9 (64.3) 28 (50.0) 0.338

DM, N (%)

Insulin dependent

Non-insulin dependent

3 (4.3)

12 (14.3)

1 (7.1)

3 (21.4)

2 (3.4)

9 (16.1)

0.591

Liver disease, N (%)

Hepatitis C

Steatosis

2 (2.9)

3 (4.3)

0 (0)

2 (14.3)

2 (3.6)

1 (1.8)

0.300

Chronic kidney disease, N (%) 7 (10.0) 3 (21.4) 4 (7.3) 0.142

Asthma or COPD, N (%) 9 (12.9) 3 (21.4) 6 (10.7) 0.253

Obstructive sleep apnea, N (%) 15 (21.4) 3 (21.4) 12 (21.4) 0.626

Cancer – active, N (%) 1 (1.4) 0 (0) 1 (1.8) 0.800

HIV, N (%) 1 (1.4) 0 (0) 1 (1.8) 0.800

Number of cardiac co-morbidities, median (IQR) 2 (1–3) 2 (1–3) 2 (1–3) 0.477

Number of total co-morbidities, median (IQR) 3 (2–5) 3.5 (2–5) 3 (2–5) 0.296

TABLE 3 | COVID-19 symptoms, treatment, outcomes.

Total

N = 70

Hospitalized

N = 14

Non-hospitalized

N = 56

p-value

COVID-19 diagnostic testing, N (%)

Positive SARS-CoV-2 PCR

Positive SARS-CoV-2 IgG antibodies only

58 (82.9)

12 (17.1)

14 (100)

0 (0)

44 (78.6)

12 (21.4)

0.057

Presenting symptoms, N (%)

None

Fever

Cough

Shortness of breath

Fatigue

GI distress

Loss of smell/taste

15 (21.4)

33 (47.1)

33 (47.1)

28 (40.0)

28 (40.0)

6 (8.6)

11 (15.7)

0 (0)

10 (71.4)

10 (71.4)

13 (92.9)

3 (21.4)

2 (14.3)

0 (0)

15 (26.8)

23 (41)

23 (41)

15 (26.8)

25 (44.6)

2 (7.1)

11 (19.6)

0.023

0.042

0.042

<0.001

0.113

0.345

0.069

COVID-19 therapy, N (%)

None/supportive

Azithromycin

Hydroxychloroquine

Non-macrolide antibiotics

Steroids

Remdesivir

45 (64.3)

5 (7.1)

6 (8.6)

6 (8.6)

7 (10.0)

1 (1.4)

5 (35.7)

4 (28.6)

5 (35.7)

3 (21.4)

4 (28.6)

1 (7.1)

40 (71.4)

1 (1.8)

1 (1.8)

3 (5.4)

3 (5.4)

0 (0)

0.045

0.005

0.001

0.090

0.026

0.200

COVID-19-associated complications in hospitalized patients, No. (%)

Pulmonary embolism, N (%)

Deep vein thrombosis, N (%)

Thrombocytopenia, N (%)

Atrial fibrillation requiring cardioversion, N (%)

Acute decompensated heart failure

2 (2.9)

1 (1.4)

1 (1.4)

1 (1.4)

1 (1.4)

ICU hospitalization, N (%) 4 (5.7)

Intubated, N (%) 3 (4.3)

Deceased, N (%) 2 (2.9)
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atrial fibrillation, chronic renal disease, and an implantable
cardiac defibrillator for primary prevention of sudden cardiac
death. The male patient had obstructive HCM with SAM,
LVOT obstruction with a peak LVOT gradient at rest of 108
mmHg, moderate aortic valve stenosis and obstructive sleep
apnea. In addition, two (2.9%) patients presented with non-
fatal pulmonary embolisms, one of whom was also found to
have a tibial deep vein thrombosis and presented with atrial
fibrillation requiring electrical cardioversion. One patient (1.4%)
presented with acute decompensated heart failure requiring
intravenous diuretics.

DISCUSSION

This study is the first to examine the clinical course and outcomes
of COVID-19 in patients with HCM, a significant proportion
of whom had prior septal myectomy surgery and implantable
cardioverter defibrillators. The hospital admission rate was high
at 20%.The case fatality rate in this sample was similar to the
general population (1). Both individuals who died had multiple
co-morbid conditions associated with higher morbidity and
mortality [2, 3.] Among hospitalized patients, the distribution
of non-obstructive and obstructive HCM patients mirrors the
distribution in unselected HCM cohorts (10). There were no
significant differences in demographics, HCM characteristics,
or COVID-19 risk factors between the hospitalized and not
hospitalized group. One reason for this may be that only four
patients required an ICU level of care. Moreover, a majority of
the non-ICU hospitalized patients were treated with supportive
care. It is likely that most were admitted for observation
and monitoring of possible COVID-19 related deterioration,
given that the presenting COVID-19 related symptom of the
vast majority of hospitalized patients was shortness of breath.
The overall low numbers of seriously ill HCM patients with
COVID-19 in the sample preclude an adequate statistical
analysis on risk profiles. Two patients presented with non-fatal
pulmonary embolisms, a known complication of COVID-19
(11). Furthermore, even though one patient presented with acute
decompensated heart failure, this is not uncommon in the setting
of acute illness (12).

Prior reports have noted that there is ACE2 receptor
upregulation in HCM tissue specimens (7), and ACE2 is the entry
point of SARS-Cov-2. One small study examined cardiac samples
from individuals with dilated cardiomyopathy, hypertrophic
cardiomyopathy and healthy controls, which also supported
upregulation of ACE2 in HCM tissue, but did not observe a
difference in ACE2 expression between HCM patients taking
ACE inhibitor medicines and those who did not (13). However,
the clinical impact of this upregulation in HCM is unclear. Our
study is the first to examine the clinical impact of COVID-19 on

HCM patients in real world conditions. Our data suggest that
HCM may not in itself contribute to worse clinical outcomes
from COVID-19, above other established risk factors, such as
age and obesity. Further studies in larger cohorts of patients with
HCM and COVID-19 are needed.

Limitations of this study include the possibility of selection
bias, underreporting and asymptomatic infections leading to a
high admission rate. Furthermore, the relatively small sample
size may limit the generalization of results. However, our
cohort is representative of a diverse population. Last, as
patients with HCM were deemed high risk for COVID-19
complications along with other types of cardiovascular disease,
this awareness may have led to strict adherence with social
distancing recommendations, which may have been the cause of
a lower infection rate.

In conclusion, our data suggest that HCM in itself does
not carry a higher risk of COVID-19 disease severity and
complications. Established risk factors for severe COVID-19,
such as age and obesity may be more influential.
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Higher Incidence of Stroke in Severe
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Higher Burden of Arrhythmias:
Comparison With Other Types of
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Aims: Thromboembolic events, including stroke, are typical complications of COVID-19.

Whether arrhythmias, frequently described in severe COVID-19, are disease-specific and

thus promote strokes is unclear. We investigated the occurrence of arrhythmias and

stroke during rhythm monitoring in critically ill patients with COVID-19, compared with

severe pneumonia of other origins.

Methods and Results: This retrospective study included 120 critically ill patients

requiring mechanical ventilation in three European tertiary hospitals, including n =60

COVID-19, matched according to risk factors for the occurrence of arrhythmias in n= 60

patients from a retrospective consecutive cohort of severe pneumonia of other origins.

Arrhythmias, mainly atrial fibrillation (AF), were frequent in COVID-19. However, when

compared with non-COVID-19, no difference was observed with respect to ventricular

tachycardias (VT) and relevant bradyarrhythmias (VT 10.0 vs. 8.4 %, p = ns and asystole

5.0 vs. 3.3%, p = ns) with consequent similar rates of cardiopulmonary resuscitation

(6.7 vs. 10.0%, p = ns). AF was even more common in non-COVID-19 (AF 18.3 vs.

43.3%, p= 0.003; newly onset AF 10.0 vs. 30.0%, p= 0.006), which resulted in a higher

need for electrical cardioversion (6.7 vs. 20.0%, p = 0.029). Despite these findings and

comparable rates of therapeutic anticoagulation (TAC), the incidence of stroke was higher

in COVID-19 (6.7.% vs. 0.0, p = 0.042). These events also happened in the absence of

AF (50%) and with TAC (50%).

Conclusions: Arrhythmias were common in severe COVID-19, consisting mainly of

AF, yet less frequent than in matched pneumonia of other origins. A contrasting higher

incidence of stroke independent of arrhythmias also observed with TAC, seems to be an

arrhythmia-unrelated disease-specific feature of COVID-19.

Keywords: COVID-19, arrhythmias, atrial fibrillation, stroke, pneumonia, ventricular tachycardia, anticoagulation
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INTRODUCTION

The novel coronavirus disease COVID-19 caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused
a worldwide healthcare crisis with an overstrain of hospital
resources (1, 2). Given its diverse cardiovascular involvement,
further investigation of potential disease-specific processes is
crucial to optimize its medical management (3–5). Although
previous studies observed a high rate of cardiac injury in
COVID-19 infections (3), two recent publications reported rates
of cardiac injury to be similar to non-COVID-19 pneumonia,
pointing against a COVID-19 specific cardiac involvement (6,
7). Similarly, the impact of COVID-19 on cardiac arrhythmias
and thromboembolic events is also yet to be covered to the
full extent. The arrhythmic burden is high in COVID-19
patients. The first investigation from Wang et al. reported
cardiac arrhythmias in 17% of all their included patients and
in 44.4% of those admitted to ICU (8). However, the missing
definition of arrhythmias in that study should be taken into
account when interpreting results (8). A recent work of Bertini
et al. analyzed ECGs in critically ill COVID-19 patients and
reported a high rate of ECG abnormalities (93%) with atrial
fibrillation/flutter being the most common arrhythmia (22%) (9).
In this context, the high incidence of stroke in COVID-19, as the
most frequent thromboembolic complication of atrial fibrillation,
attracts special attention (10–12). Similar investigations on
thromboembolic events including stroke, deep vein thrombosis
(DVT), and pulmonary embolism reported overall rates of up
to 43% in critically ill COVID-19 patients (13–15). Of note,
the majority of patients in those studies received at least a
prophylactic anticoagulation (13–15). These findings suggest
a potential correlation between cardiac arrhythmias and high
rates of stroke and other thromboembolic events. Moreover,
it remains unclear, whether the high arrhythmic burden in
COVID 19 is the effect of unspecific proarrhythmogenic states
promoted by cardiac injury as well as the systemic inflammatory
burden, or whether a COVID-19 specific mechanism exists,
which promotes cardiac arrhythmias. Given its considerable
clinical impact, further investigation on COVID-19 associated
arrhythmias and their potential link to thromboembolic events

is urgently needed. Accordingly, in our multicentre study, we
aimed for a comparative analysis of cardiac arrhythmias as
well as stroke and other thromboembolic events in critically ill
patients requiring ventilator therapy due to SARS-CoV-2 induced
pneumonia matched to a historical cohort requiring respiratory
support due to severe pneumonia of non-COVID-19 origin (non-
COVID-19).

METHODS

The present retrospective study was conducted in three
European tertiary centers in Germany and Austria (University
Hospital Münster, Maria Hilf Hospital Mönchengladbach and
the University Hospital Salzburg). The study was conducted in
accordance with the Declaration of Helsinki and the standards of
good clinical practice. All three local ethic committees approved

the present study (University Hospital Münster Nr. 2020-306-
f-S, Maria Hilf Hospital Mönchengladbach: Nr. 143/2020, and
University Hospital Salzburg: Nr. 1071/2020).

Study Cohorts
A total of 120 patients were involved in this study (60
COVID-19 vs. 60 non-COVID-19). The COVID-19 cohort
consisted of 60 consecutive patients with available ICU
rhythm monitoring who suffered severe pneumonia. Severe
pneumonia was defined as pneumonia-associated respiratory
failure requiring mechanical ventilation [noninvasive ventilation
(NIV) or invasive ventilation]; the term NIV in this study
refers to mechanical ventilation involving end-expiratory and
inspiratory positive air pressure support via a tightly fitted
face mask or helmet, as opposed to invasive ventilation
necessitating endotracheal intubation. All patients included
in the study had some form of mechanical ventilation
(patients who merely needed oxygen insufflations were not
included) between March and May 2020. Patients were
treated according to recent recommendations (1). All patients
received anticoagulation during their ICU stay. A detailed
description with regards to anticoagulation is given in the
Supplementary Methods section. Patients with a history of
hyperthyroid disease, of inherited arrhythmic disorders, and
a history of persistent or permanent atrial fibrillation (AF)
were excluded from the analyses. The diagnosis of COVID-
19 was established in the presence of a positive result in
real-time reverse transcription–polymerase chain reaction assay
(performed according to the manufacturer) for COVID-19
and a chest radiography and/or computer tomography of the
thorax indicative for COVID-19 related pneumonia according to
current recommendations (2).

The control group was recruited from a consecutive
collective of 1,222 patients suffering severe pneumonia of
non-COVID-19 origin. All patients in the control group were
treated between January 2014 and Mach 2020 at the ICU
according to current intensive care guidelines (3). Patients
from the control group requiring mechanical ventilation
(non-invasive/invasive ventilation) were primarily matched to
the COVID-19 population according to the medical history
of paroxysmal AF. To account for potential confounders as
proarrhythmic comorbidities, patients were further matched
for known risk factors associated with cardiac arrhythmias.
Matching was conducted stepwise and manually according
to age, gender, heart failure, coronary artery disease, atrial
flutter, diabetes mellitus, arterial hypertension, valvular heart
disease, and previous stroke/TIA. If more than one candidate
in the retrospective non-COVID-19 cohort fully fulfilled
the matching criteria, the patient with the closest admission
time point as compared with the time point of the beginning
of the recruitment of the COVID-19 cohort (March 2020)
was chosen for matching. To further validate the matching
process, covariate imbalance was assessed. Standardized
differences and omnibus test revealed no statistically significant
covariate imbalance between the two investigated groups
(Supplementary Table 6).
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TABLE 1 | Baseline characteristics.

COVID-19 (n = 60) Non-COVID-19 (n=60) p

n Mean ± SD, median (Q3–Q1) or % n Mean ± SD, median (Q3–Q1) or %

Gender (female) 14/60 23.3% 14/60 23.3% >0.999

Age (years) 60 66.5 ± 12.6 60 65.9 ± 11.61 0.813

BMI (kg/m2 ) 51 27.7 (5.1) 50 25.6 (6.7) 0.493

Medical history

Arterial hypertension 31/60 51.7% 33/60 55% 0.714

Coronary artery disease 9/60 15.0% 9/60 15.0% >0.999

Peripheral vascular disease 4/60 6.7% 2/60 3.3% 0.679

Diabetes mellitus 13/60 21.7% 14/60 23.3% 0.827

Current smoking 10/60 16.7% 16/60 26.7% 0.184

Heart failure 7/60 11.7% 7/60 11.7% >0.999

Valvular heart disease 3/60 5.0% 5/60 8.3% 0.717

Paroxysmal AF 9/60 15.0% 9/60 15.0% >0.999

Atrial flutter 1/60 1.7% 0/60 0% >0.999

Pulmonary arterial hypertension 2/60 3.3% 1/60 1.7% >0.999

Obstructive lung disease 8/60 13.3% 12/60 20.0% 0.327

Structural lung disease 0/60 0% 1/60 1.7% >0.999

Stroke/TIA 6/60 10.0% 3/60 5.0% 0.491

Medication

Beta-blockers 18/60 30.0% 22/60 36.7% 0.439

NOAK/AOK 7/60 11.7% 8/60 13.3% 0.783

Amiodarone 0/60 0% 2/60 3.3% 0.496

AF, atrial fibrillation; BMI, body mass index; SD, standard deviation.

*p<0.05.

Data Collection and Analyses
In all eligible patients, data were retrospectively collected
from electronic medical records. Data obtained comprises
demographics, medical history, laboratory examinations,
comorbidities, complications, specific treatment measures, and
outcomes, and also 12-lead ECGs at ICU admission and complete
rhythmmonitoring during ICU stay (continuous standard three-
lead ECG during complete ICU stay). Laboratory samples
were collected within the first hours after ICU admittance,
and follow-up was conducted on a daily routine according
to the need for clinical assessment. With regards to rhythm
monitoring, baseline rhythm was evaluated and documented
every hour during the entire ICU stay. Analyses of ECGs,
classification of arrhythmias, and quantification of the duration
of arrhythmias in the rhythm monitoring were analyzed and
documented by a trained team of ICU nurses and physicians
in one of the recruiting centers. Cardiac arrhythmias during
ICU rhythm monitoring were classified according to current
guidelines (4–6). AF was defined as the presence of an irregular
rhythm with fibrillatory waves and no defined P-waves for at
least 30 s during rhythm monitoring. Other SVTs were defined
as regular rhythm when atrial and/or ventricular rates exceeded
100 bpm for at least 30 s during monitoring, consistent with
atrial flutter, focal atrial tachycardia, atrioventricular nodal
tachycardia, or atrioventricular tachycardia. Non-sustained
ventricular tachycardia was defined as three or more consecutive
ventricular beats occurring at a rate of ≥100 bpm and sustained

ventricular tachycardia lasting≥30 s. High grade atrioventricular
block was defined as the presence of second- or third-degree
heart block. Bradyarrhythmia absoluta was defined as the
presence of an irregular rhythm with fibrillatory waves and no
defined P-waves as well as heart rate <40/min for at least 30 s.
Asystole was defined as the absence of electrical activity during
rhythm monitoring lasting >6 s. New-onset AF was defined
as AF during ICU monitoring in the absence of AF history, as
indicated by the medical record of the patient.

Diagnosis of thromboembolic/thrombotic events including
pulmonary embolism, thromboembolic stroke, and transient
ischemic attack was established in agreement with current
guidelines (7, 8). The diagnosis of thromboembolic stroke and
transient ischemic attack of thromboembolic origin was verified
by an experienced neurologist. Acquired data were independently
reviewed and entered into the computer database by two blinded
analysts. During ICU stay all recruited patients received standard
prophylactic anticoagulation or therapeutic anticoagulation
(TAC), if indicated, using low molecular weight heparin.

Statistical Analysis
Statistical analysis was conducted using R (version 4.0.2., R
Core Team (2013), R Foundation for Statistical Computing,
Vienna, Austria; http://www.R-project.org/) using the packages
“MatchIt,” “optmatch” and “RItools,” “stddiff,” and also SPSS
(Version 23.0, IBM, Armonk, New York, USA), and was
carried out blindly by our statistical analytic team. Descriptive
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TABLE 2 | Continuous rhythm monitoring during ICU stay.

COVID-19 (n = 60) Non-COVID-19 (n = 60) p

n Median (Q3–Q1) or % n Median (Q3–Q1) or %

Supraventricular tachyarrhythmias

AF during ICU stay 11/60 18.3% 26/60 43.3% 0.003*

New-onset of AF 6/60 10.0% 18/60 30.0% 0.006*

Duration of total AF burden (minutes) 60 780.0 (1,680.0) 60 960.0 (4,035.0) 0.855

Other SVTs$ 5/60 8.3% 8/60 13.3% 0.378

Ventricular tachyarrhythmias

nsVT 4/60 6.7% 4/60 6.7% >0.999

Sustained VT or VF 2/60 3.3% 1/60 1.7% >0.999

Bradyarrhythmias

High grade AVB§ 0/60 0% 0/60 0% >0.999

Asystole 3/60 5.0% 2/60 3.3% >0.999

Bradyarrhytmia absoluta 0/60 0% 1/60 1.7% >0.999

eCV 4/60 6.7% 12/60 20.0% 0.029*

Reason for eCV

AF 3/60 5.0% 10/60 16.6% 0.040*

Other SVTs$ 0/60 0% 1/60 1.7% >0.999

Sustained VT or VF 1/60 1.7% 1/60 1.7% >0.999

AF, atrial fibrillation; AVB, atrioventricular block; ICU, intensive care unit; eCV, electrical cardioversion; nsVT, non-sustained ventricular tachycardia; SVT, supraventricular tachycardia; VF,

ventricular fibrillation; VT, ventricular tachycardia; $definition other SVT see method section; § For definition of high grade AVB see Method section;*p < 0.05.

statistics were obtained for all study variables. All categorical
variables were compared by using the Fisher exact test. Ordinal
data are presented as median (interquartile range [IQR]).
Median values were compared using the Mann–Whitney-U test.
Normal distribution of continuous variables was tested using
the Kolmogorov–Smirnov test. According to results, continuous
variables were compared using the independent student t-test
or the Mann-Whitney U test, as appropriate. Continuous data
are expressed as mean and standard deviation (SD) or median
(interquartile range [IQR]) values. A p < 0.05 was regarded
as statistically significant. Covariate imbalance was assessed
by calculating standardized differences for the covariates age,
gender, coronary artery disease, valvular heart disease, arterial
hypertension, diabetes mellitus, atrial fibrillation, atrial flutter,
stroke, and heart failure, and also by calculating an omnibus test
and significant differences between the two investigated groups
using Wilcoxon rank-sum test and χ2 test.”

Patient and Public Involvement
Patients or the public were not involved in the design, or conduct,
or reporting, or dissemination of our research.

RESULTS

With regards to the assessment of covariate imbalance,
standardized differences and omnibus test (p = 0.556)
revealed no statistically significant differences between
the two investigated groups (standardized differences
>0.25 were considered significant covariate imbalance)
(Supplementary Table 6).

The baseline characteristics of both patient cohorts are
presented in Table 1. According to matching criteria, the same
rates of heart failure, coronary artery disease, and paroxysmal AF
were present in both groups at inclusion. Similarly, no significant
differences were observed with regards to other comorbidities
and predisposing risk factors for cardiac arrhythmias including
arterial hypertension, diabetes mellitus and relevant valvular
heart disease as well as sex and gender. No significant differences
with regards to antiarrhythmics were observed (Table 1).
Origin of pneumonia in the control group is depicted in
Supplementary Table 4.

The analyses of the continuous rhythm monitoring
during the ICU stay are presented in Table 2 and Figure 1.
Additionally, a separate analysis of patients displaying a
QTc-time over 500ms in the admission ECG is depicted in
Supplementary Table 5. Expectedly, COVID-19 presented
a high rate of cardiac arrhythmias. Nevertheless, when
matched to non-COVID-19, rates of relevant ventricular
tachyarrhythmias were similar (Table 1; Figure 1D). With
regards to bradyarrhythmias, there was no significant
difference in the incidence of high grade AVBs or asystole
(Table 1; Figure 1E). Although the rates of AF diagnosed
by 12-lead ECG at admission were similar in both groups
(Supplementary Table 1), the incidence of AF during
rhythm-monitoring was significantly higher in the non-
COVID-19 population despite comparable risk factors for
the development of arrhythmias. This was reflected by higher
rates of AF during ICU stay, but similar AF duration during
the monitoring period in affected patients was observed.
The higher rates of AF also corresponded to a significantly

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 November 2021 | Volume 8 | Article 763827377

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Jirak et al. Arrhythmias and Stroke in COVID-19

FIGURE 1 | Incidence of relevant cardiac arrhythmias during intensive care (ICU) rhythm monitoring in COVID-19 vs. non-COVID-19: (A) incidence of atrial fibrillation

(AF) and (B) newly diagnosed AF was high in both groups. However, non-COVID-19 patients presented a higher burden of AF and newly diagnosed AF, (C) while the

total duration of AF was not different in affected patients. (D) The incidence of sustained VTs/ventricular fibrillation (VF) was similar in both groups (E) and the

frequency of asystole was also not significantly different. *p < 0.050.

higher necessity for electrical cardioversion in the non-
COVID-19 group (Table 2). Furthermore, the incidence of
newly diagnosed AF was significantly higher in non-COVID-
19 indicating a more pronounced arrhythmic substrate in
this population.

With regards to inflammatory activity and disease
severity, non-COVID-19 revealed higher leucocytes
and procalcitonin (PCT) levels. This was further
accompanied by increased lactate levels and decreased
pH (Table 4) in non-COVID-19. Consequently, while
mortality was high in both groups, a significantly
higher rate in the non-COVID-19 group was observed
(Table 3), indicating a more pronounced critical
patient status.

In contrast to these observations and in line with previous
reports (9), we observed a higher rate of pulmonary embolisms
in COVID-19 (Table 3). This observation was consistent with
high stroke rates in COVID-19. Of note, despite a lower
burden of AF as well as similarly high rates of anticoagulation
and comparable CHA2DS2-Vasc scores, a significantly higher
incidence of thrombotic strokes/TIA was revealed (Table 3;
Figure 2). Of note, these events were also observed in patients
receiving TAC and with continuous sinus rhythm (Figure 2;
Supplementary Table 2), indicating disease-specific events that
occur independently of cardiac arrhythmias.

DISCUSSION

The typical finding in severe COVID-19 disease is pneumonia

accompanied by acute lung injury (10). In this context, many

recent studies covered the topic of COVID-19-related cardiac
injury (11, 12). Nevertheless, despite described cases of COVID-
19 specific myocarditis, recent publications in critically ill
patients, indicated that in this population cardiac injury is rather
explained by the high inflammatory burden, similar to cardiac
injury in other severe inflammatory processes such as in acute
respiratory distress syndrome and severe pneumonia (11, 12).
A further point of interest is the burden of arrhythmias in
COVID-19 patients. Only a few studies on this topic have

been published, pointing toward a high arrhythmic burden in
this patient collective (13, 14). Nevertheless, comparable with
findings on myocardial injury, arrhythmias and especially AF are
a frequent finding in patients with severe pneumonia and sepsis
(15). Accordingly, the present study aimed to further evaluate
this issue.

To account for underlying medical conditions predisposing
to cardiac arrhythmias, the study cohorts were matched for
preexisting AF as well as age, gender, coronary artery disease,
valvular heart disease, arterial hypertension, diabetes mellitus,
atrial fibrillation, atrial flutter, stroke, and heart failure. Reliability
of the matching process was further confirmed by analyzing
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TABLE 3 | Patients’ outcome and relevant therapies during ICU stay.

COVID-19 (n = 60) Non-COVID-19 (n = 60) p

n Median (Q3–Q1) or % n Median (Q3–Q1) or %

Outcome ICU

Death 21/60 35.0% 34/60 56.7% 0.017*

Discharged from ICU 39/60 65.0% 26/60 43.3% 0.017*

Duration of ICU stay (days) 60 13.0 (18.0) 60 11.5 (17.0) 0.308

Required ICU therapy

ECMO 9/60 15.0% 14/60 23.3% 0.246

Hemofiltration 17/60 28.3% 25/60 41.7% 0.126

Catecholamines 45/60 75.0% 53/60 88.3% 0.059

Required catecholamines 60 1.0 (1.0) 60 1.0 (1.0) 0.640

Ventilation therapy

NIV 9/60 15.0% 7/60 11.7% 0.591

Intubation 51/60 85.0% 53/60 88.3% 0.591

Duration of intubation 60/60 9.0 (20.0) 60/60 5.0 (10.0) 0.711

Relevant bleedings 4/60 6.7% 4/60 6.7% >0.999

CPR 4/60 6.7% 6/60 10.0% 0.509

Reason for CPR

Asystole 1/60 1.7% 3/60 5.0% 0.619

VF/VT 1/60 1.7% 1/60 1.7% >0.999

Pulseless electrical activity 2/60 3.3% 2/60 3.3% >0.999

Therapeutic anticoagulation 24/60 40.0% 30/60 50.0% 0.271

Thrombosis/thromboembolic events

Pulmonary embolism 10/60 16.7% 2/60 3.3% 0.015*

Peripheral thrombosis/thromboembolism 3/60 5.0% 5/60 8.3% 0.717

Stroke/TIA 4/60 6.7% 0/60 0% 0.042*

CPR, cardiopulmonary resuscitation; ECMO, extracorporal membrane oxygenation; ICU, intensive care unit; NIV, non-invasive ventilation; TIA, transient ischemic attack; VF, ventricular

fibrillation; VT, ventricular tachycardia.

*p < 0.05.

covariate imbalance between the two investigated, showing no
significant differences.

In contrast to former studies conducted on arrhythmias in
COVID-19, the present project included monitoring data on
arrhythmias for the entire ICU-stay in addition to standard 12-
lead ECGs, thus allowing for a more precise analysis of the
arrhythmic burden. To avoid potential interference of novel
treatment options, such as dexamethasone, with our findings,
patients were recruited during the first wave of the pandemic
before publication of the “RECOVERY Trial in July 2020.” The
impact of COVID-19 disease on myocardial arrhythmias might
be better reflected through this approach, since outcomes are
not influenced by this treatment regime, which is now routinely
applied in the involved study centers. Accordingly, COVID-19
specific therapy is low in the present patient collective as it was
mostly experimental during this investigated period.

In the COVID-19 group, AF was the most frequent
arrhythmia and was observed in 18.3% of all patients (Table 2;
Figure 1A). It is in line with a recent publication by Bertini et al.
(14), which reported an AF rate of about 22% in a similar patient
collective, documented by ECG at hospital admission. Of note,
the mean patient age in that study tended to be higher compared

with our collectives, which might explain the slightly higher
AF rate (14). Interestingly, the AF burden in the non-COVID-
19 group in our study was even higher, ranging at around
43% and requiring a higher need for electrical cardioversion
(Table 2; Figure 1A). This was also reflected by an increased
incidence of new-onset of AF (Table 2; Figure 1B), indicating
a more pronounced proarrhythmic substrate in this population.
Of note, the rates of AF in our control group are in line with
former studies conducted on AF in sepsis and septic shock,
with rates of new onset of AF ranging between 7% and 46%,
depending on disease severity (16, 17). Apart from AF, rates
of other supraventricular and also ventricular tachyarrhythmias
and relevant bradyarrhythmias with consequent need for
cardiopulmonary resuscitation were similar in both COVID-19
and non-COVID-19 patients (Tables 2, 3; Figures 1D,E). With
respect to ventricular arrhythmias, one has to keep in mind the
comparably low amount of heart failure (11.7%) and coronary
artery disease (15%) in our patient collective resulting in a low
percentage of patients with a predisposing myocardial substrate,
which could facilitate ventricular tachycardias (VT).

Since inflammatory processes are known to increase the
vulnerability for arrhythmias (15, 18), the higher inflammatory
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FIGURE 2 | Preventive strategies and characteristics of stroke/TIA events: (A) despite high but not different rates of therapeutic anticoagulation (TAC) in the total

population and in patients with atrial fibrillation (AF) during rhythm monitoring as well as (B) similar CHA2DS2-Vasc Scores in this subgroup, (C) incidence of

stroke/TIA events was significantly higher in COVID-19. (D) These events were also observed with AC (50%) and with continuous sinus rhythm (SR; 50%) during

rhythm monitoring. noAC, no application of TAC. *p < 0.05.

burden and disease severity in the non-COVID-19 group,
reflected by higher levels of leucocytes, PCT, lactate, and also
lower pH levels with consequent higher mortality rates in non-
COVID-19 (Tables 3, 4), represents an important factor in this
regard (15). Consequently, one might speculate that similar to
other critically ill patients, in COVID-19, cardiac arrhythmias are

primarily driven by inflammatory processes and disease burden,
rather than by disease-specific effects of COVID-19.

While no significant increase of arrhythmias in the COVID-19
cohort was evident, thromboembolic events showed a significant
increase compared with non-COVID-19 patients. This is
reflected by a higher incidence of pulmonary embolism and
stroke/TIA in our COVID-19 cohort (Table 3). Accordingly, this
finding suggests a COVID-19 specific thromboembolic effect
independent of arrhythmic burden. In AF, the most common
observed arrhythmia in our study, TAC, is recommended
according to preexisting risk factors with a high risk of
thromboembolic strokes (6). This therapy is known to be efficient
as indicated in our non-COVID-19 cohort with no stroke
stoke/TIA events despite a higher incidence of AF (Table 2)
but also with a high rate of TAC (Figure 2A). Whether in
COVID-19, AF and the associated preexisting risk factors

might further drive thromboembolic events, is still a matter
of debate. Concerning our results, this seems questionable
since the rate of neurologic events was higher in COVID-19
despite a lower incidence of AF, comparable CHA2DS2-Vasc
scores (Figures 2B,C) and also the appearance of these events
in patients with continuous sinus rhythm during monitoring

(Figure 2D). This emphasizes the need for effective prevention
strategies in critically ill COVID-19. However, in our study, the
rate of TAC in critically COVID-19 was comparable with non-
COVID-19, despite the lower rate of AF (Figure 2A). It could
be argued, that, given the high incidence of thromboembolic
events, more, if not all critical COVID-19 patients should receive
effective anticoagulation. While a mortality benefit seems to be
associated with anticoagulatory treatment in COVID-19, the
clinical evidence for efficacy and safety of such an approach
is a topic for ongoing investigations (19, 20). Importantly,
we observed thrombotic/thromboembolic neurological events
despite sufficient TAC (Figure 2D; Supplementary Table 2),
indicating TAC to be probably less effective in this population.
Thus, taken together our data emphasize that thromboembolic
events seem to be a disease-specific in severe COVID-19 patients
unrelated to the presence of arrhythmias.
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TABLE 4 | Relevant laboratory markers during ICU stay.

COVID-19 (n = 60) Non-COVID-19 (n = 60) p

n Median (Q3–Q1) n Median (Q3–Q1)

Lactate (U/L) 60 2.6 (2.1) 60 3.5 (4.8) 0.017*

Min. pH 60 7.19 (0.1) 60 7.13 (0.1) 0.045*

Creatinine (mg/dl) 60 1.7 (2.1) 60 2.3 (2.6) 0.404

Min potassium (mmol/L) 60 3.4 (0.4) 60 3.3 (0.5) 0.720

Leukocytes (109/L) 60 14.8 (11.5) 60 20.2 (11.8) 0.002*

Min. lymphocytes (109/L) 60 4.4 (6.6) 45 4.9 (6.5) 0.712

CRP (ng/ml) 59 25.5 (17.7) 60 28.2 (15.4) 0.493

PCT (ng/ml) 60 1.9 (5.1) 57 3.0 (17.9) 0.013*

Interleukin 6 (pg/ml) 53 513.8 (2,395.2) 23 394.8 (1,080.6) 0.923

Fibrinogen (mg/dl) 34 672.5 (298) 54 602.5 (270.0) 0.175

CRP, C-reactive protein; Min., lowest level of laboratory biomarker obtained during the total period of ICU stay; PCT, procalcitonin. Relevant laboratory findings obtained during intensive

care unit (ICU) stay. If not other indicated, the highest obtained value during the whole period of ICU stay is presented.

*p < 0.05.

LIMITATIONS

The present study has by design its limitations, while
contributing novel clinical findings. Our sample size may be too
small to detect differences in arrhythmias with low incidence,
such as ventricular tachyarrhythmias and bradyarrhythmias.
The heterogeneity of our comparison group, which consists
of patients suffering from pneumonia of diverse origin might
in part differ with regards to the pathogenetic mechanisms
compared with COVID-19 pneumonia. Thus, the findings
of the present study have to be considered as hypothesis
generating. The passionate use of untested treatments in
a number of COVID-19 patients (such as tocilizumab or
hydroxychloroquine, Supplementary Table 3) might have
affected the results, especially concerning arrhythmia burden
due to effects on QT interval. However, while QT prolongation
is suspected to promote this issue, QTc in our COVID-19
cohort was in the normal range with shorter QTc compared
with non-COVID-19 (Supplementary Table 1). Instead of
screening, diagnostic workups for thromboembolic events were
only performed when clinically suspected and therefore, they are
probably underestimated.

In summary, AF is common in severe COVID-19, but we
found it to be less frequent than in severe pneumonia of
non-COVID-19 origin. Arrhythmia might be mainly attributed
to a high inflammatory activity and disease severity, instead
of a COVID-19 specific mechanism. The contrasting higher
incidence of stroke, despite the lower rate of AF, seems to
be a disease-specific feature of critical COVID-19, consistent

with high rates of pulmonary embolisms. Further research
will hopefully clarify the potential role of TAC to prevent
thromboembolic events, which are independent of AF.
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Aim: The aim of this study is to evaluate the potential use of coronary CT angiography

(CCTA) as the sole available non-invasive diagnostic technique for suspected coronary

artery disease (CAD) during the coronavirus disease 2019 (COVID-19) pandemic causing

limited access to the hospital facilities.

Methods and Results: A consecutive cohort of patients with suspected stable CAD

and clinical indication to non-invasive test was enrolled in a hub hospital in Milan, Italy,

from March 9 to April 30, 2020. Outcome measures were obtained as follows: cardiac

death, ST-elevation myocardial infarction (STEMI), non-ST-elevation myocardial infarction

(NSTEMI), and unstable angina. All the changes in medical therapy following the result

of CCTA were annotated. A total of 58 patients with a mean age of 64 ± 11 years

(36 men and 22 women) were enrolled. CCTA showed no CAD in 14 patients (24.1%),

non-obstructive CAD in 30 (51.7%) patients, and obstructive CAD in 14 (24.1%) patients.

Invasive coronary angiography (ICA) was considered deferrable in 48 (82.8%) patients.

No clinical events were recorded after a mean follow-up of 376.4 ± 32.1 days. Changes

in the medical therapy were significantly more prevalent in patients with vs. those without

CAD at CCTA.

Conclusion: The results of the study confirm the capability of CCTA to safely defer

ICA in the majority of symptomatic patients and to correctly identify those with critical

coronary stenoses necessitating coronary revascularization. This characteristic could be

really helpful especially when the hospital resources are limited
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) has rapidly and
dramatically changed everyday life across the entire planet
in an unprecedented way (1). In Italy, the first patient was
presented at the end of February 2020 and was diagnosed nearby
the metropolitan city of Milan in Lombardy, a region in the
north of Italy (2). On March 7, 2020, almost all regions of
northern Italy were locked down after the surge of the SARS-
CoV-2 pandemic, and the public national healthcare system
has been reorganized as a hub-and-spoke network (3). On
Monday, March 9, 2020, the Centro Cardiologico Monzino,
usually dedicated to cardiovascular care, was elected as a regional
hub for cardiovascular emergencies, and all the non-urgent
activities were suspended until April 30, 2020 (4).

Chest pain is a very common symptom that may subtend
a wide range of clinical entities from non-cardiovascular
and benign conditions to the acute coronary syndrome.
Physical examination and rest ECG are the first steps in
the clinical evaluation, but coronary artery disease (CAD)
cannot be excluded in the patients with suspect symptoms
by clinical assessment alone. Non-invasive diagnostic tests
are recommended to establish the diagnosis and risk-
stratify the patients (5). Before March 2020, the last version
of ESC Guidelines on the management of chronic CAD
recommended CCTA, stress cardiac magnetic resonance, and
stress echocardiography at the same level of appropriateness
(6–8). With the advent of the COVID-19 pandemic, cardiologists
suddenly had to tackle a critical problem, namely, limited access
to cardiovascular care and resources.

When compared to the pre-COVID era, during the first
pandemic peak, in March 2020, non-invasive ischemic
exercise/stress tests were not available in our center due to
the extraordinary need to reorganize hospital activities and
to the several concerns regarding the potential higher risk of
contagion during exercise tests (due to hyperventilation and
low-interpersonal distances without wide availability of the face
mask and nasopharyngeal swab). Thus, CCTA was the sole
test for patients with suspected CAD that remain available in a
non-acute setting, even during the most severe first peak of the

SARS-CoV-2 pandemic.
Thus, the aim of this manuscript is to describe the diagnostic

and prognostic role that CCTA had in our hospital as the
sole non-invasive diagnostic test for symptomatic patients with
suspected stable CAD during an emergency pandemic when
access to hospital facilities was limited.

MATERIALS AND METHODS

From March 9 to April 30th, during the peak of the COVID-
19 pandemic, a consecutive cohort of the patients with high
clinical suspicion of stable CAD and who underwent CCTA
was enrolled in our cardiovascular dedicated hub hospital.
It should be underlined that all the patients with highly
suspected, but unknown, CAD evaluated at our center from
March 9th and April 30 underwent CCTA as it was the only
non-invasive test available for the suspected stable CAD in

a non-acute setting, and invasive coronary angiography was
almost entirely dedicated to the patients with the acute coronary
syndrome. All the patients were evaluated for the presence of
traditional cardiovascular risk factors, such as diabetes mellitus
(glucose level of > 7 mmol/l, or the need for insulin, or oral
hypoglycemic agents), hypercholesterolemia (total cholesterol
level > 5 mmol/l or treatment with lipid-lowering drugs),
hypertension (blood pressure > 140/90 mmHg or use of
antihypertensive medications), positive family history of CAD
[presence of CAD in the first-degree relatives younger than 55
years (male) or 65 years (female)], and currently smoking (5).
All the patients provided written informed consent, and the local
ethics committee approved the study.

Patients underwent CCTA with a new generation 256-slice
CT scanner (Revolution CT, GE Healthcare, Milwaukee, WI,
USA) that was performed according to updated international
guidelines (9, 10) with the following parameters: slice
configuration 256 × 0.625mm, gantry rotation time 280ms,
and prospective ECG triggering. Tube current and tube voltage
were adapted to BMI. Patients received a 50ml (for BMI ≤ 25
kg/m2) or 60ml (for BMI > 25 kg/m2) bolus of contrast medium
(Iomeron 400 mg/ml, Bracco, Milan, Italy). All the patients
received sublingual nitrates and betablockers (up to 25mg of the
intravenous metoprolol) before the CT scan.

Datasets of CCTA images were analyzed using vessel analysis
software (CardioQ3 Package-GE Healthcare, Milwaukee, WI,
USA). Reconstructed images were evaluated independently by
two readers, both with over 10 years of clinical experience in
the CCTA performance. Coronary arteries were divided into
16 segments according to the American Heart Association
classification (11). In the case of motion artifacts with standard
reconstruction, an additional reconstruction using an intracycle
motion correction algorithm (a vendor-specific algorithm) was
performed and analyzed. In case of image quality improvement
after motion correction, the reconstructed image was used for
analysis. Coronary segments were evaluated for the presence of
critical stenoses, defined as coronary lumen narrowing exceeding
90%, and for the obstructive stenoses, defined as coronary lumen
narrowing exceeding 50% (12). The presence of non-obstructive
(from 0 to 50% stenosis) stenoses was recorded as well. For any
disagreement in data analysis between the two readers, consensus
agreement was achieved.

When a clinical significant coronary stenosis (defined as
>70% stenosis on a proximal coronary segment or >90%
stenosis on any coronary segment) was detected at CCTA,
the referring physician (cardiologist) was informed and, if the
clinically indicated, an invasive coronary angiography (ICA)
was scheduled (Figure 1). As routinely performed, myocardial
revascularization for the coronary lesion <90% stenosis was
performed only after invasive fraction flow reserve (FFR)
resulted in being <0.8. Clinical follow-up was recorded by
telephone interview, and medical records were screened for
the patients in whom ICA was considered deferrable or
not indicated after CCTA. Outcome measures were obtained
as follows: cardiac death, ST-elevation myocardial infarction
(STEMI), non-ST-elevation myocardial infarction (NSTEMI),
and unstable angina defined according to ESC guidelines (13).
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FIGURE 1 | Coronary computed tomography angiography (CCTA) enabled the correct detection of the selected patients who needed non-deferrable treatment, while

safely ruling out the critical coronary stenoses in 48 out of 58 patients who were free of the cardiovascular events at follow-up. CCTA, coronary computed tomography

angiography; ICA, invasive coronary angiography; PCI, percutaneous coronary intervention.

All the changes in medical therapy following the result of CCTA
were annotated.

The effective dose (ED) of CCTA was calculated according to
the European Working Group for Guidelines on Quality Criteria
in CT. The dose-length product (DLP) was measured in mGy
× cm in each patient. The ED was calculated as the DLP times
a conversion coefficient for the chest (K = 0.014 mSv/mGy ×

cm) (14).

STATISTICAL ANALYSIS

Continuous variables were expressed as mean ± SD and discrete
variables as absolute numbers and percentages. The Student’s t-
test was used to test differences in continuous variables between
the two groups, and the chi-squared test or Fisher’s exact test was
used to assess differences regarding categorical data. Statistical
significance was defined as a p < 0.05. Statistical analysis was
performed using MedCalc Statistical Software version 19.2.1
(MedCalc Software Ltd, Ostend, Belgium; https://www.medcalc.
org; 2020).

RESULTS

A total of 58 patients with a mean age of 64 ± 11 years (36 men
and 22 women) were enrolled during the lockdown period for
the COVID-19 pandemic. None of the patients suffered fever or
respiratory symptoms suggestive of the SARS-CoV-2 infection.

One patient showed bilateral ground-glass lung alterations on
CCTA presumably due to the recent asymptomatic COVID-
19 infection. Subsequent nasopharyngeal swab resulted negative
for the SARS-CoV-2. Among the entire population enrolled, 10
(17.2%) patients underwent clinically indicated ICA according
to CCTA findings, while ICA was considered deferrable in 48
(82.8%) patients. One patient was in atrial fibrillation during
CCTA acquisition. A mean follow-up of 376.4 ± 32.1 days was
obtained (Figure 1). No adverse events were recorded during or
after CCTA. The mean radiation dose reached 4.7 mSv.

All the patients enrolled presented with symptoms highly
suggestive for a new diagnosis of stable CAD, the mean pretest
probability for CAD was 29.7% and resulted significantly higher
among those who subsequently underwent ICA vs. those who did
not (41.5 vs. 25.1%, respectively, p < 0.001) (Table 1). A total of
18 patients (31%) had typical chest pain that was significantly
more prevalent among ICA vs. non-ICA group (80 vs. 20.8%,
respectively, p < 0.001) (Table 1).

Coronary CT angiography showed no CAD in 14 patients
(24.1%), non-obstructive CAD in 30 (51.7%) patients, and
obstructive CAD in 14 (24.1%) patients. None of the patients with
normal coronary arteries at CCTA was sent to the catheterization
laboratory for non-deferrable ICA (Table 1). A total of 10
patients were sent to ICA based on the CCTA results and in all but
one severe CAD was confirmed and treated accordingly. CCTA
showed critical/subocclusive (>90% diameter stenosis) lesions in
six patients. All underwent percutaneous revascularization after
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TABLE 1 | Population characteristics.

Total population Deferrable ICA Non-deferrable ICA p

(n = 58) (n = 48) (n = 10)

Clinical characteristics

Age, mean ± SD 64.7 ± 11.6 64.3 ± 11 66.3 ± 14.7 0.597

Sex, n (%) 36 (62) 28 (58.3) 8 (80) 0.207

BMI, mean ± SD 26.4 ± 4.5 26.6 ± 4.5 25.7 ± 5.2 0.524

Hypertension, n (%) 33 (56.8) 26 (54.2) 7 (70) 0.637

Dyslipidemia, n (%) 28 (48.2 23 (47.9) 5 (50) 0.904

Family history, n (%) 20 (34.4) 17 (35.4) 3 (30) 0.745

Diabetes, n (%) 7 (12) 4 (8.3) 3 (30) 0.058

Active smoking, n (%) 7 (12) 6 (12.5) 1 (10) 0.826

Past smoking, n (%) 22 (37.9) 19 (39.6) 3 (30) 0.573

Typical chest pain, n (%) 18 (31) 10 (20.8) 8 (80) <0.001

Atypical chest pain, n (%) 32 (55.2) 29 (60.4) 3 (30) 0.081

Non-cardiac chest pain, n (%) 3 (5.2) 3 (6.2) 0 0.421

Dyspnea, n (%) 5 (8.6) 6 (12.5) 0 0.228

Pretest probability of CAD (%), mean ± SD 27.9 ± 14.3 25.1 ± 12.3 41.5 ± 16.2 <0.001

CCTA

No CAD, n (%) 14 (24.1) 14 (29.2) 0 <0.001

Non-obstructive CAD, n (%) 30 (51.8) 29 (60.4) 1 (10) <0.001

Obstructive CAD, n (%) 14 (24.1) 5 (10.4) 9 (90) <0.001

Stenosis >90%, n (%) 6 (10.3) 0 (0) 6 (60) <0.001

Radiation dose (mSV), mean ± SD 4.7 ± 2.2 4.7 ± 2.1 4.6 ± 2.6 0.786

CCTA, coronary computed tomography angiography; CAD, coronary artery disease; ICA, invasive coronary angiography; BMI, body mass index.

ICA confirming the CCTA findings (Figure 2). The only patient
who was not revascularized had a calcified non-high risk plaque
of the proximal left anterior descending artery (LAD) and was
referred to ICA due to typical angina with suspected left main
CAD (Table 2).

In 48 patients, there was no clinical indication for ICA.
Fourteen patients (29.2%) showed normal coronary arteries at
CCTA while non-obstructive (0–50% stenosis) and obstructive
CAD (more than 50% stenosis) was demonstrated in 29
(60.4%) and five (10.4%) patients, respectively. Of note, no
clinical events were recorded among the patients in whom
ICA was considered not indicated or deferrable. Moreover,
medical therapy was changed in 16 patients, which led to the
symptomatic improvement in 13 patients (81.2%). No therapy
change was recorded among the patients in whom CCTA
excluded coronary atherosclerosis. Of note, medical therapy
changes were significantly more prevalent in the patients with
obstructive or non-obstructive CAD at CCTA. In 41% of
the patients with non-obstructive CAD, medical therapy was
modified, andmore specifically, in nine (31%) and in seven (24%)
of them, aspirin and statin therapy were prescribed (Figure 3).

DISCUSSION

To the best of our knowledge, this study is the first to describe
the potential use of CCTA as the solely available gatekeeper
for ICA in stable patients with chest pain with high clinical

suspicion of CAD during the lockdown phase of the COVID-19
pandemic. Even if limited by the low number of patients enrolled,
the results of the study appeared to confirm the capability of
CCTA to safely defer ICA in the majority of the symptomatic
patients and to correctly identify those with critical coronary
stenoses necessitating coronary revascularization. This resulted
to be of the utmost importance taking into consideration the need
to limit hospital access to non-COVID patients. Moreover, the
identification of non-critical atherosclerosis enabled physicians
to optimize medical therapy in a well-selected subgroup of
patients (15).

The advent of SARS-CoV-2 infection dramatically changed
cardiovascular care and management with healthcare resources
mostly focused on the patients with COVID-19 (16). During
the lockdown phase, people were advised to avoid, if possible,
emergency departments that were overwhelmed by patients with
COVID-19. Moreover, there was a general reluctance to go to
the hospital for the SARS-CoV-2 infection fear. Consequently,
a reduced rate of hospital admission was observed with a
potential increase of cardiac mortality from ACS due to the
lower medical referrals (17). On the contrary, in this cohort,
no cardiovascular were recorded at mid-term follow-up among

patients in which ICA was deferred, while all but one patient with
non-deferable ICA according to CCTA underwent appropriate
myocardial revascularization.

Thus, the results of this study suggest that, due to its
high-negative predictive value for obstructive CAD (8), CCTA
correctly identified the great majority of the patients in
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FIGURE 2 | A case example of a 55-year-old man with the typical chest pain in whom CCTA detected critical stenosis of the proximal LAD (A,B), showing at the

same time high-risk plaque features (positive remodeling and low-attenuation plaque as demonstrated in a short axis view, blue arrow in C). The patient underwent

ICA that confirmed subocclusive disease of the proximal LAD that was treated with PCI (D–G). CCTA, coronary computed tomography angiography; LAD, left anterior

descending artery; ICA, invasive coronary angiography; PCI, percutaneous coronary intervention.

whom ICA could be apparently safely deferred (82% of
the patients) avoiding overcrowded hospitals and emergency
departments, especially during a pandemic surge. However, it
should be underlined that both the low number of patients
enrolled and the absence of long-term follow-up represents
a limitation to this study. Of interest, identification of non-
obstructive CAD at CCTA has prognostic value (18–20) and, as
previously demonstrated, should lead to optimal medical therapy
implementation, further improving the prognosis of the patient
(15). In our study, no invasive imaging was recommended to
patients with normal coronaries at CCTA, avoiding unnecessary
hospitalization in time of the limited resources. On the contrary,
41% of the patients with non-obstructive CAD had their medical
therapy optimized.

On the other hand, CCTA permitted correctly identifying
patients with severe coronary stenoses necessitating

non-deferrable treatment (18% of the patients). Upon the
detection of severe disease by CCTA, the referring physician
(cardiologist) was immediately informed, and patients
were managed in a dedicated non-COVID-19 pathway and
catheterization laboratory, lowering the probability of SARS-
CoV-2 infection while providing at the same time the best
treatment strategy and reducing the risk of subsequent ACS (21).

A COVID-19 pandemic is a generation-defining event, and
cardiovascular imaging practice has been deeply impacted
as well (22–26). The results of this observational study
suggest that CCTA is an appropriate and safe tool for the
non-invasive evaluation of the suspected CAD when facing
limited access to cardiovascular care and resources. Indeed,
compared with the other non-invasive diagnostic tools, CCTA
requires only a minimal time of contact between patients and
healthcare professionals.
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TABLE 2 | Clinical, CCTA, and ICA characteristics of patients who underwent non-deferrable ICA.

Age and

sex

Indication to

CCTA

CCTA findings High risk plaque

features at CCTA

Clinical indication to ICA

after CCTA results

ICA findings Treatment

79 y/o,

male

Typical chest

pain

40% stenosis of LM

and 70% stenosis of

proximal LAD

No Symptomatic patient with

at least moderate coronary

stenosis and typical angina

40% stenosis of

LM and 50%

stenosis of

proximal LAD

Medical therapy for stable

CAD

47 y/o

male

Atypical chest

pain

70% stenosis of

mid-LAD

PRI, LAP Symptomatic patient with

severe stenosis at CCTA

70% stenosis of

mid-LAD

Percutaneous

revascularization and

drug-eluting stent

implantation on mid-LAD

48 y/o

male

Atypical chest

pain

75% stenosis of

mid-LAD. Moderate

stenosis of LCX and

RCA

PRI, LAP Symptomatic patient with

severe stenosis at CCTA

75% stenosis of

mid-LAD

Percutaneous

revascularization and

drug-eluting stent

implantation on mid-LAD

73 y/o,

male

Typical chest

pain

75% stenosis of

mid-LAD

PRI, LAP Symptomatic patient with

severe stenosis at CCTA

75% stenosis of

mid-LAD

Percutaneous

revascularization and

drug-eluting stent

implantation on mid-LAD

55 y/o,

male

Typical chest

pain

99% stenosis of

proximal LAD

PRI, LAP Symptomatic patient with

severe stenosis at CCTA

99% stenosis of

proximal LAD

Percutaneous

revascularization and

drug-eluting stent

implantation on proximal

LAD

72 y/o,

male

Typical chest

pain

95% stenosis of

diagonal branch

PRI, LAP Symptomatic patient with

severe stenosis at CCTA

90% stenosis of

diagonal branch

Percutaneous

revascularization and

drug-eluting stent

implantation on diagonal

branch

86 y/o,

female

Typical chest

pain

99% stenosis of

proximal LAD.

Moderate stenosis of

LCX

PRI, SC Symptomatic patient with

severe stenosis at CCTA

99% stenosis of

proximal LAD.

Moderate

stenosis of LCX

Percutaneous

revascularization and

drug-eluting stent

implantation on proximal

LAD

55 y/o,

male

Typical chest

pain

99% stenosis of

proximal LAD.

PRI, LAP, NRS Symptomatic patient with

severe stenosis at CCTA

99% stenosis of

proximal LAD.

Percutaneous

revascularization and

drug-eluting stent

implantation on proximal

LAD

85 y/o,

male

Typical chest

pain

90% stenosis of

mid-RCA

PRI, LAP Symptomatic patient with

severe stenosis at CCTA

90% stenosis of

mid-RCA

Percutaneous

revascularization and

drug-eluting stent

implantation on mid-RCA

63 y/o,

female

Typical chest

pain

75% stenosis of mid

LAD

LAP Symptomatic patient with

severe stenosis at CCTA

75% stenosis of

mid-LAD

Percutaneous

revascularization and

drug-eluting stent

implantation on proximal

LAD

CCTA, Coronary computed tomography angiography; ICA, invasive coronary angiography; LAD, left anterior descendent artery; LCX, left circumflex; RCA, right coronary artery; PRI,

positive remodeling index; LAP, low attenuation plaque; NRS, napkin ring sign.

STUDY LIMITATION

This study has several limitations. First, only the patients with

a clinical indication underwent ICA, leading to the potentially

underestimated false-negative results of CCTA. However, no
clinical events were recorded during follow-up among the
patients who did not undergo ICA. In this regard, it should be
underlined that no further cardiac imaging was carried out in the
follow-up period, thus, it was not possible to certainly exclude

myocardial damage occurrence during follow-up; however, no
major symptoms suspected for the cardiovascular events were
recorded at follow-up.

Second, there the absence of another non-invasive control
group, the low number of patients enrolled and the midterm
follow-up may undermine the scientific strength of our findings,
which should be considered as of speculative nature. Third,
a larger cohort and a longer follow-up are needed for the
validation of this report. Nevertheless, it should be considered
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FIGURE 3 | Prevalence of medical therapy changes according to CCTA findings among patients who did not undergo ICA. Of note, no new drugs were introduced by

the referring physician in patients who were free of coronary atherosclerosis, while a significantly higher rate of aspirin and statin new prescriptions was observed when

non-obstructive or obstructive CAD was identified at CCTA. Ob CAD, obstructive CAD; non-ob CAD, non-obstructive CAD; CAD, coronary artery disease; DAPT, dual

antiplatelet therapy.

that the present study has been performed during a global
pandemic emergency with limited access to healthcare resources,
and any control group randomly selected from the previous
years could not be compared with the study population as
the environmental conditions were totally different. Finally, we
would like to highlight that the results of this study were obtained
in a cardiovascular focused center using the last generation CT
using postprocessing tools dedicated to the coronary analysis that
may not be widely available, limiting the wide application study
results in the different settings.

CONCLUSION

Wedescribe the potentially pivotal role of CCTA in the diagnostic
pathway of patients with non-COVID-19 with chest pain due
to suspected CAD during the SARS-CoV-2 pandemic. This
non-invasive imaging tool enhanced the selection of patients
for the ICA and potential revascularization during a lockdown
period characterized by increased mortality due to delayed or
deferred hospitalization of patients with CAD. The high-negative
predictive value of CCTA enables to safely defer in-hospital care.
Indeed, patients with non-obstructive CAD could be identified

and safely treated by the referring physicians (cardiologists). On
the contrary, CCTA helps in identifying patients who necessitate
ICA ensuring adequate resource utilization during the pandemic.
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Background: The relationship between cardiac functions and the fatal outcome of

coronavirus disease 2019 (COVID-19) is still largely underestimated. We aim to explore

the role of heart failure (HF) and NT-proBNP in the prognosis of critically ill patients with

COVID-19 and construct an easy-to-use predictive model using machine learning.

Methods: In this multicenter and prospective study, a total of 1,050 patients with clinical

suspicion of COVID-19 were consecutively screened. Finally, 402 laboratory-confirmed

critically ill patients with COVID-19 were enrolled. A “triple cut-point” strategy of NT-

proBNP was applied to assess the probability of HF. The primary outcome was 30-day

all-cause in-hospital death. Prognostic risk factors were analyzed using the least absolute

shrinkage and selection operator (LASSO) and multivariate logistic regression, further

formulating a nomogram to predict mortality.

Results: Within a 30-day follow-up, 27.4% of the 402 patients died. The mortality rate of

patients with HF likely was significantly higher than that of the patient with gray zone and

HF unlikely (40.8% vs. 25 and 16.5%, respectively, P < 0.001). HF likely [Odds ratio (OR)

1.97, 95% CI 1.13–3.42], age (OR 1.04, 95% CI 1.02–1.06), lymphocyte (OR 0.36, 95%

CI 0.19–0.68), albumin (OR 0.92, 95% CI 0.87–0.96), and total bilirubin (OR 1.02, 95%

CI 1–1.04) were independently associated with the prognosis of critically ill patients with

COVID-19. Moreover, a nomogram was developed by bootstrap validation, and C-index

was 0.8 (95% CI 0.74–0.86).

Conclusions: This study established a novel nomogram to predict the 30-day all-

cause mortality of critically ill patients with COVID-19, highlighting the predominant role

of the “triple cut-point” strategy of NT-proBNP, which could assist in risk stratification and

improve clinical sequelae.

Keywords: COVID-19, heart failure, NT-ProBNP, nomogram, prognosis
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GRAPHICAL ABSTRACT | Heart failure probability and early outcomes of critically ill COVID-19 patients. HF, heart failure; NT-proBNP, N-terminal probrain natriuretic

peptide; LV, left ventricular; RV, right ventricular; PAH, pulmonary arterial hypertension.
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INTRODUCTION

An outbreak of novel infectious pneumonia, now known
as coronavirus disease 2019 (COVID-19) caused by
severe acute respiratory syndrome coronavirus 2, has
been quickly spreading around the world since December
2019. To date, more than 168 million confirmed cases
of COVID-19 have been identified worldwide, with
over 3.49 million deaths. Despite the advancement of
learning the etiology and clinical characteristics of COVID-
19, there have been no effective strategies to wipe out
the global COVID-19 epidemic, and it is still a public
health threat.

The average mortality rate was estimated globally at
3.4% by the WHO, while it is 26–52% significantly higher
for patients admitted to intensive care units (ICUs) (1, 2).
Moreover, no medications have been proven definitely
effective for curing COVID-19 (3). Thus, early evaluation
and identification of individuals with high-risk mortality
are of paramount importance to further guide optimal
intervention strategies. Of note, critically ill patients with
COVID-19 usually have multiple organ dysfunctions (4),
among which cardiac involvement is prevalent, especially
acute heart failure (AHF) (5). However, the role of AHF in
the prognosis of COVID-19 has not been fully elucidated in
prior studies, partially because comprehensive evaluations
of cardiac dysfunction that utilize imaging examinations
were usually unavailable in real-world practice. Hence, we
proposed a “triple cut-point” strategy of N-terminal pro-brain
natriuretic peptide (NT-proBNP) as a reliable and easy-to-
use diagnostic tool for AHF in this study (6). Moreover,
although previous studies have explored the risk factors of
prognosis among critically ill patients with COVID-19 (7–9),
a user-friendly and clinically relevant short-time outcome
prediction model for patients with COVID-19 in ICU is
still lacking.

Therefore, to address the gaps mentioned above, this
multicenter study aims to (1) explore the potential prognostic
value of the “triple cut-point” strategy of NT-proBNP and AHF
in critically ill patients with COVID-19; and (2) construct and

validate a simplified and effective nomogram to predict all-cause
in-hospital death risk individually.

MATERIALS AND METHODS

Study Population
This multicenter, prospective, and observational study
consecutively enrolled 1,050 patients with clinical suspicion
of COVID-19 from four ICUs in Wuhan taken over by China-
Japan Friendship Hospital, Peking University People’s Hospital,
Peking University First Hospital, and Peking University
Third Hospital from January to May 2020. Patients who
met one of the following criteria would be considered to be
transferred to the ICU: (1) respiratory rate >30 breath/min;
(2) blood oxygen (SpO2) <93%; (3) PaO2/FiO2 <300 mmHg;
(4) presented with respiratory failure; (5) presented with
shock; or (6) other conditions that need to be monitored

in the ICU. Patients were diagnosed as COVID-19 with a
positive result of real-time reverse transcriptase-polymerase
chain reaction assay from nasal swab specimens according
to WHO guidance (10). Exclusion criteria included patients
who were not diagnosed with COVID-19, younger than
18 years of age, and had incomplete data, or died within
24 h of admission to the ICU. As a result, 402 patients were
included in the final analysis. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of Peking University
People’s Hospital.

Data Collection
The clinical data from each patient were recorded by experienced
physicians following ICU admission and included demographic
features, preexisting comorbidities, symptoms, vital signs, and
length of ICU stay. The comorbidities included hypertension,
coronary heart disease (CHD), diabetes mellitus (DM), chronic
kidney disease (CKD), asthma, chronic obstructive pulmonary
disease, chronic bronchitis, transient ischemic attack, ischemic
stroke, and hemorrhagic stroke.

All the patients, during hospitalization, were followed up for
30-days or until discharge or death. The primary outcome was
30-day all-cause death after admission.

Laboratory Measurements
Laboratory values were collected including complete blood
count, high-sensitivity cardiac troponin I (hs-cTNI), NT-
proBNP, biochemical tests, d-dimer, and procalcitonin (PCT).
Complete blood count was measured with a Sysmex XN-
9000 (Sysmex, Kobe, Japan) automatic hematology analyzer.
Coagulation parameters, such as d-dimer, were measured
with a Stago STA-R automatic blood coagulation analyzer
(Stago, Paris, France). Biochemical tests, namely, alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
total bilirubin, albumin, blood urea nitrogen (BUN), and
creatinine were performed using Roche Cobas 8000 automatic
biochemical analyzer (Roche, Rotkreuz, Switzerland). Hs-
cTNI was measured with an Abbott ARCHITECT i2000SR
chemiluminescence immunoanalyzer (Abbott Laboratories,
Illinois, United States). Elevated hs-cTNI was defined
as plasma levels of hs-cTNI above the 99th-percentile
upper reference limit. NT-proBNP was analyzed with a

TABLE 1 | Classification of patients using the “triple cut-point” strategy of

NT-proBNP.

Setting Cut-off levels of NT-proBNP (pg/mL)

Age < 50 Age 50–75 Age > 75

HF unlikely <300

Gray zone 300–450 300–900 300–1,800

HF likely >450 >900 >1,800

NT-proBNP, N-terminal pro-B type natriuretic peptide; HF, heart failure.
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Roche Cobas e602 electrochemical luminescence analyzer
(Roche, Germany).

“Triple Cut-Point” Strategy of NT-proBNP
According to the recent guideline for HF, novel NT-proBNP
cut-off values have been proposed to assist with AHF diagnosis.
Hence, we classified the cases into three groups using this “triple
cut-point” strategy of NT-proBNP to define the probability of
AHF, as shown in Table 1. In detail, HF likely was defined as
plasma NT-proBNP level> 450 pg/ml in patients below 50 years,
>900 pg/ml in patients between 50 and 75 years, and >1,800
pg/ml in patients over 75 years (6). HF unlikely was defined as
plasma NT-proBNP level <300 pg/ml regardless of age, while the

stratified approach of 300 pg/ml to 450/900/1,800 pg/ml for ages
<50/50–75/>75 years were considered as “gray zone.”

Statistical Analysis
Continuous variables were presented as mean ± SD if normally
distributed, and median and interquartile range otherwise.
The differences between the two groups were compared by
the Student t-test and Mann–Whitney U test appropriately.
Categorical variables were shown as n (%) and compared by χ2

test or Fisher exact test when necessary.
Kaplan–Meier survival estimates were calculated, and the log-

rank test was performed to compare the groups in terms of
survival. The least absolute shrinkage and selection operator
(LASSO) method (glmnet package), which is appropriate for

TABLE 2 | Baseline characteristics of the cohort.

Demographics Total

n = 402 (100.0)

Survivors

n = 292 (72.6)

Non-survivors

n = 110 (27.4)

P-value

Age, years 67.5 ± 13.7 65.6 ± 13.6 72.4 ± 12.8 <0.001

Sex 0.070

Female, n (%) 183 (45.5) 141 (48.3) 42 (38.2)

Male, n (%) 219 (54.5) 151 (51.7) 68 (61.8)

Vital signs

Temperature, ◦C 38.7 ± 3.7 38.6 ± 4.3 39.0 ± 1.0 0.332

Respiratory rate, breath/min 25.1 ± 6.1 25.0 ± 5.6 25.4 ± 7.2 0.603

SpO2, % 91.2 ± 6.7 92.2 ± 5.7 88.6 ± 8.3 <0.001

Heart rate, beat/min 94.7 ± 17.0 93.7 ± 15.6 97.3 ± 20.0 0.002

SBP, mm/Hg 133.0 ± 23.0 132.6 ± 22.4 134.0 ± 24.5 0.570

DBP, mm/Hg 79.0 ± 14.4 78.9 ± 14.0 79.2 ± 15.3 0.883

Comorbidities

Hypertension, n (%) 209 (52.0) 152 (52.1) 57 (51.8) 0.966

Coronary heart disease, n (%) 72 (17.9) 48 (16.4) 24 (21.8) 0.210

Diabetes mellitus, n (%) 96 (23.9) 69 (23.6) 27 (24.5) 0.848

Respiratory system diseases, n (%) 51 (12.7) 37 (12.7) 14 (12.7) 0.988

Chronic kidney disease, n (%) 37 (9.2) 25 (8.6) 12 (10.9) 0.468

Cerebrovascular diseases, n (%) 19 (4.7) 11 (3.8) 8 (7.3) 0.140

Cardiac comorbidities or risk factors, n (%) 258 (64.2) 187 (64.0) 71 (64.5) 0.925

No. of comorbidities ≥2, n (%) 139 (34.6) 95 (32.5) 44 (40.0) 0.161

Laboratory values

Lymphocyte, ×109 /L 0.8 (0.5, 1.1) 0.8 (0.7, 1.2) 0.6 (0.4, 0.8) <0.001

Platelet, ×109 /L 217.0 (141.8, 289.0) 235.0 (157.0, 307.2) 160 (106.0, 225.2) <0.001

ALT, U/L 30.0 (16.4, 47.0) 28.5 (16.0, 46.0) 33.1 (18.0, 48.3) 0.291

AST, U/L 34.0 (21.0, 52.8) 29.2 (20.0, 50.8) 43.5 (26.4, 57.0) <0.001

Albumin, g/L 32.2 ± 5.9 33.0 ± 5.2 29.9 ± 6.9 <0.001

Total bilirubin, µmol/L 12.2 (8.6, 16.9) 11.4 (8.3, 15.3) 14.5 (9.7, 20.4) <0.001

eGFR, ml/ min/l.73 m2 73.2 ± 31.7 76.0 ± 31.8 65.7 ± 30.2 0.003

Glucose, mmol/L 8.6 ± 4.1 8.3 ± 4.0 9.5 ± 5.8 0.021

D-dimer, µg/mL 2.5 (0.7, 20.1) 1.7 (0.5, 15.7) 7.3 (2.4, 20.1) <0.001

PCT, ug/L 0.3 (0.1, 1.8) 0.2 (0.1, 1.2) 1.5 (0.3, 1.8) <0.001

hs-cTNI, pg/mL 12.0 (2.4, 503.7) 10.2 (2.3, 80.1) 274.4 (6.0, 659.6) <0.001

NT-proBNP, pg/mL 393.2 (121.5, 2774.8) 321.0 (105.0, 2774.8) 1563.5 (240.7, 2775.8) <0.001

Data are expressed as mean ± SD, median (25th−75th percentile), or n (%). SpO2, oxygen saturation; SBP, systolic blood pressure; DBP, diastolic blood pressure; ALT, alanine

aminotransferase; AST, aspartate aminotransferase; eGFR, estimated glomerular filtration rate; PCT, procalcitonin; hs-cTNI, higher sensitivity cardiac troponin I; NT-proBNP, N-terminal

pro-brain natriuretic peptide.
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regression of high-dimensional data, was used to select the
most useful predictive variables from the data set. Then, the
multivariate logistic regression analysis was performed to identify
independent risk factors. Odds ratios (ORs) were shown with a
95% CI.

The nomogram was established based on the multivariate
logistic regression analysis (rms package). A likelihood ratio
test approach for model selection was performed. Nomogram
performance was quantified with respect to discrimination
and calibration. Discrimination (the ability of a nomogram
to separate patients with all-cause in-hospital death) was
quantified with the concordance index (C-index) and 95%
CI. Calibration was assessed graphically by plotting the
relationship between actual (observed) probabilities and
predicted probabilities (calibration plot) by Hosmer goodness-
of-fit test. The internal validation of performance was estimated

with the bootstrapping method (500 replications). Integrated
discrimination improvement (IDI) and net reclassification
improvement (NRI) (survival package) were used to assess the
improved ability of the “triple cut-point” strategy of NT-proBNP
for the predictive value of the model.

All the tests were two-tailed, and a P < 0.05 was considered
significant. The statistical analyses were performed with the SPSS
version 25.0 software (SPSS Inc., Chicago, IL, United States), R
programming language, and environment version 3.6.0 (http://
cran.r-project.org).

RESULTS

Baseline Characteristics
This study finally included 402 critically ill patients
with laboratory-confirmed COVID-19 and their baseline

FIGURE 1 | Relationship between the “triple cut-point” strategy of N-terminal pro-brain natriuretic peptide (NT-proBNP) and death. (A) Distribution of the “triple

cut-point” strategy of NT-proBNP (n = 402). (B) The mortality rate increased with aging and heart failure. (C) Kaplan–Meier survival curves stratified by the “triple

cut-point” strategy of NT-proBNP. HF, heart failure.
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characteristics are shown in Table 2. Overall, the mean age of
the whole cohort was 67 years, and 54.5% (n = 219) were men.
At the 30-day follow-up, 110 patients had died with a 27.4%
mortality risk. Compared to the survivors, the non-survivors
were more likely to be older, having decreased SpO2 and
elevated heart rate (HR) (all P < 0.05). Of note, there was no
significance between the two groups regarding gender and
comorbidities, irrespective of hypertension, CHD, DM, and
respiratory system disease. Furthermore, we compared the
laboratory data between the two groups and found that the non-
survivors had significantly increased AST, total bilirubin, blood

TABLE 3 | Distribution of “triple cut-point” strategy of NT-proBNP in critically ill

patients with coronavirus disease 2019 (COVID-19).

Setting Total

n = 402

(100.0)

Survivors

n = 292

(72.6)

Non-

survivors

n = 110

(27.4)

P-value

HF unlikely, n (%) 170 (42.3) 142 (48.6) 28 (25.5) <0.001

Gray zone, n (%) 80 (19.9) 60 (20.6) 20 (18.2)

HF likely, n (%) 152 (37.8) 90 (30.8) 62 (56.3)*

Data are expressed as n (%). NT-proBNP, N-terminal pro-brain natriuretic peptide; HF,

heart failure.

*The distribution of HF likely between survivors and non-survivors was confirmed to be

significantly different by post-hoc test (p < 0.001).

glucose, d-dimer, and PCT as well as decreased lymphocytes,
platelets, and estimated glomerular filtration rate (eGFR) (all
P < 0.05).

“Triple Cut-Point” Strategy of NT-proBNP
and 30-Day Mortality
According to the “triple cut-point” strategy of NT-proBNP,
the patients were divided into three groups, and the overall
distribution of HF unlikely, gray zone, and HF likely was 170
(42.3%), 80 (19.9%), and 152 (37.8%), respectively (Figure 1A).
As shown in Table 3, the non-survivor group has a significantly
higher percentage of patients with HF likely (56.3 vs. 30.8%),
and the distribution of the three groups (HF unlikely, gray
zone, and HF likely) between the non-survivor and survivor
groups was significantly different (P < 0.001). Otherwise,
within the 30-day follow-up, we observed a mortality rate of
16.5 (28/170), 25 (20/80), and 40.8% (62/152) in group HF
unlikely, gray zone, and HF likely, respectively (P < 0.001).
Importantly, the mortality rate increased sharply, accompanied
by the increased likelihood of AHF (Figure 1B). The Kaplan-
Meier curves of short-time survival were shown in the central
illustration, illustrating a significantly shorter mean survival
time for patients with HF likely (Figure 1C). The overall
cumulative risk of death at 30-days was significantly higher
for the HF likely group than for HF unlikely and gray zone
(P < 0.001).

FIGURE 2 | Clinical feature selection using a least absolute shrinkage and selection operator (LASSO) binary logistic regression model. (A) Selection of optimal

parameters (lambda) from the LASSO model using 10-fold cross-validation and minimum criteria. The partial likelihood deviance (binomial deviance) curve was plotted

vs. log (lambda). Dotted vertical lines were drawn at the optimal values using the minimum criteria and the 1 standard error of the minimum criteria (1-SE criteria). (B)

LASSO coefficient profiles of the 28 texture features. A vertical line was drawn at the value selected using 10-fold cross-validation, where optimal l resulted in nine

non-zero coefficients. LASSO, least absolute shrinkage and selection operator; hs-cTNI, higher sensitivity cardiac troponin I; “TCP” of NT-proBNP, “triple cut-point”

strategy of NT-proBNP; SpO2, blood oxygen; HR, heart rate.
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TABLE 4 | Multivariate logistic regression analyses of risk factors for 30-day mortality.

Variable Univariate analysis* Multivariate analysis

OR (CI 95%) P-value OR (CI 95%) P-value

Age, years 1.042 (1.022, 1.061) <0.001 1.040 (1.018, 1.061) <0.001

Spo2, % 0.926 (0.894, 0.959) <0.001 —

HR, beat/min 1.012 (1.000, 1.025) 0.060 —

PLT, ×10 9 /L 0.994 (0.992, 0.996) <0.001 —

LYM, ×10 9 /L 0.224 (0.120, 0.418) <0.001 0.361 (0.191, 0.681) 0.002

Albumin, g/L 0.878 (0.837, 0.921) <0.001 0.915 (0.870, 0.963) 0.001

Total bilirubin, µmol/L 1.032 (1.010, 1.054) 0.005 1.022 (1.002, 1.042) 0.032

hs-cTNI, pg/mL 1.010 (1.001, 1.023) 0.048 —

“TCP” of NT-proBNP <0.001 0.013

HF unlikely Reference — Reference —

Gray zone 1.367 (0.718, 2.584) 0.343 1.011 (0.425, 1.725) 0.665

HF likely 2.773 (1.678, 4.583) <0.001 1.970 (1.133, 3.424) 0.016

D-dimer, µg/mL 1.053 (1.027, 1.080) <0.001 —

*The variables of the univariate analysis were from the least absolute shrinkage and selection operator (LASSO) binary logistic regression model.

Spo2, blood oxygen; HR, heart rate; hs-cTNI, higher sensitivity cardiac troponin I; “TCP” of NT-proBNP, “triple cut-point” strategy of NT-proBNP.

Predictors of 30-Day in-hospital Death of
Critically Ill Patients With COVID-19
The least absolute shrinkage and selection operator was used
to select the potential prognostic factors from numerous
parameters. Finally, 28 indexes were reduced to 10 potential
predictors, namely, age, lymphocyte, platelet, total bilirubin,
"triple cut-point” strategy of NT-proBNP, SpO2, HR, albumin,
hs-cTNI, and d-dimer, based on the 402 patients, and were
indexes with non-zero coefficients in the LASSO regression
model (Figures 2A,B). Furthermore, as shown in Table 4, the
multivariate logistic regression analysis displays five independent
predictors for the short-time fatal outcome, namely, HF likely
(OR 1.97, 95% CI 1.133–3.424), older age (OR 1.04, 95% CI
1.018–1.061), lymphocyte (OR 0.361, 95% CI 0.191–0.681), total
bilirubin (OR 1.022, 95% CI 1.002–1.042), and albumin (OR
0.915, 95% CI 0.87–0.963) (all P <0.05).

Development and Validation of a Novel
Nomogram for Predicting Prognosis
An optimal nomogram comprising all the above independent
predictors was established to individualize the risk of 30-day in-
hospital death (Figure 3A). The ratios of calculated β were used
to decide the proportional prognostic effect of these variables.
Projections from total points on the scales below indicated the
estimated probability of death.

Performance accuracy was evaluated by the area under the
curve (AUC) of the receiver operating characteristic (ROC)
analysis. The AUC for in-hospital death was 0.781 (95%CI 0.733–
0.827) (Figure 3B). The calibration curve of the nomogram for
the probability of death demonstrated good agreement between
prediction and observation in the primary cohort (Figure 3C).
Hosmer-Lemeshow goodness-of-fit was satisfied (P = 0.354).
The C-index for the prediction nomogram was 0.798 (95% CI
0.742–0.857). The decision curve analysis (DCA) for the clinical

laboratory index nomogram is presented in Figure 3D. It showed
that this nomogram had more benefits than the treat-all-patients
scheme or the treat-none scheme in predicting the risk of 30-
day in-hospital death of critically ill patients with COVID-19.
Moreover, the bootstrap validation method was used to verify
the predictive accuracy of the nomogram. The C-index for the
nomogram of 30-day in-hospital death was 0.779 (95% CI 0.721–
0.834), suggesting the accuracy of this predictive nomogram.

Incremental Predictive Value of “Triple
Cut-Point” Strategy of NT-proBNP
To investigate the role of the “triple cut-point” strategy of NT-
proBNP in the predictive value of the currentmodel, NRI and IDI
were calculated. Compared with the model without the “triple
cut-point” strategy of NT-proBNP, the addition of the “triple
cut-point” strategy of NT-proBNP resulted in a significantly
improved discrimination [IDI 7.3% (95% CI 1.1–14.5%) and NRI
4.9% (95% CI 2.6–7.2%), both with P < 0.05].

DISCUSSION

In this prospective multicenter study, we recruited 402 critically
ill patients with COVID-19 from four ICUs in China and
established a novel nomogram to predict the 30-day all-cause
mortality risk in these patients. To the best of our knowledge,
there have been few risks score models for predicting the
prognosis of critically ill patients with COVID-19. This study
has developed a user-friendly and relatively personalized model
incorporating five variables, age, “triple cut-point” strategy of
NT-proBNP, albumin, lymphocyte count, and total bilirubin, to
predict short-time mortality risk in critically ill Chinese patients
with COVID-19, which could assist risk stratification and provide
insights for timely interventions upon admission. Furthermore, it
is highlighted that the “triple cut-point” strategy of NT-proBNP
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FIGURE 3 | Construction and validation of the nomogram for 30-day all-cause death. (A) The total nomogram point of each patient can be used to predict death risk

on an individual basis. To predict patient death risk at 30-days, take the following as an example: an 81-year-old patient (60 points) who belonged to HF likely (71

points) had albumin of 34 g/L (46.5 points); his lymphocyte was.5 × 109 /L (56.5 points), and total bilirubin was 14 µmol/L (50 points) at admission. He has a total

point score of 284, corresponding to a 45.39% risk of death at 30-days. (B) ROC curves of the nomogram. (C) Calibration plot of observed proportion vs. predicted

probability of 30-day death of the nomogram. (D) DCA for the nomogram and the model with subtracting of HF. The y-axis measures the net benefit. The dotted pink

line represents the nomogram. The thin gray line represents the assumption that all patients will die. The bold black line represents the assumption that no patient will

die. “TCP” of NT-proBNP, “triple cut-point” strategy of NT-proBNP; HF, heart failure; AUC, the area under the curve; ROC, receiver operating characteristic; DCA,

decision curve analysis.

demonstrated the predominant role of AHF in the clinical course
and prognosis in COVID-19.

The mortality risk of COVID-19 has been proven high,
with 28-day mortality ranging from 26–53.8% in critically ill
adult patients worldwide (1, 11), indicating the imperative
of proposing an easy-to-use prediction model to assist risk-
stratify and therapeutic optimization in clinical practice for
ICU patients. Emerging evidence has tried to explore the

risk factors and construct diagnostic and prognostic models
in COVID-19 populations (12, 13). However, previous reports
regarding prognosis prediction have mainly focused on disease
progression or mortality risk of the whole group without further
distinguishing critically ill patients in ICU (14). The sample
selection bias of the prior models could lead to poor adaptions.
In line with existing data, this study reported a 27.6% mortality
risk, and further constructed and validated a novel nomogram
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for the prediction of 30-day all-cause death. Variables referring to
older age, higher level of total bilirubin, lower level of lymphocyte
count and albumin, and “triple cut-point” strategy of NT-proBNP
were likely to recognize individuals who are at high risk with high
sensitivity and specificity. More importantly, the quantitative
appraisal made it possible to estimate the likelihood of death
more accurately and individually with easy and rapid access in
clinical practice.

It has been widely confirmed that cardiac involvement,
such as cardiac injury, arrhythmias, myocarditis, and cardiac
dysfunction, was prevalent and prognostic in hospitalized
patients with COVID-19 (15–17), among which HF is
responsible for substantial morbidity and mortality (10).
New-onset HF was observed in nearly 23% of hospitalized
patients with COVID-19 and as much as one-third of those
admitted to the ICU (2, 9). Recent reports revealed that HF was
the most frequent cause of death just after acute respiratory
distress syndrome (ARDS) and sepsis, accounting for 27.4%
of the proximate causes of death in patients with COVID-19
(18). However, the role of HF in the prognosis of critically ill
patients with COVID-19 has not been fully elucidated, partially
because of high diagnostic uncertainty. A complete diagnosis
of HF usually includes symptoms, signs, biomarkers (BNP/NT-
proBNP), and imaging examinations, while it is impractical and
unavailable to evaluate cardiac function by echocardiography for
each critically ill patient with COVID-19 in the clinical practice.
Although BNP/NT-proBNP levels are easily interfered with and
obscured by considerable factors, the utility of these biomarkers
performed well in the emergency setting as an adjunct tool
for the diagnosis and triage of dyspneic patients. As such, the
guidance has recommended BNP/NT-proBNP as a diagnostic
aid for HF with comparable diagnostic accuracy.

As the widely admitted biomarker in HF, NT-proBNP
quantitatively reflects hemodynamic myocardial stress (19),
indicating not only left ventricular (LV) systolic dysfunction but
also cardiac abnormalities, such as LV diastolic dysfunction, right
ventricular (RV) dysfunction, valvular dysfunction, increased
pulmonary pressures, and atrial arrhythmias. Prior studies have
observed ambiguous results that higher levels of BNP or NT-
proBNP were found in patients with severe COVID-19 and that
they were independently associated with high mortality, maybe
because of single-center design, patient population selection
bias, and small sample size (20–23). This multicenter study
demonstrated that the non-survivors had a significantly higher
level of NT-proBNP than the survivors (1,564 vs. 321 ng/ml),
with reasonable sample size. Consistently, a recent study
described the characterization of NT-proBNP in patients with
COVID-19, and 48.5% of their cohort presented NT-proBNP
levels above the recommended cut-off for the identification of
HF (24).

Furthermore, considering the fact that the plasma level of
NT-proBNP is largely affected by age and renal functions, it
seems to be not rigorous enough to use NT-proBNP as a simple
continuous variable alone to predict the prognosis of patients
with COVID-19. Thus, we reclassified the subjects into three
groups (HF likely, gray zone, and HF unlikely) according to
the recent HF guidance as to the “triple cut-point” strategy of

NT-proBNP, and observed that patients with HF likely occupied
37.8% of the total cohort, of which 56.3% were non-survivors (6).
Moreover, we found that patients in the HF likely group had a
significantly higher risk (OR 1.97, 95% CI 1.133–3.424) for 30-
day all-cause death. Concerning the clinical presentations and
biomarkers of HF on time would help make optimal individual
treatment plans to prevent further deterioration efficiently.

It is worth noting that our prediction model did not
incorporate troponin, as it was not independently associated with
the outcome unexpectedly, while prior studies have suggested
that troponin was a significant prognostic indicator in COVID-
19 (15, 25). Similarly, Dong et al. conducted a retrospective
study and built a nomogram assessing the 14-day and 21-day in-
hospital survival of all the general patients with COVID-19. The
final model was constructed based on hypertension, neutrophil-
to-lymphocyte ratio, and NT-proBNP (26). Elevated troponin
may be a possible confounder for NT-proBNP as they were
postulated to share the same pathophysiological processes and
found to be both elevated in pneumonia, sepsis, ARDS, and
several other non-cardiac illnesses. Hence, we speculated that
an accurate classification using the “triple cut-point” strategy of
NT-proBNP may decrease the confounding effect of troponin.
Notably, liver injuries, such as elevated total bilirubin and
decreased albumin, have also been demonstrated to be common
and associated with disease severity and poor outcomes for
critically ill patients in this study, in accordance with previous
studies (27). Furthermore, elevated total bilirubin may also
be associated with cardiac dysfunctions as a significant and
independent predictor of poor cardiovascular prognosis in
patients with HF (28).

Critically ill conditions with COVID-19 were usually
complicated by multiple organ dysfunctions with complex
pathophysiological processes involving numerous parameters,
including but not limited to hypoxemia, inflammation,
thromboembolism, renal failure, and cardiac damage (29).
Therefore, it is of vital importance to bring all reasonable possible
variables into analysis and construct a scientific prediction model
relying on appropriate statistical analysis awfully. In the current
study, LASSO, a machine learning algorithm, was applied to
shrink the regression coefficients from amounting clinical and
laboratory indicators to 10 potential predictors. Thus, this
algorithm could conquer common confusing collinearity issues
and yield more robust results than traditional variable screening
methods.

Some cautions should be considered when interpreting our
results. First, although our study is observational and the sample
size is relatively small, it has a multicenter and prospective
design emphasizing critically ill patients. Further investigations
with a larger sample size are warranted. Second, this study
did not apply other diagnostic tools to make a complete
HF diagnosis. However, it is impractical and unavailable to
evaluate cardiac functions by echocardiography for each critically
ill patient with COVID-19. Conversely, rapid measurements
of NT-proBNP have substantial medical aids to fulfill the
clinical need underlying this extraordinary stressful setting,
although it should never be a stand-alone test for HF diagnosis.
Third, our nomogram model lacks validation in an external
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population. Nevertheless, internal verification indicated the
predictive strength in our study.

CONCLUSIONS

In this study, we explored the independent predictors for short-
time prognosis in critically ill patients with COVID-19 in China
and established a novel nomogram to predict the 30-day all-cause
mortality risk for the first time, highlighting the predominant role
of the “triple cut-point” strategy of NT-proBNP. This easy-to-
use prognostication nomogram can provide survival estimations
and help identify patients with COVID-19 with a high-risk
trajectory, further advancing clinical management and ultimately
improving outcomes.
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The COVID-19 disease is a multisystem disease due in part to the vascular endothelium

injury. Lasting effects and long-term sequelae could persist after the infection and may

be due to persistent endothelial dysfunction. Our study focused on the evaluation

of endothelial quality index (EQI) by finger thermal monitoring with E4 diagnosis

Polymath in a large cohort of long COVID-19 patients to determine whether long-covid

19 symptoms are associated with endothelial dysfunction. This is a cross-sectional

multicenter observational study with prospective recruitment of patients. A total of 798

patients were included in this study. A total of 618 patients (77.4%) had long COVID-19

symptoms. The mean EQI was 2.02 ± 0.99 IC95% [1.95–2.08]. A total of 397 (49.7%)

patients had impaired EQI. Fatigue, chest pain, and neuro-cognitive difficulties were

significantly associated with endothelium dysfunction with an EQI < 2 after adjustment

for age, sex, diabetes, hypertension, dyslipidemia, coronary heart disease, and the

severity of acute COVID-19 infection. In multivariate analysis, endothelial dysfunction

(EQI < 2), female gender, and severe clinical status at acute COVID-19 infection with

a need for oxygen supplementation were independent risk factors of long COVID-19

syndrome. Long COVID-19 symptoms, specifically non-respiratory symptoms, are due

to persistent endothelial dysfunction. These findings allow for better care of patients with

long COVID-19 symptoms.

Keywords: COVID-19, long COVID-19 syndrome, endothelial function, microcirculation, endothelium
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INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was detected in China in December 2019 (1, 2).
Up to the time of writing, more than 149 million people
worldwide have been infected, and over 3 million people
have died from the coronavirus disease 2019 (COVID-19) (3).
The COVID-19 disease is a multisystem disease due to in
part the vascular endothelium injury it causes (4, 5). Lasting
effects and long-term sequelae could persist after the infection,
affecting patients’ return to work and quality-of-life (6). The
most prevalent ongoing symptoms are fatigue, dyspnea, chest
pain, joint pain, palpitations, anosmia and dysgeusia, hair loss,
cognitive symptoms, and psychosocial distress (6–11). Some
studies suggest that Long-COVID 19 symptoms may be due
to persistent endothelial dysfunction (12). In fact, the SARS-
CoV-2 infection of endothelial cells is associated with changes
in cell morphology and endothelial cells apoptosis that could
persist several weeks after the acute infection. The Working
Group on Atherosclerosis and Vascular Biology together with the
Council of Basic Cardiovascular Science of the European Society
of Cardiology provided a Position Statement on the importance
of the endothelial function study in convalescent patients for
early detection and prevention of long-term cardiovascular
complications (4).

Our study focused on endothelial function evaluation by
finger thermal monitoring (FTM) of endothelial quality with an
E4-diagnose device (Polymath Company) (13) in a large cohort
of long COVID-19 patients.

The study objectives were defined as the assessment of
long COVID 19 symptoms’ prevalence, endothelial function in
recovered COVID-19 patients, and its link to long COVID-
19 symptoms.

MATERIALS AND METHODS

Study Design
This was a cross-sectional multicenter observational study
with prospective recruitment of patients. The recruiting period
extended from January 20 to May 10, 2021. The study protocol
was recorded in the Pan African Clinical Trials Registries
(PACTR) with trial ID PACTR202102867544936. The study had
the local Ethics and Investigation Committee approval, being
designated with approval number CPP SUD 0299/2020.

Participants
Patients were recruited by local health authorities relying on the
COVID-19 registry. After being informed about the study and
potential risks, all eligible patients–recovered from confirmed
severe acute SARS-CoV2 infection and having given written
informed consent–underwent a comprehensive non-invasive
assessment of endothelial and cardiac function during their long-
COVID19 infection period. Inclusion criteria were as follows: age
>18 years, both sexes, written informed consent, and a recent
diagnosis of COVID-19 infection in the past 2 weeks−6 months
proven by RT-PCR analysis of nasopharyngeal swabs positivity or
viral rapid test. Important exclusion criteria included: Diseases

carrying a life-expectancy of <1 year according to clinical
judgment, pregnancy and breastfeeding, and foreseen inability to
attend scheduled visits.

The long COVID-19 symptoms were defined by persistent
symptoms 4 weeks after the start of acute COVID-9 infection
(14). These symptoms were assessed simultaneously with
the microvascular circulation and endothelial function at the
inclusion. An objective evaluation of reported symptoms was
performed. Shortness of breath was defined by a New York Heart
Association class of dyspnea ≥ 2 (15). Fatigue was evaluated
according to the modified fatigue severity scale (16). We used
the Mini-Mental State Examination (MMSE) to assess cognitive
performances. Cognitive difficulties were defined by an MMSE
score < 24 (17).

Test Methods
Assessment of Microvascular Circulation and

Endothelial Function
All investigation sites used the E4-diagnose device (Polymath
Company. Tunisia) with a fully automated and standardized
post occlusion reactive hyperemia procedure (PORH). The
E4-diagnose is a non-invasive, high resolution (0.002◦C)
skin temperature measuring device. It consists of a portable
microcontroller (MCU) unit, two accurate finger temperature
sensors, and an integrated wrist cuff. All the automated
procedures and calculations are fully processed by the embedded
MCU firmware. A dedicated PC software views, stores, and
exports the data. The tests were carried out in a dimmed and
quiet room. The ambient temperature (between 22–24◦C) was
maintained consistently during the test. The patient was fasting
with no smoking nor heavy physical activity, for 4 h prior to
the test. At least 20min were allowed for acclimatization and
subjects were kept in a relaxing sitting position. Systolic blood
pressure was checked to be <160 mmHg and index fingers
temperature above 27◦C. The integrated wrist cuff is placed on
the dominant forearm and both finger sensors are gently fixed to
both index fingers.

The standard protocol is reported in
Supplementary Material, Supplementary Figures 1, 2.

During TUN-EndCOV study, EQI was selected as the best
parameter to reflect the endothelial function relying on the
classification below:

- EQI ≥ 2: Good endothelial function
- EQI < 2: Endothelial dysfunction

The cut-off of two was in accordance with reported previous data
(18) and after statistical validation (Supplementary Material).

The group endothelial dysfunction was divided into two
subgroups with a cut-off of 1.5 for further analysis.

Echocardiographic Evaluation
A complete echocardiographic evaluation of the systolic and
diastolic left ventricle (LV) function was performed. The LV
global longitudinal strain (LVGLS) was determined by the speckle
tracking analysis.
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TABLE 1 | Baseline characteristics of the study population.

Total population (N = 798) Post COVID 19

symptoms (N = 618)

No post COVID 19

symptoms (N = 180)

p-value

Clinical characteristics

Age (years) 49.94 ± 14.2 50.03 ± 14.2 49.65 ± 14.3 0.75

BMI (kg/m2) 28.34 ± 4.7 28.35 ± 4.6 28.32 ± 4.8 0.94

Females (n, %) 483 (60.5) 389 (62.9) 94 (52.2) 0.01

Diabetes (n, %) 189 (23.7) 153 (24.8) 36 (20.0) 0.18

Hypertension (n, %) 269 (33.7) 207 (33.5) 62 (34.4) 0.81

Dyslipidemia (n, %) 84 (10.5) 69 (11.2) 15 (8.3) 0.27

Smoking (n, %) 57 (7.1) 41 (6.6) 16 (8.9) 0.30

CV risk factors

0 397 (49.7) 305 (49.4) 92 (51.1) 0.68

1 195 (24.4) 157 (25.4) 38 (21.1)

2 130 (16.3) 89 (15.9) 32 (17.8)

≥3 76 (9.5) 58 (9.4) 18 (10.0)

Heart failure (n, %) 4 (0.5) 3 (0.5) 1 (0.6) 0.64

Coronary heart disease (n, %) 34 (4.3) 25 (4.0) 9 (5.0) 0.57

Pulmonary disease (n, %) 48 (6.0) 42 (6.8) 6 (3.3) 0.08

Chronic medications before trial

Aspirin (n, %) 70 (8.8) 55 (8.9) 15 (8.3) 0.81

ACE inhibitors (n, %) 103 (12.9) 84 (13.6) 19 (10.6) 0.28

ARBs (n, %) 58 (7.3) 53 (8.6) 5 (2.8) 0.008

Bblockers (n, %) 84 (10.5) 56 (9.1) 29 (16.1) 0.007

Statins (n, %) 107 (13.4) 87 (14.1) 20 (11.1) 0.30

Calcium channel blockers (n, %) 37 (4.6) 29 (4.7) 8 (4.4) 0.88

Nitrates (n, %) 6 (0.8) 3 (0.5) 3 (1.7) 0.10

Severity of COVID 19 infection

Moderate or severe symptoms (need of oxygen) (n, %) 185 (23.2) 159 (25.7) 26 (14.4) 0.002

Extend of lesions at thoracic CT scan

≥50 % (n, %) 36 (4.5) 32 (5.2) 4 (2.2) 0.09

Endothelial function parameters

EQI 2.02 ± 0.9 1.99 ± 0.9 2.09 ± 1.0 0.24

Flow_ratio 5.02 ± 3.2 5.02 ± 3.2 5.00 ± 3.3 0.93

Peak_time 51.86 ± 29.9 50.97 ± 28.5 54.95 ± 34.4 0.12

Half_time_decay 36.10 ± 17.5 35.74 ± 16.6 37.13 ± 19.9 0.42

Endothelial dysfunction (EQI <2) 397 (49.7) 319 (51.6) 78 (43.3) 0.05

Echocardiographic parameters

LVEF (%) 61.00 ± 5.3 60.94 ± 5.3 61.30 ± 5.1 0.65

LVGLS (%) −16.96 ± 2.7 −16.84 ± 2.6 −17.63 ± 2.8 0.07

E-wave velocity (cm/sec) 79.33 ± 19.0 79.21 ± 19.2 79.91 ± 18.2 0.81

A-wave velocity (cm/sec) 74.15 ± 18.2 73.74 ± 18.5 76.11 ± 16.7 0.40

E’ velocity (cm/sec) 13.81 ± 3.9 13.64 ± 3.7 14.57 ± 5.0 0.13

E/E’ 6.09 ± 2.1 6.08 ± 2.0 6.14 ± 2.5 0.87

sPAP (mmHg) 21.64 ± 7.2 21.77 ± 7.4 21.06 ± 6.4 0.53

Elevated LV filling pressure (n, %) 2 (0.3) 1 (0.2) 1 (0.6) 0.4

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blockers; BMI, body mass index; CV, cardiovascular; EQI, endothelium quality index; LVEF, left ventricular ejection

fraction; LVGLS, left ventricular global longitudinal strain; E, transmitral early diastolic peak velocity; A, late diastolic peak velocity; E’, early relaxation velocity on tissue Doppler; sPAP,

systolic pulmonary artery pressure. Bold values mean statistically significant difference.

Statistical Analysis
Statistical analyses were performed using SPSS (Statistical
Package for the Social Sciences) version 23.0. The complete
database is maintained by the study team. Categorical variables
were expressed as frequencies and percentages and continuous
variables as mean and SD. Differences in percentages were

assessed using the chi-2 test and their means using the
Student’s t-test. Estimates of risk ratios were presented with 95%
Confidence Intervals (CI). All variables that were statistically
significant at univariate analysis and those considered of relevant
clinical interest with a risk of error of 10% were included
in a multivariable model (logistic regression) to identify the
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TABLE 2 | Adjusted associations of different long COVID 19 symptoms to endothelial dysfunction.

Total population (n = 798) EQI ≥ 2 (n = 401) EQI < 2 (n = 397) p-value OR95% Adjusted* OR95%

≥ 1 symptom (n, %) 618 (77.4) 299 (74.5) 319 (80.3) 0.05 1.39 [0.99–1.39] 1.45 [1.02–2.07], p = 0.03

Chest pain, dyspnea or fatigue (n, %) 546 (68.4) 256 (63.8) 296 (73) 0.005 1.53 [1.13– 2.07] 1.50 [1.09-2.07], p = 0.01

Fatigue (n, %) 337 (42.2) 155 (38.7) 182 (45.8) 0.04 1.34 [1.01–1.78] 1.36 [1.01, 1.83], p = 0.038

Chest pain (n, %) 162 (20.3) 62 (15.5) 100 (25.2) 0.001 1.84 [1.29–2.62] 1.94 [1.34–2.80], p < 0.001

Palpitations (n, %) 139 (17.4) 78 (19.5) 61 (15.4) 0.12 0.75 [0.52–1.08] 0.84 [0.57–1.24], p = 0.40

Shortness of breath (n, %) 331 (41.5) 159 (39.7) 172 (43.3) 0.29 1.16 [0.87–1.54] 1.12 [0.83- 1.52], p = 0.44

Cough (n, %) 136 (17) 63 (15.7) 73 (18.4) 0.31 1.20 [0.83–1.75] 1.15 [0.78–1.69], p = 0.47

Headaches (n, %) 176 (22.1) 86 (21.4) 90 (22.7) 0.67 1.07 [0.76–1.50] 1.26 [0.88–1.79], p = 0.19

Anosmia (n, %) 28 (3.5) 15 (3.7) 13 (3.3) 0.72 0.87 [0.40–1.85] 1.06 [0.47 – 2.35], p = 0.88

Gastro-intestinal syndrome (n, %) 47 (5.9) 18 (4.5) 29 (7.3) 0.09 1.67 [0.91–3.07] 1.62 [0.86–3.05], p = 0.13

Neuro-cognitive difficulties (n, %) 97 (12.2) 44 (11.0) 53 (13.4) 0.30 1.25 [0.81–1.91] 1.62 [1.03–2.55], p = 0.036

Sleep disorders 76 (9.5) 34 (8.5) 42 (10.6) 0.31 1.27 [0.79–2.05] 1.45 [0.88–2.40], p = 0.13

*Adjusted to age, sex, diabetes, hypertension, dyslipidemia, coronary heart disease, and severe clinical status of COVID 19 infection with the need for oxygen.

EQI, endothelium quality index; OR, odds ratio.

independent predictors of endothelial dysfunction and long
COVID 19 symptoms and to determine adjusted Odds Ratio
(OR). Receiver operating characteristic (ROC) analysis was
carried out to determine the cut-off value of continuous
variables associated with endothelial dysfunction. A p <0.05 was
considered statistically significant.

RESULTS

A total of 798 patients were included in this study. Patients were
included at an average time of 68.934 ± 3.1 [28–186] days. The
mean age was 49.94 ±14.2 years. Women accounted for 60.5 %
of patients (483 of 798). Hypertension was the most common
chronic health condition, reported in 33%, followed by diabetes
in 23.7%. A total of 618 patients (77.4%) had long COVID
19 symptoms. The mean EQI was 2.02 ± 0.99 IC95% [1.95–
2.08]. A total of 397 (49.7%) patients had impaired EQI. The
demographics, clinical characteristics, long-term medications,
endothelial function, and echocardiographic parameters of the
study population at inclusion according to the occurrence of long
COVID 19 symptoms were reported in Table 1.

Among long COVID-19 symptoms, fatigue was the most
common symptom reported in 42.2%, followed by shortness of
breath in 41.5%, headaches in 22.1%, and chest pain in 20.3%.

Long COVID-19 symptomswere associated with endothelium
dysfunction with an EQI<2 (Table 2). Fatigue, chest pain, and
neuro-cognitive difficulties were significantly associated with an
EQI <2 after adjustment for age, sex, diabetes, hypertension,
dyslipidemia, coronary heart disease, and the severity of acute
COVID-19 infection (need for oxygen) (Table 2). Long COVID-
19 symptoms were not associated with the severity of the
endothelial dysfunction in the subgroups analysis.

In multivariate analysis, endothelial dysfunction (EQI <

2), female gender, and severe clinical status at acute COVID-
19 infection with a need for oxygen supplementation were
independent risk factors of long COVID-19 syndrome (Table 3).

Endothelial dysfunction was significantly associated with the
older age, body mass index (BMI), male gender, cardiovascular

TABLE 3 | Associated factors to long COVID-19 syndrome in multivariate analysis.

Variable Odds Ratio, 95 CI% P

EQI < 2 1.522 (1.072–2.160) 0.019

Female gender 1.913 (1.340–2.731) <10−3

Severe clinical

status of COVID

19 infection with

need to oxygen

2.394 (1.495–3.833) <10−3

B-blockers 0.489 (0.296–0.806) 0.005

EQI, endothelium quality index.

risk factors, the severity of symptoms during the acute phase of
COVID-19 infection, the extension of pulmonary lesions during
the COVID-19 infection, and reduced LV GLS (Table 4).

According to ROC analysis, 45 years old, 25kg/m2,
and−16% were the optimal cut-off values respectively for
age, BMI, and LVGLS associated with endothelial dysfunction
(Supplementary Figure 3). In multivariate analysis, age ≥

45 years old, reduced LVGLS<-16%, and dyslipidemia were
significantly associated with endothelial dysfunction (Table 5).

DISCUSSION

COVID-19 is a multisystem disease due to in part endothelium
damage (4, 5). SARS-CoV-2 infects the host using the
angiotensin-converting enzyme 2 (ACE2) receptors, which are
expressed in several organs, including the lung, heart, kidney,
intestine, and also expressed by endothelial cells, causing a
distinguishable and distinct systemic endotheliitis (5, 19).

Lasting sequalae, symptoms, signs, or abnormal clinical
parameters persisting 4 weeks or more after COVID-19 infection
onset were commonly defined as “long COVID-19” (14, 20–22).

While it is well established that endothelial dysfunction is
associated with poor prognosis in acute phase COVID19, its link
with long COVID 19 symptoms is still questionable.
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TABLE 4 | Baseline characteristics in the study population according to endothelium quality index.

Total population (n = 798) EQI ≥ 2 (n = 401) Impaired EQI < 2

(n = 397)

p-value

Clinical characteristics

Age (years) 49.94 ± 14.2 47.21 ± 14.5 52.71 ± 13.4 <10−3

BMI (kg/m2 ) 28.34 ± 4.7 27.55 ± 4.6 29.14 ± 4.6 <10−3

Females (n, %) 483 (60.5) 279 (69.6) 204 (51.4) <10−3

Diabetes (n, %) 189 (23.7) 75 (18.7) 114 (28.7) 0.001

Hypertension (n, %) 269 (33.7) 112 (27.9) 157 (39.5) 0.001

Dyslipidemia (n, %) 84 (10.5) 26 (6.5) 58 (14.6) <10−3

Smoking (n, %) 57 (7.1) 28 (7.0) 29 (7.3) 0.86

CV risk factors

0 365 (45.7) 213 (53.1) 152 (38.3) <10−3

1 223 (27.9) 108 (26.9) 115 (29.0)

2 125 (15.7) 48 (12.0) 77 (19.4)

≥3 85 (10.7) 32 (8.0) 53 (13.4)

Heart failure (n, %) 4 (0.5) 1 (0.2) 3 (0.8) 0.31

Coronary heart disease (n, %) 34 (4.3) 10 (2.5) 24 (6.0) 0.01

Pulmonary disease (n, %) 48 (6.0) 26 (6.5) 22 (5.5) 0.57

Chronic medications before trial

Aspirin (n, %) 70 (8.8) 19 (4.7) 51 (12.8) <10−3

ACE inhibitors (n, %) 103 (12.9) 41 (10.2) 62 (15.6) 0.02

ARBs (n, %) 58 (7.3) 19 (4.7) 39 (9.8) 0.006

Bblockers (n, %) 84 (10.5) 34 (8.5) 50 (12.6) 0.05

Statins (n, %) 107 (13.4) 31 (7.7) 76 (19.1) <10−3

Severity of COVID 19 infection

Moderate or severe symptoms (need of oxygen) (n, %) 185 (23.2) 72 (18.0) 113 (28.5) <10−3

Extend of lesions at thoracic CT scan

≥50 % (n, %) 36 (4.5) 11 (2.7) 25 (6.3) 0.01

Echocardiography

LVEF (%) 61.00 ± 5.3 61.93 ± 5.3 60.16 ± 5.1 0.004

LVGLS (%) −16.96 ± 2.7 −18.19 ± 2.3 −15.89 ± 2.5 <10−3

E-wave velocity (cm/sec) 79.33 ± 19.0 83.49 ± 16.8 75.50 ± 20.1 <10−3

A-wave velocity (cm/sec) 74.15 ± 18.2 73.69 ± 17.5 74.58 ± 18.9 0.68

E’ velocity (cm/sec) 13.81 ± 3.9 14.79 ± 4.0 12.9 ± 3.6 <10−3

E/E’ 6.09 ± 2.1 5.95 ± 1.7 6.22 ± 2.4 0.28

sPAP (mmHg) 21.64 ± 7.2 20.97 ± 7.7 22.26 ± 6.7 0.13

Elevated LV filling pressure 2 (0.3) 0 2 (0.5) 0.24

ACEI, angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor antagonists (ARBs); BMI, body mass index; CV, cardiovascular; EQI, endothelium quality index; LV, left

ventricle, LVEF, left ventricular ejection fraction; LVGLS, left ventricular global longitudinal strain; E, transmitral early diastolic peak velocity; A, late diastolic peak velocity; E’, early

relaxation velocity on tissue Doppler; sPAP, systolic pulmonary artery pressure.

This study (1) reported long COVID-19 data in a large
cohort of patients and (2) focused on endothelial dysfunction
as a possible mechanism of underlying persistent long
COVID-19 symptoms.

Our findings support that long COVID 19 syndrome
is frequent. Recent reviews and metanalysis evaluated and
summarized the best available evidence on the frequency of
long COVID-19 (6, 11) (Table 6). Persistent long COVID-19
symptoms were reported until 6 months after the acute
phase (23).

Different risk factors such as old age, a high number
of comorbidities, severe clinical status, hospital admission,
and oxygen supplementation at the acute COVID-19 phase

TABLE 5 | Associated factors to endothelial dysfunction in multivariate analysis.

Variable Odds Ratio, 95 CI% p

Age > 45 years old 2.046 (1.151–3.635) 0.01

Reduced LVGLS 4.540 (2.451–8.410) <10−3

Dyslipidemia 2.834 (1.042–7.713) 0.04

BMI, body mass index; LVGLS, left ventricle global longitudinal strain.

were reported as potentially associated with long COVID-19
symptoms (8, 10, 24–26). TUN-EndCOV study showed
that persistent symptoms especially chest pain, fatigue, and
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TABLE 6 | Prevalence of long COVID-19 symptoms in the literature.

TUN-End-

COV

study

Systematic review

and metanalysis of

Lopez Leon et al. (6)

Systematic review

of Cabrera

Martimbianco

et al. (11)

At least one symptom (%) 77.4 80 4.7–80

Fatigue (%) 42.2 58 6.6–64.0

Chest pain (%) 20.3 16 0.4–89

Palpitations (%) 17.4 22 13

Shortness of breath (%) 41.5 24 5.5–61

Cough (%) 17 19 1.8–59.0

Headaches (%) 22.1 44 2.0–39.0

Anosmia (%) 3.5 - 0–26.2

Gastro-intestinal

syndrome (%)

5.9 12 1.3–33.3

Neuro-cognitive

difficulties (%)

12.2 43 18–57.1

neurocognitive symptoms (non-respiratory symptoms) during
the long COVID-19 period were mainly associated with
endothelial dysfunction, even after adjustment for age, sex,
diabetes, hypertension, dyslipidemia, coronary heart disease, and
severe clinical status of COVID-19 infection with the need for
oxygen. In multivariate analysis, endothelial dysfunction was an
independent risk factor of long COVID-19 syndrome. A recent
case reported a non-amelioration of vascular reactivity 3 weeks
after acute COVID-19 infection (27). A small-sized pilot study
in patients with critical COVID-19 suggested that microvascular
function assessed by Laser Speckle Contrast Imaging may not be
fully recovered 3 months after disease onset (28).

The beta-blockers treatment was associated with reduced long
COVID-19 symptoms. In fact, some papers suggested that beta-
adrenergic blockers may be associated with beneficial effects
during the acute COVID-19 infection by decreasing the SARS-
CoV-2 virus entry, inhibiting NLRP3 inflammasome, reducing
IL-6 and so that decreasing the consequent cardio-vascular
and pulmonary acute COVID-19 complications (29). These
mechanisms may also explain the long-term cardio-pulmonary
COVID-19 symptoms. Furthermore, this benefit could be
explained in part by beta-blockers pleiotropic effects on the
endothelium (reduction of the myocardial oxygen consumption,
and anti-oxidant properties) and their effect on rate control (30).

In this large cohort of long COVID-19 population, endothelial
function was evaluated by an FTM of the endothelium quality
with E4-diagnose device (Polymath Company. Tunisia) (13). It
has been shown that the FTM can be used as a reproducible and
operator-independent test for the non-invasive measurement
of endothelial function in a controlled environment (31). In
the largest report to date on any fingertip-based measurement
of vascular reactivity and endothelial function, the vascular
reactivity index (VRI) values were inversely correlated with age
and male gender (18). Even so, the distribution of VRI values
in the elderly population and between genders clearly showed
a sizable number of good and intermediate scores (18). These
findings support the clinical utility of FTM as a test that can

differentiate good vascular function from poor vascular function,
regardless of the characteristics of the patient (18). In the present
study, older age and subclinical LV systolic dysfunctionmeasured
by LVGLS were an independently associated factor to impaired
EQI. In previous studies, subclinical myocardial deformation
with reduced LVGLS was reported at one-month follow-up in
one out of every three patients recovered from COVID 19
infection, even in those without myocardial injury (32). The
alteration of LVGLS associated with endothelial dysfunction
following COVID-19 infection may be due to different factors:
(1) the cardiomyocyte inflammation due to viral infiltration
(33) and immune mechanisms (34, 35) (2) the hypoxia due to
respiratory failure (34, 36), and (3) the myocardial injury due
to microvascular dysfunction (19, 37, 38). This finding could
explain the persistent chest pain during the long COVID-19.

This is the largest and the first study up to date that focused
on the non-invasive evaluation of endothelial function by FTM
during the long COVID-19. An important finding is the probable
association of “non-respiratory” long COVID-19 symptoms
especially chest pain, fatigue, and neuro-cognitive difficulties
to endothelial dysfunction, highlighting the importance of an
early evaluation of the endothelium quality for appropriate
management. Understanding the pathophysiology and
underlying mechanisms of persistent symptoms in long COVID-
19 patients is required to guide investigations, management and
improve patient prognosis.

Further studies are required to characterize long COVID-
19 vascular sequelae in order to develop a planned monitoring
program and adequate treatment.

Limitations and Perspectives
One limitation of the study could be that reported symptoms
were collected by a physician and not through self-reports,
so probably only significant symptoms were reported.
Furthermore, a global evaluation of the quality of life of
the patients was not reported. Another study limitation
could be the absence of data on whether patients with
endothelial dysfunction had any subclinical preexistent
endothelial dysfunction before COVID-19 infection especially
in the elderly. In fact, age was one of the most important
factors associated with endothelial dysfunction in our study.
Longitudinal follow-up of individuals with long COVID-19
syndrome and endothelial dysfunction is warranted to better
understand the pathophysiology underlying the long-term
persistence and to guide therapeutic intervention. Randomized
studies are requested to study the effect of treatment with
action on the endothelium function such as Beta-blockers,
ACE inhibitors, ARBs, and statins on the long COVID-19
symptoms. Finally, lack of control data regarding endothelial
function evaluation in patients with similar demographic
characteristics without COVID-19 infection could be one of the
study limitations.

CONCLUSION

There is increasing evidence regarding the link between
endothelial dysfunction and persistent long COVID-19
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symptoms. Risk stratification of long COVID-19 patients may be
important to their management. The evaluation of endothelium
quality by FTM to non-invasively detect endothelial dysfunction
needs to be studied further to improve the management of long
COVID-19 patients.
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Efforts in the fight against COVID-19 are achieving success in many parts of the world,

although progress remains slow in other regions. We believe that a syndemic approach

needs to be adopted to address this pandemic given the strong apparent interplay

between COVID-19, its related complications, and the socio-structural environment.

We have assembled an international, multidisciplinary group of researchers and clinical

practitioners to promote a novel syndemic approach to COVID-19: the CArdiometabolic

Panel of International experts on Syndemic COvid-19 (CAPISCO). This geographically

diverse group aims to facilitate collaborative-networking and scientific exchanges

between researchers and clinicians facing a multitude of challenges on different

continents during the pandemic. In the present article we present our “manifesto”,

with the intent to provide evidence-based guidance to the global medical and

scientific community for better management of patients both during and after the

current pandemic.
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INTRODUCTION

There is a bidirectional pathophysiologic relationship between
coronavirus disease 2019 (COVID-19) and cardiometabolic
diseases, and individuals at risk of the latter require careful
consideration as the global pandemic continues to take its toll.
Diabetes, obesity, and cardiovascular disease are associated with
an increased risk for severe forms of COVID-19 and resulting
death (1–6). At the same time, patients with COVID-19 infection
are more prone to the development of new-onset diabetes
mellitus (7). Investigators from different areas have emphasized
the clinical relevance of the increased incidence of diabetes after
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) infection (8, 9). Furthermore, COVID-19 is associated with
cardiovascular injury attributed to heightened inflammation,
endothelial dysfunction and microthrombi formation (10–
13). Endothelial dysfunction plays an important role in the
pathogenesis of COVID-19, particularly in patients with pre-
existing hypertension, diabetes, obesity and cardiovascular
diseases (14). The endothelium, and particularly pulmonary
endothelium, seems to be a key target organ in COVID-19
patients and its dysfunction has been shown to cause an impaired
organ perfusion that can generate acute myocardial injury, renal
failure, and a procoagulant state resulting in thromboembolic
events (14–16).

It has been shown that SARS-CoV-2 can induce several
pro-inflammatory cytokines (17) and that patients with severe
COVID-19 develop a “cytokine storm syndrome” (18). Since
these first observations it is become clear that the same cytokines
that induce aberrant endothelial function may also trigger
the acute phase response, which, in combination with local
endothelial dysfunction, can lead to clinical consequences (14);
indeed, inflammatory cytokines have a major role in both
diabetes and cardiovascular diseases (19). Other authors have
shown that COVID-19 is associated with myocardial damage
such as myocarditis, arrhythmia and reduced left ventricular
ejection fraction (20), all of which are associated to increased
mortality risk (21). Plasma cardiac biomarkers, such as high
sensitivity troponin, creatine kinase and N-terminal pro-B-type
natriuretic peptide, are also associated with COVID-19 severity

in adults and children (22, 23).
Beyond the direct effect of COVID-19 on the cardiovascular

system and metabolic homeostasis, subjects with pre-existing
cardiometabolic issues appear to be at a significantly higher
risk of complications owing to reduced physical activity, altered
eating behaviors, and lack of access to healthcare (24). This
encapsulates the so-called “indirect” impact of COVID-19 and
indeed a higher incidence of cardiovascular complications and
fatalities has been documented secondary to the pandemic,
for example in Italy (25). Even in New York City, emergency
calls for cardiac arrests rose exponentially in the weeks when
COVID-19 infections approached their zenith (26). Beyond
deaths attributed directly to COVID-19, a large contribution to
the excess mortality reported (27) is attributable to the indirect
factors, including the disruption of the proper management of
many clinical conditions–including cardiometabolic diseases–by
the rapid conversion of entire hospitals or clinical units to deliver
COVID-19-specific care (28).

This situation has been exacerbated in some geographical
areas by increased unemployment, economic collapse, and
widespread poverty (29). Indeed, increasing socio-economic
disparities have come to the forefront in many populations
during the pandemic, rendering people more vulnerable to
economic, nutritional, social, and medical insecurity, particularly
during prolonged periods of necessary government-imposed
restrictions or lockdowns (30). In addition, the spread of the virus
and the related complications and fatalities have been facilitated
among subjects with the poorest socio-economic conditions
and those living in overcrowded areas (29–31). Socio-economic
inequalities are of increasing relevance during the ongoing
vaccination campaigns as they contribute to disparities in care
across different ethnic populations and geographical areas (32).

IMPORTANCE OF A SYNDEMIC
APPROACH

The enormous efforts by many different organizations and
individuals involved in the fight against COVID-19 have had
some success in many parts of the world. However, this has not
been universal and progress has been slow in many other regions.
We believe that a syndemic approach needs to be adopted
for addressing this pandemic (33) given the strong apparent
interplay between COVID-19, its related complications, and the
socio-structural environment. The term syndemic (from ancient
Greek: syn, together; demos, people) emphasizes the relevance
of biological, social, economic, and environmental factors in the
health of individuals and populations (29). Physicians have an
obligation to understand their patients’ social, economic, and
environmental situations and to utilize the tools available in
existing health systems to improve their access to care. It is also
expected that many health systems will continue to be under
significant economic pressure, whichmay contribute to a reduced
quality of care for patients with chronic conditions.

Another challenge is represented by the so-called long-COVID
syndrome, which is a clinical condition present in subjects who
have either recovered from COVID-19 but still report lasting
effects of the infection or have had the usual symptoms for
far longer than would be expected (34). Of increasing current
interest are the neurological and neuropsychiatric complications
(35), since several studies have reported a broad spectrum of
symptoms, from the milder manifestations of memory loss, sleep
disorders and impaired concentration to more serious cognitive

decline, major depression or persistent delirium (36). Thus,
there is an urgent need to better understand the long-term
effects of COVID-19 on brain function, behavior and cognition.
As a component of a holistic approach to the management
of patients with COVID-19, mental health assessment should
be included.

CAPISCO: AN INTERNATIONAL,
MULTIDISCIPLINARY COLLABORATION

We believe it is crucial to improve interactions between
specialists working in different disciplines, since insufficient
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FIGURE 1 | A novel multi-disciplinary syndemic approach to cardiometabolic diseases during COVID-19.

cooperation has contributed to the indirect impact of COVID-
19 (37). Furthermore, the pandemic has adversely medical

education in many ways, for example owing to shifts to
distance-learning modalities and decline in clinical clerkship

due to the cancelation of routine patient appointments
and surgical procedures and a transition to greater use of
telemedicine (38). In response to these challenges we have

recently assembled the Cardiometabolic Panel of International

Experts on Syndemic COVID-19 (CAPISCO), a group of
international researchers and clinical practitioners from

many different disciplines including (but not limited to)

diabetology, endocrinology, cardiology, lipidology, internal
medicine, radiology, preventive medicine, public health and

biochemistry–providing a multi-disciplinary representation
in a novel approach to COVID-19 (Figure 1). We also
emphasized geographical diversity when convening the

group in order to facilitate collaborative-networking and

scientific exchanges between researchers and clinicians facing
a multitude of challenges in different continents during

the pandemic.
Members of CAPISCO intend to collaboratively

investigate:

1. how patients with cardiometabolic diseases and its

complications are currently being managed and treated
and the extent to which the pandemic impacts proper
management, with a view to identifying, categorizing and
defining innovative strategies to overcome potential barriers

and disparities;
2. why differences in COVID-19 mortality rates have been

reported among various countries, beyond the prevalence
of the disease per se, with the aim to elucidate the social,
economic and environmental factors potentially impacting

clinical outcomes;
3. whether telemedicine is a reliable and useful tool to deliver

high-quality patient care in light of experience gained during

the pandemic; across different geographical areas we aim to
investigate: what was successfully implemented and how, what
was not successfully implemented and why, and what still
needs to be improved;

4. how to assess the burden and late consequences of delayed
management of cardiometabolic disease and other conditions
due to COVID-19.

Ultimately, the overarching aim of CAPISCO is to give
evidence-based guidance for the management of patients with
cardiometabolic diseases during and after COVID-19 based
on a syndemic approach. In terms of methodology, we plan
to use a systematic approach, including systematic literature
searches, formal quality-grading and analysis of collected studies,
resulting in graded levels of recommendations. We also intend
to make a roadmap plan of further research avenues once the
data from the above indicated tools becomes available; this
may also involve cooperation with health authorities and other
international organizations.

CONCLUSIONS

In conclusion, we believe it is crucial to view COVID-19 through
a syndemic lens to properly tackle the interlinked public health,
medical, social and economic challenges that amplify each other
in this crisis. The acronym of our expert panel, CAPISCO,
is meaningful, since the word “capisco” means in Italian, “I
understand”. CAPISCO contributions will promote a holistic
approach for all patients with cardiometabolic diseases based on
solid, validated scientific research and clinical expertise. We hope
that physicians around the world will be able to use them to help
benefit clinical care, follow-up, and monitoring of their patients
during and after the COVID-19 pandemic.
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The outbreak of coronavirus disease 2019 (COVID-19) has rapidly become a worldwide

pandemic. On top of respiratory complications, COVID-19 is associated with major

direct and indirect cardiovascular consequences, with the latter probably being even

more relevant, especially in the setting of time-dependent cardiovascular emergencies.

A growing amount of data suggests a dramatic decline in hospital admissions for acute

myocardial infarction (AMI) worldwide during the COVID-19 pandemic, mostly since

patients did not activate emergency medical systems because hospitals were perceived

as dangerous places regarding the infection risk. Moreover, during the COVID-19

pandemic, patients with AMI had a significantly higher in-hospital mortality compared

to those admitted before COVID-19, potentially due to late arrival to the hospital. Finally,

no consensus has been reached regarding the most adequate healthcare management

pathway for AMI and shared guidance on how to handle patients with AMI during the

pandemic is still needed. In this review, we will provide an update on epidemiology, clinical

characteristics, and outcomes of patients with AMI during the COVID-19 pandemic, with

a special focus on its collateral cardiac impact.

Keywords: acute myocardial infarction, COVID-19, epidemiology, clinical characteristic, outcome

INTRODUCTION

Coronavirus disease 2019 (COVID-19), a novel viral respiratory illness due to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), became a global pandemic in 2020 (1). As we
continued to fight against the infectious disease and the rapid contagion of the virus, we understood
that, besides being primarily a respiratory illness, COVID-19 has potential direct and indirect
cardiac sequelae that were initially underestimated (2, 3). Indeed, several reports have described
relevant cardiac complications in patients with COVID-19 with or without the prior cardiovascular
disease (2, 3). Of note, even the latter patients are more likely to have an acute myocardial infarction
(AMI), heart failure, and life-threatening arrhythmias due to a direct impact of SARS-CoV-2
infection on the cardiovascular system (4). However, the pandemic might have even had more
severe indirect sequelae. In particular, despite all the great efforts made by the international health
authorities and national governments to fight the infection, the patients with COVID-19 surge in
demand for Intensive Care Unit (ICU) admission has been overwhelming (5, 6). As a consequence,
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also Intensive Cardiac Care Units (ICCU) have been dedicated
to the treatment of patients with pneumonia and severe acute
respiratory syndrome. Thus, the tremendous pressure exerted
on the healthcare system by the viral pandemic compromised
proven therapies for acute cardiovascular emergencies, such as
AMI (7, 8). Another serious issue during the COVID-19 outbreak
has been the reluctance of patients with chest pain to go to
the hospital due to the fear of viral infection, even to the point
of not seeking care at all or late in the course of AMI (9–11).
These indirect effects of the pandemic have negatively affected
the outcomes of patients with AMI, regardless of whether they
were affected by SARS-CoV-2 infection or not.

In this review, we will provide an update on epidemiology,
clinical characteristics, and outcomes of patients with AMI
during the COVID-19 pandemic, with a special focus on its
collateral impact on AMI. With the SARS-CoV-2 infection still
not being under control, understanding and addressing the
relationship between COVID-19 and AMI is critical if we want
to prevent a further increase in mortality and a new heart failure
pandemic wave.

POSSIBLE MECHANISMS LINKING
COVID-19 TO AMI

Several mechanisms associated with COVID-19 may be involved
in AMI. Type 1 AMI can be triggered in patients with COVID-19
by a pro-inflammatory state, which may promote destabilization
of a coronary atherosclerotic plaque, a phenomenon already
observed during influenza outbreaks (12). Notably, viral
infections have been shown to activate inflammatory cells of
the coronary plaque and to upregulate metalloproteinases and
peptidases, which, in turn, may disrupt plaque cap exposing the
highly thrombogenic core to the blood (13). Another potential
mechanism is the mismatch between reduced oxygen supply
and increased myocardial oxygen demand due to sympathetic
system activation, tachycardia, hypotension, and hypoxemia in
the setting of acute respiratory insufficiency, which may be
responsible for Type 2 AMI (14). Moreover, other mechanisms
related to specific features of SARS-CoV-2 infection have been
advocated to explain AMI in patients with COVID-19. In
particular, the endothelial and microvascular injuries induced
by SARS-CoV-2 may further enhance inflammation, resulting
in coronary vasospasm, thrombosis, and myocardial perfusion
defects (15). Moreover, the low platelet count often described in
patients with COVID-19 suggests an increased consumption due
to great platelet activation and thrombus formation. Indeed, the
cytokine storm associated with viral infection induces, together
with the imbalance of endothelial function, significant activation
of platelets, granulocytes, and microvesicles, which, in turn,
produce tissue factors (16). Of note, it has also been demonstrated
that plasma microvesicles-associated thrombin generation can
still be present in patients with COVID-19 despite prophylactic
anticoagulation (16).

Another possible mechanism implicated in the association
between SARS-CoV-2 and AMI is the pro-inflammatory state.
Since the association between infection and acute coronary

atherothrombosis has been established for a variety of pathogens
and sites of infection, it is likely that the causal agent and
the host response could have a crucial role in eliciting an
inflammatory pattern that may trigger AMI. Atherosclerotic
plaques contain inflammatory cells that proliferate, secrete
cytokines, and stimulate smooth muscle cells to form a fibrous
cap. Thus, an inflammatory status generates circulating cytokines
that may activate inflammatory cells in atherosclerotic plaques,
enhancing plaque vulnerability and the possibility of its rupture,
leading to coronary thrombosis (14).

Of note, there are multiple reports of microvascular
involvement in different organs of patients with COVID-19,
leading to ischemic stroke (17), deep vein thrombosis (18),
pulmonary embolism (19), and arterial thrombotic events (20).

The COVID-19 has more far-reaching cardiovascular
implications than the pathophysiological effects of the disease
per se. In fact, all countries have developed containment
strategies based on social distancing, and it is well-known
that the lack of human relationships and reduced interaction
with other people are major risk factors for cardiovascular
mortality. A previous meta-analysis includes 181,000 subjects
demonstrated that the risk for AMI increases by almost 30% in
lonely and socially isolated people (21). The adult cohort studies
reported initial evidence of a clinically meaningful increase in
anxiety, depression, mental health disturbance, and disruption
of well-being during the lockdown for SARS-CoV-2 spread
containment, all of which have been associated with an increased
AMI risk (22).

EPIDEMIOLOGY OF AMI DURING THE
COVID-19 PANDEMIC

In the early period of the pandemic, many healthcare workers
noticed a reduction in hospital admissions for AMI. This finding
was largely consistent across continents and, although initially
based on self-reported perceptions (23), it was then supported
by objective evidence from worldwide registries, suggesting a 25–
40% decrease in AMI admissions during the outbreak (Table 1).
Xiang et al. (24) looked into the China Chest Pain Center
Database to evaluate the impact of the COVID-19 pandemic on
ST-elevation myocardial infarction (STEMI) admission in the 4
weeks before and after January 24, 2020 (the start date of the
COVID-19 outbreak in China). They found an approximately
25% drop in the weekly number of patients hospitalized for
STEMI during the COVID-19 outbreak nationwide, and about
a 60% drop in Hubei province. In a multicenter, observational
survey, De Rosa et al. (25) collected data from 54 ICCU across
Italy during 1-week period at the beginning of the COVID-19
outbreak. A halving in AMI admissions was registered during
the 2020 week compared with the equivalent 2019 week. Because
of deep regional variations in COVID-19 involvement in Italy,
with the north being the most affected area, the country was
divided into three macro-areas (north, central, and south Italy),
and the authors still found a similar decline in AMI admissions
among these macro-areas. Similarly, a Spanish report compared
the activity of 81 ICCU a week before the pandemic with
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TABLE 1 | Characteristics of the studies investigating the admission rate for acute myocardial infarction during the COVID-19 pandemic.

First author [Ref#] AMI type Country COVID-19 period

considered

Patients (n) Control period

considered

Patients (n) Percent change in

AMI admissions

Xiang et al. (24) STEMI China 27 Dec 2019–23

Jan 2020

15,729 24 Jan−20 Feb

2020

11,598 −26%

De Rosa et al. (25) STEMI/NSTEMI Italy 12 Mar−19 Mar

2020

319 12 Mar−19 Mar

2019

618 −48%

Rodriguez-Leor et al. (26) STEMI Spain 16 Mar−22 Mar

2020

260 24 Jan−1 Mar

2020

433 −40%

Garcia et al. (27) STEMI United States 1 Mar−31 Mar

2020

138 1 Jan 2019–29

Feb 2020

>180/month −38%

Mafham et al. (28) STEMI/NSTEMI England 1 Jan−24 May

2020

1,813/week 1 Jan−31 Dec

2019

3,017/week −40%

Mesnier et al. (29) STEMI/NSTEMI France 16 Mar−12 Apr

2020

481 17 Feb−15 Mar

2020

686 −30%

Papafaklis et al. (30) ACS Greece 2 Mar−12 Apr

2020

771 2 Mar−12 Apr

2019

1,077 −38%

Solomon et al. (31) STEMI/NSTEMI United States 4 Mar−14 Apr

2020

516 4 Mar−14 Apr

2019

735 −30%

Mohammad et al. (32) STEMI/NSTEMI Sweden 1 Mar−7 May

2020

36/day 1 Mar−7 May

2015-2019

45/day −20%

Gluckman et al. (33) STEMI/NSTEMI United States 23 Feb−28 Mar

2020

860 30 Dec 2018–22

Feb 2020

- −19%

Wilson et al. (34) STEMI United Kingdom 19 Feb−8 Apr

2020

388 19 Feb−8 Apr

2017-2019

- −51%

ACS, acute coronary syndrome; NSTEMI, non-ST elevation myocardial infarction; STEMI, ST-elevation myocardial infarction.

that of a week during the pandemic. The authors observed a
significant reduction in ICCU activity mainly due to a marked
decrease in STEMI hospitalization, with a concerning 40%
decline in primary percutaneous coronary intervention (PCI)
(26). Likewise, during the early phase (March 2020) of the
COVID-19 pandemic, a 38% reduction of primary PCI activity
was reported in nine high-volume catheterization laboratories
of the United States (27). The same authors confirmed the
marked reduction in interventional activity during April 2020
in a survey of 18 United States STEMI centers. Interestingly,
the decline in hospital admissions for STEMI was seen in all
geographic areas of the United States, irrespective of COVID-19
incidence, implementation of lockdown, and level of SARS-CoV-
2 testing (35). Finally, another survey of more than 3,000 health
professionals from 141 countries, endorsed by the European
Society of Cardiology (ESC), showed an important decline in
patients admitted to hospital for AMI during the pandemic
(23). Notably, the responses received showed that 80% of health
professionals felt that there had been a decrease in presentations,
with the large majority of participants reporting at least a
40% reduction. Later on, nationwide analysis of acute coronary
syndrome admissions conducted in other geographical areas that
had lockdown restrictions, such as England (28), France (29),
Greece (30), and California (31), showed the same concerning
trend. Finally, Mohammad et al. (32) recorded a nationwide
significant decline in AMI presentation during the COVID-19
pandemic as compared to the corresponding period of previous
years (2015–2019) also in Sweden, that, unlike other countries,
did not impose mandatory lockdown.

Several causes may explain the reduction in AMI admissions,
such as patient reluctance to go to the hospital for fear of
being exposed to SARS-CoV-2 or to overload an already strained
health service, and delay in response of a congested ambulance
and emergency service. The hypothesis that patients avoided
access to the emergency departments because of contagion
fear is supported by the lack of significant differences in AMI
admission among the Italian macro-areas assessed by De Rosa
et al. (25), despite great discrepancies in COVID-19 spread
across the country. Swedish results are consistent with this
data, showing that AMI admissions declined, when compared
to previous years, even when areas as the COVID-19 hotspot in
Stockholm were excluded from the analysis (32). However, we
cannot exclude that some patients with AMI, who experienced
dyspnea, only misjudged the symptom as COVID-19 related and
chose to remain at home, without seeking care. Furthermore,
social distancing and improved hygiene might have attenuated
the spreading of influenza, a widely recognized AMI trigger (12).
Another suggested hypothesis is the arrangement of healthcare
resources during the pandemic with deferral of less urgent
cases. In line with this theory, De Rosa et al. (25) showed
less reduction in hospitalization for STEMI compared with
non-STEMI (NSTEMI), a finding also reported by Mesnier
et al. (29) in a French registry. Finally, it has been suggested
that the widespread working from home, especially after the
implementation of lockdown measures, may have contributed
to decrease stress-induced AMI. However, as indicated both by
the United States and English data, the drop in AMI admissions
preceded the start of the lockdown by 2 weeks and 1 month,
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respectively, thus suggesting that the above-mentioned condition
might have played a minor role (36).

The reluctance of patients with AMI to go to the hospital due
to the fear of being exposed to SARS-CoV-2 is also suggested by
the significant increase in out-of-hospital cardiac arrests (OHCA)
reported during the COVID-19 outbreak. This association was
first observed in New York City, particularly, from March 30
to April 5, 2020. Indeed, during this period, there were 1,990
OHCA calls, a rate four times higher than that reported during
the same time interval a year before (37). The dramatic fact was
that this was associated with an eight times higher mortality.
Later, Baldi et al. (38) compared the number of OHCA occurring
in four Italian provinces with the highest rate of COVID-19
cases in the first 40 days of the outbreak to the same period
of the previous year. The analysis showed a strong association
between the cumulative incidence of OHCA and COVID-19
disease. Furthermore, they observed that the 60% increase in
OHCA in 2020 compared to the same period in 2019 paralleled
the time course of the COVID-19 outbreak. A similar significant
increase of OHCA during the pandemic was also observed in an
American cross-sectional study (37). Of note, this study reported
that patients withOHCApresentedmore frequently with asystole
and pulseless electrical activity than ventricular fibrillation or
ventricular tachycardia. In addition, the rate of spontaneous
circulation recovery was significantly lower during the COVID-
19 period than in 2019. However, none of the above studies
reported data regarding AMI diagnosis or history of coronary
artery disease in the patients included in the analyses. One more
piece of information comes from the study of Rashid et al. (39)
who showed an almost double incidence of OHCA during a
defined COVID-19 period compared to a pre-COVID-19 period
in a cohort of patients hospitalized with AMI, substantiating the
concerns that reduced AMI admissions may have resulted in an
increased risk of OHCA.

CLINICAL CHARACTERISTICS AND
OUTCOMES OF PATIENTS WITH AMI
DURING COVID-19

To date, evidence concerning the clinical characteristics and
in-hospital outcomes of AMI patients during the COVID-19
pandemic is limited, and it mainly derives from single-
center experiences, with most studies reporting partial
details on patient baseline risk, comorbidities, and clinical
outcomes (Table 2) (28, 41).

Clinical observations made in England about the
characteristics of patients with AMI during the pandemic
lockdown showed that they were younger, less frequently
diabetics, and less likely to have a history of prior cerebrovascular
disease, as compared to those admitted during the previous
year (28). Similar data were found in a retrospective cross-
sectional study analyzing patients with STEMI and NSTEMI
admitted between December 30, 2018 and May 16, 2020 in 49
hospitals in the Providence St. Joseph Health (PSJH) system
that spreads across Alaska, California, Montana, Oregon, Texas,
and Washington. This study showed that patients hospitalized

during a defined COVID-19 period were younger and more
likely to be Asian or Native American than the ones hospitalized
before (33). On the other hand, a Swedish registry reported
no difference (both at a nationwide level and in Stockholm)
in age, gender, and comorbidities except for lower rates of
prior AMI and coronary artery bypass grafting in patients
with AMI during the pandemic (32). In line with the Swedish
observation, both a French registry by Mesnier et al. (29) and
a single-center German study by Primessnig et al. (42) showed
that age, gender, and prevalence of risk factors did not differ
between the pre-pandemic and pandemic period in patients
with AMI. In northern California, patients presenting with AMI
during the COVID-19 outbreak were less likely to have a history
of coronary artery disease compared to patients presenting
during the pre-COVID-19 period (31). However, there was
not any difference in terms of demographic characteristics and
comorbidities in the two periods.

An observation common to studies was that during the
pandemic a higher percentage of patients were admitted with
STEMI as compared to NSTEMI (25, 28, 40). Indeed, a large
database of 99 English hospitals showed that, on average,
hospitalization for NSTEMI was reduced by 50% and by 25%
for STEMI (28). Likewise, a multicenter observational survey
examining 319 consecutive patients with AMI in the week with
the highest peak of COVID-19 spread in Italy reported a decrease
in hospital admission by 27% for STEMI and by 65% for NSTEMI
(25). The greater reduction in NSTEMI admissions might have
several explanations. There is the chance that patients with
NSTEMI did not seek medical help because their symptoms
were less frequently characterized by precordial pain or chest
discomfort, thus increasing their reluctance to expose themselves
to the in-hospital risk of COVID-19 infection. In line with this
hypothesis, data from the Lombardy region in Italy showed that,
during the COVID-19 pandemic, patients with AMI presented
more frequently with dyspnea and atypical symptoms (40). In
addition, an association between increasing age and pre-existing
comorbidities and a poorer outcome following COVID-19
infection was largely emphasized by the media at the start of the
pandemic, affecting the choice of some patients with NSTEMI to
remain at home, since they considered themselves at high risk in
case of infection due of their older age and concomitant illnesses.

An important observation made during the COVID-19
pandemic was that patients with STEMI had greater enzymatic
infarct size, as assessed by the peak of troponin or creatine
kinase levels (42, 43), lower left ventricular ejection fraction
(34, 42), higher intracoronary thrombotic burden (44), and,
therefore, more frequent in-hospital complications. Indeed,
a higher rate of cardiogenic shock, need for inotropic and
mechanical hemodynamic support, and an increased incidence
of life-threatening ventricular arrhythmias after successful
revascularization of the culprit artery were found in patients
with AMI admitted during the COVID-19 pandemic, with higher
early mortality (10, 11, 25, 33, 42, 45). In particular, De Rosa
et al. (25) found that in-hospital mortality for STEMI increased to
14% during the pandemic as compared to a 4% rate in the same
period of 2019. In their work, De Rosa et al. found that major
complications (cardiogenic shock, life-threatening arrhythmias,
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TABLE 2 | Characteristics of the studies investigating the clinical impact of the COVID-19 pandemic on patients with acute myocardial infarction.

First author [Ref#] Study population Age

(years)

Gender

(males)

Mortality

pandemic period

Mortality

pre-pandemic

period

AMI

complications

pandemic period

AMI complications

pre-pandemic

period

Cosentino et al. (10) STEMI 64 ± 12 83% 19% 5% CS 21% CS 9%

Xiang et al. (24) STEMI 63 ± 13 75% 5% 4% AHF 14% AHF 13%

De Rosa et al. (25) STEMI/NSTEMI 68 ± 9 76% 10% 3% 16%* 7%*

Mesnier et al. (29) STEMI/NSTEMI 65 ± 13 74% 5% 3% Killip III–IV 9% Killip III–IV 8%

Papafaklis et al. (30) ACS 64 (56–74) 79% 3.3% 2.7% CS 6.1% CS 5.2%

Mohammad et al. (32) STEMI/NSTEMI 70 (61–77) 67% 12% 6% Killip III–IV 2.4% Killip III–IV 2.4%

Gluckman et al. (33) STEMI/NSTEMI 67 ± 13 68% 5% 5% - -

Carugo et al. (40) STEMI/NSTEMI 69 (58–77) 77% 9% - CS 8% -

Wilson et al. (34) STEMI 63 68% 15% 11% CS 18% CS 19%

ACS, acute coronary syndrome; AHF, acute heart failure; AMI, acute myocardial infarction; CS, cardiogenic shock; NSTEMI, non-ST elevation myocardial infarction; STEMI, ST-elevation

myocardial infarction.

*Cardiogenic shock, life-threatening arrhythmias, cardiac rupture/ventricular septal defect, or severe functional mitral regurgitation.

cardiac rupture, and severe mitral regurgitation) were also
increased from 10% of the previous year to 19%. Moreover, a
study carried out in London found that not only higher in-
hospital mortality in patients with STEMI but also a raised length
of stay during the peak of the pandemic (1 march to 30 April
2020) compared to those observed during the corresponding
2019 period (46).

The pandemic caused significant disruption in AMI workflow,
with a 39% increase in time from symptom onset to coronary
angiography and a 31% increase in the time from first medical
contact to coronary revascularization. Gluckman et al. (33)
evaluated in-hospital outcomes in 15,000 patients admitted for
AMI at PSJH by dividing them into three periods: before
COVID-19 (from December 30, 2018 to February 22, 2020),
the early period of the pandemic (from February 23, 2020
to March 28, 2020), and late period of the pandemic (from
March 28, 2020 to May 16, 2020). Besides reporting a decrease
in AMI hospitalization of 19%, the study found that patients
with AMI had a 50% increased risk of in-hospital death during
the late period of the pandemic, even after adjusting for
patient characteristics. In particular, based on the PSJH all-
cause in-hospital mortality risk model, the observed/expected
ratio for mortality related to all AMIs (STEMI and NSTEMI)
was significantly increased in both the early period (at 1.27)
and the late period of the pandemic (at 1.23). Our initial
clinical experience is consistent with these worrying data. Of
note, since the first patient was diagnosed with COVID-19 in
Italy on February 20, 2020, we observed a significantly worse
outcome in patients with STEMI when compared with that of
the same time in the previous year (10). Notably, although
the two cohorts were similar in terms of age, rate of diabetes
mellitus, and history of previous AMI, we observed a two-fold
longer time from symptom onset to hospital presentation (7.5
vs. 3.1 h) and a three-fold higher rate of cardiogenic shock (21
vs. 9%) and in-hospital cardiac mortality (19 vs. 5%) during the
COVID-19 outbreak when compared with the same period of
2019. Similar figures have also been reported by other registries
across countries (Figure 1). Thus, despite the limited time of

these observations, initial reports indicate increased mortality
in patients with AMI during the pandemic. However, the
mechanisms underlying the worse short-term outcome cannot
be deduced from these experiences. Yet, the significant delay in
hospital presentation of patients with STEMI reported during
COVID-19 may have resulted in a higher rate of mechanical
complications and, consequently, in-hospital mortality. Of note,
the long delay in the management of patients with STEMI was
observed since the very first COVID-19 outbreak in Far East
countries. A single-center study from Hong Kong that includes
seven consecutive patients requiring primary PCI for STEMI
during COVID-19 in January 2020 found longer median times
from symptom onset to myocardial reperfusion when compared
with the previous year (318 vs. 82min) (47).

Besides the fear of infection, the late presentation of patients
with AMI during the pandemic may also be related to delays
in the field, with a longer response time of the emergency
medical services due to safety precautions and changes in
standard procedures. In-hospital delays may also be playing a
role as evaluation in the emergency department and treatment
in the catheterization laboratory entail lengthy procedures
due to patient triage and donning of personal protective
equipment (25, 40). Further work is needed to determine what
factors contributed most to the decreased and delayed AMI
presentation and increasedmortality. In particular, a recent study
reviewed all available information on the incidence of STEMI
hospitalizations during the COVID-19 pandemic, worldwide,
focusing on the possible factors underlying discrepant results
(48). This study confirmed that during the first peak of the
COVID-19 pandemic, there has been a significant decrease
in STEMI hospitalizations worldwide. However, the magnitude
of decrease was of a lesser extent than initially described.
Most importantly, through a meta-analytical approach of a
significant number of reports that includes >100,000 cases
from 57 countries, and systematic assessment of various health-
related metrics, substantial differences emerged among studies
and countries, probably due to different functioning of hospital
services and different hub-and-spoke approaches to STEMI,

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 December 2021 | Volume 8 | Article 648290419

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Toscano et al. AMI and COVID-19

FIGURE 1 | In-hospital mortality rates of patients hospitalized with acute myocardial infarction before (blue) and during (red) the COVID-19 pandemic. ACS, acute

coronary syndrome; NSTEMI, non-ST-elevation myocardial infarction; STEMI, ST-elevation myocardial infarction.

along with adequate public information during the pandemic
(48). As different phases of the COVID-19 pandemic took
shape, other investigations have been published to update the
epidemiological picture of AMI, both at a national and at
a global level. Indeed, a recent Canadian report assessed the
changes in emergency department visit volume, care processes,
and outcomes for stroke and AMI in the population of Ontario
(49). It reported a reduction of 25–40% in emergency department
visits for both acute diseases during the initial phase of the
pandemic, with a subsequent compensatory increase in the late
reopening phase and without a new drop during the second
spread, starting in Ontario in September 2020 (49). Conversely,
an English analysis comparing the daily incidence of hospital
admission with AMI for the pre-COVID-19 period (November
2018 to March 2020) with that of the first and second UK
lockdown found the second decline in admissions (by 34%) from
the beginning of October 2020 up to November 2020, compared
with the pre-COVID-19 period, despite an initial recovery in
June 2020 (50).

In conclusion, regardless of the epidemiology of AMI
during the COVID-19 outbreak and pandemic, there must be
continued efforts through media attention on heart disease
and public information to reduce patient fear to go to the
hospital, emphasizing the importance of early recognition,
and prompt treatment of AMI to ensure that COVID-19
management is no longer at the expense of this time-dependent
disease. In this regard, the collateral damage of COVID-19
should not be ignored. Indeed, four different waves of the
pandemic have been identified, involving different types of
health impacts. After the first wave of immediate response

to COVID-19, especially in terms of intensive care unit bed
availability, a second non-COVID-19 wave of other urgent
health conditions was neglected in the first one and a third
wave defined by the result of interrupted care of chronic
conditions have been clearly highlighted. Thus, these two waves
not directly associated with the infection may have a negative
impact on cardiovascular diseases during the following years,
with an unprecedented increase in the prevalence of post-
ischemic cardiomyopathy and heart failure. Finally, a fourth wave
associated with the psychological trauma and economic injury
caused by the pandemic can significantly affect the population in
the future (51).

THE AMI NETWORK DURING THE
COVID-19 OUTBREAK AND PANDEMIC

A relevant indirect consequence of the COVID-19 pandemic
is the adverse impact on the efficacy and effectiveness of the
network organization required to offer primary patients fromPCI
to STEMI (and patients from PCI to AMI in general), with the
appropriate standards of care, within appropriate time frames,
and with dedicated preventive and containmentmeasures against
COVID-19 infection. Lombardy is the most densely populated
region in Italy, with ∼10 million inhabitants. With regard to the
STEMI network, the healthcare system is divided into 8 areas,
with an overall availability of 55 catheterization laboratories
performing 24/7 primary PCI, and with a well-established
STEMI network. However, during the COVID-19 outbreak,
most hospitals underwent a sudden and radical transformation:
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all deferrable cardiac surgical and interventional procedures
were delayed, the number of ICU capacity was exponentially
increased, and most departments, such as ICCU, were converted
to COVID-19 units (52). Notably, this disruptive effect on
cardiovascular disease services has been common to many
countries, as confirmed by an ESC survey, in which about 50%
of the respondents reported that their cardiovascular wards or
departments had undergone a logistical restructuring due to the
pandemic (53).

To face the COVID-19 emergency, on March 8, 2020, the
Government of Lombardy and local health authorities requested
to centralize the regional treatment of cardiovascular time-
dependent emergencies in a limited number of centers. Thus, a
centralization model based on “macro-hubs” was developed for
the treatment of STEMI. One or two macro-hubs were identified
in each of the eight areas of the region, according to the estimated
transportation time, geographical features, and capacity to admit
all the potential patients (52). The following requirements were
considered to become a macro-hub: to perform primary PCI to
all-incoming STEMI on a 24/7 basis, to guarantee a primary PCI
team available in hospital 24/7 and not on-call, and to provide
dedicated and separated pathways for STEMI patients with
suspected/diagnosed COVID-19 disease from triage, through
catheterization laboratory and to isolated ICCU to reduce cross-
infection risk. Thus, 13 macro-hubs were identified, with a
63% reduction in the number of the original pre-pandemic
hubs. This model of STEMI centralization was established to
keep the regional healthcare system from being overwhelmed,
and to guarantee, at the same time, standard levels of care to
patients with AMI (52). Not only the regional AMI network was
modified to face the COVID-19 pandemic but also the in-hospital
AMI pathways were changed accordingly. In our hospital, one
of the 13 identified macro-hubs, we rapidly developed a local
protocol for triage and management of patients with AMI (9).
In particular, we attempted to identify a customized pathway
to allocate patients to the appropriate hospital ward treat them
according to the type and severity of AMI, and to the potential
concomitant risk of infection. In patients presenting with STEMI
at the emergency department or referred from spoke hospitals,
conservative care was not considered an option, and they
were immediately transferred to the catheterization laboratory
for primary PCI. In particular, the interventional procedure
was performed in a catheterization laboratory dedicated to
emergencies of potentially infected patients, in whom there was
not time to wait for the polymerase chain reaction result of
the naso-pharyngeal swab. Patients with a high-risk NSTEMI,
as defined by the presence of hemodynamic and/or electrical
instability, recurrent or ongoing chest pain refractory to medical
treatment, and/or relevant ST-T wave changes, followed the
STEMI protocol. Conversely, patients with a low-intermediate
risk NSTEMI were evaluated in the emergency department in a
dedicated and monitored area and underwent naso-pharyngeal
swab immediately after admission. In the case of positive swabs
and clinical stability, PCI was deferred. If PCI was clinically
indicated, it was performed in a catheterization laboratory
dedicated to SARS-CoV-2-positive patients. All patients with
AMI, regardless of the treatment modalities, were admitted

to different wards according to their naso-pharyngeal swab
results. The use of this in-hospital pathway focusing on patients
with AMI was implemented in our hospital a few weeks after
the beginning of the COVID-19 outbreak. Since June 2020,
we have had a new device for rapid analysis of the naso-
pharyngeal swab, with results being available within 20min. This
allowed to quickly allocate patients to the proper catheterization
laboratory and monitored ward according to the presence or
absence of SARS-CoV-2, greatly simplifying their in-hospital
pathway (9).

Although firm conclusions on the safety and efficacy of the
Lombardy centralization model for AMI management cannot be
drawn now, initial experience has been reported in a registry
(40). From February 21 to May 7, 2020, 953 patients with AMI
were treated. The clinical presentation was STEMI in 58% of
the cases and 98% of all patients received coronary angiography,
followed by PCI in 84% of the cases. About half of the patients
were transported to a macro-hub by the emergency medical
service, while a fourth was transferred from the spoke centers.
The median time since first medical contact to angiography was
79min for STEMI and 1,262min for NSTEMI. Eleven percent of
study patients presented a concomitant SARS-CoV-2 infection
with pneumonia in 60% of them. Interestingly, STEMI was
the clinical presentation in most of these cases, a higher rate
compared to that of COVID-19-negative patients (75 vs. 56%).
Coronary angiography was performed in 98% of overall patients
with COVID-19 and 80% of them underwent PCI. No patient
with STEMI was treated with fibrinolysis (40). Thus, during the
2 months with the highest daily increase of COVID-19 cases
in Lombardy, nearly all patients received a timely coronary
angiography and their treatment time since first medical contact
was in line with guidelines recommendations. Although being a
preliminary experience, the redefinition of AMI network based
onmacro-hubs seems to allow physicians to continue with timely
AMI management, while reserving a high number of ICU beds
for the pandemic. Preliminary data, comparing the second spread
(November 2020 to January 2021) to the first one of the pandemic
in the same Macro-Hubs in Lombardy, revealed no significant
differences in clinical presentation and in the time from symptom
onset to first medical contact, with a significant reduction in
mortality and time to treatment during the second wave, further
supporting the crucial role of centralization model applied in
Lombardy (Ferlini et al., submitted).

During the COVID-19 pandemic, the management of patients
with acute coronary syndromes has changed worldwide, and
several protocols have been developed to guarantee the best
treatment while minimizing the virus spread. Chinese physicians
of the Sichuan Provincial People’s hospital coping with the first
wave of the pandemic proposed fibrinolysis as the treatment
of choice for stable COVID-19 positive patients with STEMI.
Elective PCI was then only considered after patient recovery from
COVID-19 pneumonia, regardless of whether the patient was
evaluated at a primary PCI center or not (54). Conversely, a
primary-PCI strategy for COVID-19 patients with STEMI was
the recommended one in a Singapore experience. Moreover, in
that center, prophylactic early elective intubation was performed
in cases characterized by a likely respiratory deterioration. This
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approach allowed to avoid emergency intubation in such frail
patients and to reduce the risk of catheterization laboratory staff
exposure (55).

Besides these locally developed coping strategies, the main
scientific societies have been very active in assisting clinical
and interventional cardiologists. A Consensus Statement from
the Society for Cardiovascular Angiography and Interventions
(SCAI), the American College of Cardiology (ACC), and
the American College of Emergency Physicians (ACEP) was
published in April 2020 to provide a systematic approach for the
care of patients with AMI during the COVID-19 pandemic (56).
According to this document, in the case of a STEMI seen at a
primary PCI center, the treatment slightly differed whether the
patient was a COVID-19-positive/probable or possible (based on
an ultra-rapid COVID-19 test). A COVID-19 positive/probable
patient with classic clinical symptoms and ECG findings was
considered for ultrasound evaluation of cardiac function to
assess regional wall motion abnormalities consistent with the
ECG findings before undergoing primary PCI. On the contrary,
COVID-19 possible patients with classic clinical presentation
and ECG finding consistent with a STEMI proceeded directly
to primary PCI. In the case of a diagnosis of STEMI in non-
PCI-capable hospitals, the primary PCI remained the standard
of care for patients in whom reperfusion within 120min of first
medical contact at referral hospital was feasible. Only patients
who could not be rapidly moved to the primary PCI center
underwent fibrinolysis before transfer. Finally, as regards to
patients with NSTEMI, COVID-19-positive or probable patients
were initially managed medically and only taken for urgent
coronary angiography and possible PCI in the presence of
high-risk clinical features. Finally, a document by the ESC
was published to help physicians dealing with cardiovascular
disease during the COVID-19 pandemic. As in other protocols,
a distinction between NSTEMI and STEMI was made. While
patients with NSTEMI are suggested to be managed according
to risk stratification (very high risk—treated as patients with
STEMI, high risk, intermediate risk, and low risk), this indication
does not apply to patients with STEMI, to guarantee timely
reperfusion. According to the ESC document, all patients with
STEMI should be managed as COVID-19 positive, in the
absence of previous SARS-CoV-2 testing, to ensure the safety of
healthcare personnel (57, 58).

LESSONS LEARNED AND CONCLUSION

The COVID-19 pandemic took the healthcare system worldwide
by surprise and “distracted” physician’s attention from
the management of cardiovascular diseases, particularly
time-dependent emergencies, with critical repercussions
on the effectiveness of life-saving treatments and patient
prognosis. After an initial shock, physicians realized that timely
management of cardiac emergencies with appropriate standards
of care should be ensured even during major unpredictable
events. This can be achieved through a timely adoption of
countermeasures against this unprecedented and dramatic
emergency aimed at preventing large and long-standing health
and social impact. In particular, health authorities should
implement protocols that may provide a response to the index
emergency and, at the same time, guarantee the best treatment
strategy for AMI, based on prompt changes in the hub and
spoke interplay. The delay in treatment delivery has also been
a matter of serious concern raised during the COVID-19
pandemic, limiting the effectiveness of life-saving therapies for
AMI. Indeed, patients have been reluctant to go to the hospital
due to the fear of COVID-19, with many patients with AMI
not seeking care at all or only late in the course of the acute
event. This has contributed to increase the death toll beyond
levels directly associated with SARS-CoV-2 infection. Although
many questions remain unanswered and further evidence
should be collected, we believe that every effort should be made
by scientific societies, health authorities, and public media to
convince patients not to delay life-saving treatments, even during
dynamic crises.

In conclusion, in case the health situation returns to critical
emergency levels, the experience gained during the COVID-19
pandemic should be an instructive lesson to help us be better
prepared and provide appropriate guidance based on evidence
on how to maintain optimal AMI management, even when the
healthcare systems are under extreme strain.
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Gregor Z, Szűcs A, Merkely B and

Kovács A (2022) Frequent

Constriction-Like Echocardiographic

Findings in Elite Athletes Following

Mild COVID-19: A Propensity

Score-Matched Analysis.

Front. Cardiovasc. Med. 8:760651.

doi: 10.3389/fcvm.2021.760651
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Echocardiographic Findings in Elite
Athletes Following Mild COVID-19: A
Propensity Score-Matched Analysis
Bálint Károly Lakatos 1*, Márton Tokodi 1, Alexandra Fábián 1, Zsuzsanna Ladányi 1,

Hajnalka Vágó 1,2, Liliána Szabó 1, Nóra Sydó 1,2, Emese Csulak 1, Orsolya Kiss 1,2,

Máté Babity 1, Anna Réka Kiss 1, Zsófia Gregor 1, Andrea Szűcs 1, Béla Merkely 1,2† and

Attila Kovács 1†

1Heart and Vascular Center, Semmelweis University, Budapest, Hungary, 2Department of Sports Medicine, Semmelweis

University, Budapest, Hungary

Background: The cardiovascular effects of SARS-CoV-2 in elite athletes are still a matter

of debate. Accordingly, we sought to perform a comprehensive echocardiographic

characterization of post-COVID athletes by comparing them to a non-COVID

athlete cohort.

Methods: 107 elite athletes with COVID-19 were prospectively enrolled (P-CA; 23

± 6 years, 23% female) 107 healthy athletes were selected as a control group using

propensity score matching (N-CA). All athletes underwent 2D and 3D echocardiography.

Left (LV) and right ventricular (RV) end-diastolic volumes (EDVi) and ejection fractions

(EF) were quantified. To characterize LV longitudinal deformation, 2D global longitudinal

strain (GLS) and the ratio of free wall vs. septal longitudinal strain (FWLS/SLS) were also

measured. To describe septal flattening (SF—frequently seen in P-CA), LV eccentricity

index (EI) was calculated.

Results: P-CA and N-CA athletes had comparable LV and RVEDVi (P-CA vs. N-CA; 77

± 12 vs. 78 ± 13mL/m2; 79 ± 16 vs. 80 ± 14mL/m2). P-CA had significantly higher

LVEF (58 ± 4 vs. 56 ± 4%, p < 0.001), while LVGLS values did not differ between P-CA

and N-CA (−19.0 ± 1.9 vs. −18.8 ± 2.2%). EI was significantly higher in P-CA (1.13 ±

0.16 vs. 1.01 ± 0.05, p < 0.001), which was attributable to a distinct subgroup of P-CA

with a prominent SF (n = 35, 33%), further provoked by inspiration. In this subgroup,

the EI was markedly higher compared to the rest of the P-CA (1.29 ± 0.15 vs. 1.04 ±

0.08, p < 0.001), LVEDVi was also significantly higher (80 ± 14 vs. 75 ± 11 mL/m2,

p < 0.001), while RVEDVi did not differ (82 ± 16 vs. 78 ± 15mL/m2). Moreover, the

FWLS/SLS ratio was significantly lower in the SF subgroup (91.7 ± 8.6 vs. 97.3 ± 8.2,

p < 0.01). P-CA with SF experienced symptoms less frequently (1.4 ± 1.3 vs. 2.1 ± 1.5

symptom during the infection, p = 0.01).

Conclusions: Elite athletes following COVID-19 showed distinct morphological and

functional cardiac changes compared to a propensity score-matched control athlete

group. These results are mainly driven by a subgroup, which presented with some

echocardiographic features characteristic of constrictive pericarditis.

Keywords: athlete’s heart, COVID-19, speckle-tracking analysis, 3D echocardiography, constrictive pericaditis
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INTRODUCTION

The COVID-19 pandemic represents an unprecedented
challenge to the healthcare systems worldwide with still
increasing patient numbers. While the infection was initially
thought to be affecting mainly the respiratory tract, current
evidence suggests that the cardiovascular consequences
of COVID-19 are not negligible (1). SARS-CoV-2-related
myocardial injury is frequently reported as a worrisome
manifestation, whereas prior cardiovascular disorders are strong
negative prognostic factors for the course of the infection (2, 3).

Fortunately, COVID-19 is often asymptomatic or associated
with only mild symptoms, especially in the young (4). Still,
the potential cardiac effects of an uncomplicated SARS-CoV-2
infection need to be further explored.

Elite athletes are a distinguished group of young individuals
as a relatively high proportion of them underwent (or will
undergo) the infection. This is attributable to their high-risk
profile: a young community with frequent social interactions;
the majority of sport disciplines include direct physical contact;
and wearing a mask during training sessions or competitions
is rarely a realistic expectation (5). While the vast majority of
young athletes experience an uncomplicated disease course, it is
important to emphasize that high-intensity training and related
cardiac adaptation may even exaggerate the adverse effects of
COVID-19, as it does for other cardiac or non-cardiac disorders
(6). Initial reports demonstrated that a considerable proportion
of athletes may have detectable myocardial damage; however,
the lack of proper control groups limited the generalizability of
these results (7–10). Recent studies also proposed the possibility
of pericardial involvement (10, 11). Nevertheless, all of the
aforementioned studies utilized cardiac magnetic resonance
(cMR), an imaging modality that can hardly be incorporated
into the routine return to play examination protocol. As
a potential alternative, the clinical value of state-of-the-art
echocardiographic techniques, such as 3D echocardiography and
speckle-tracking echocardiography (STE) should be also tested.

Accordingly, we sought to perform a comprehensive
echocardiographic characterization of post-COVID athletes
and compare them to a propensity score (PS)-matched healthy

athlete cohort.

MATERIALS AND METHODS

Patient Characteristics
We consecutively enrolled elite athletes undergoing “return
to play” examinations between September and December
2020 at our Center’s Sports Cardiology Department (study
protocol approved by the National Public Health Center;
no: ETT TUKEB IV/10282-1/2020/EKU). The study protocol
complies with the Declaration of Helsinki, and participants
gave written informed consent to every procedure. SARS-CoV-2
infection was diagnosed by real-time polymerase chain reaction
(rt-PCR) or by serum immunoglobulin G (IgG) antibody
titer measurement. All athletes were officially released from
quarantine defined by having two negative rt-PCR assays of
nasopharyngeal swab specimens following the infection and/or

passing the appropriate quarantine period (10 or 14 days
depending on the time of enrollment). All of the athletes
completed a questionnaire regarding the nature and duration
of their SARS-CoV-2 infection, based on the recommendation
of the National Institute of Health (12). Detailed medical
history and training regimen were obtained along with the
routine physical examination and 12-lead electrocardiogram.
Body surface area (BSA) was calculated using the Mosteller
formula (13). Subjects with previously documented uncommon
echocardiographic and/or electrocardiographic features or with
suboptimal echocardiographic image quality for further analysis
(n = 5) and athletes who suspended regular training in the
preceding 6 months before their SARS-CoV-2 infection (n = 2)
were excluded.

To enable the appropriate pairwise comparison of COVID
vs. non-COVID athletes, PS-matching was performed with the
optimal pair matching algorithm (14). Our institutional database
comprising 425 elite athletes served as the pool for the matching.
First, propensity scores were calculated based on age, BSA, and
weekly training hours. Then, each COVID athlete was paired
with one non-COVID athlete from our institutional database,
targeting the collective optimization of the overall criterion (i.e.,
minimizing the mean of the within-pair difference in propensity
score). Matching was applied in males and females separately to
ensure that each COVID athlete is paired with a non-COVID
athlete of the same sex. PS-matching was performed in R (version
3.6.3, R Foundation for Statistical Computing, Vienna, Austria)
using the MatchIt package (version 3.0.2).

Conventional Echocardiography
Echocardiographic loops were recorded using a Vivid E95
ultrasound system equipped with a 4Vc-D phased-array
transducer (GE Vingmed Ultrasound, Horten, Norway). Cardiac
chambers were quantified according to current guidelines
(15). Left ventricular (LV) wall thicknesses and diameters were
measured in the parasternal long-axis view at the level of mitral
valve coaptation. Relative wall thickness (RWT) was calculated
as 2∗posterior wall thickness/LV end-diastolic internal diameter.
LV diastolic eccentricity index was measured from parasternal
short-axis view at the level of the papillary muscles, defined
as the ratio of the distances between the anterior-to-posterior
wall and the septal-to-lateral wall in end-diastole. Left- and
right atrial volumes were measured using the Simpson method
and were indexed to BSA. LV diastolic inflow by pulsed-wave
Doppler at the level of the mitral valve coaptation was obtained
to determine early (E) and late diastolic (A) peak velocities, their
ratio, and E-wave deceleration time. Pulsed-wave tissue Doppler
imaging (TDI) was used to measure systolic (s

′

), early (e
′

), and

late diastolic (a
′

) velocities at the mitral lateral and medial annuli.
The ratio of E-wave velocity to averaged e

′

velocities of the mitral
medial and lateral annuli was calculated, serving as an estimate
of LV filling pressures. Tricuspid annular plane systolic excursion
(TAPSE) was measured by M-mode as the peak longitudinal
excursion of the tricuspid annulus on an apical four-chamber
view. Inferior vena cava (IVC) diameters estimated right atrial
pressure (RAP), pulmonary arterial systolic pressure (PASP),
diastolic pressure (PADP), mean pressure (PAMP), and also
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pulmonary vascular resistance (PVR) were quantified according
to the current echocardiographic recommendations (16). The
presence of a visually detectable septal flattening or pericardial
effusion was evaluated during postprocessing by a single expert
operator (B.L.) blinded to the study groups.

Speckle-Tracking Analysis
ECG-gated, LV-focused apical long axis, four- and two-chamber
view loops targeting a frame rate over 50 FPS were obtained
for further analysis. STE was performed by a single expert
operator (B.L.) blinded to the study groups using dedicated
semi-automatic software (EchoPAC v204 AFI, GE). The software
automatically detects the myocardial region of interest (ROI)
of the given acquisition and tracks its motion throughout the
cardiac cycle. If necessary, the ROI was adjusted manually in
order to provide adequate tracking. Segments with poor tracking
quality (driven by the software’s recommendation) were excluded
from the analysis; however, subjects with three or more excluded
segments were not included in the study (none). The software
automatically calculates global longitudinal strain (GLS) and
segmental longitudinal strain (LS) values as well. By averaging
the segmental data of the free wall (FW—average LS of inferior,
posterior, lateral, and anterior segments) and septal (S—average
LS of infero- and anteroseptal segments) regions, we have
quantified FWLS and SLS, respectively.

3D Echocardiography
LV- and RV-focused ECG-gated full volume 3D datasets were
obtained from apical four-chamber view using multi-beat
reconstruction from 4 cardiac cycles. Offline analyses of these
datasets focused on the LV and RV were performed by the same
expert, blinded operator using conventionally available software
packages (4D LVAnalysis 3 and RV-Function 2, TomTec Imaging
Systems GmbH, Unterschleissheim, Germany). The algorithm
automatically generates LV and RV endocardial contours, which
were manually corrected on multiple short- and long-axis planes
throughout the entire cardiac cycle. We determined the LV
and RV end-diastolic volume index (EDVi), end-systolic volume
index (ESVi), and stroke volume index (SVi) normalized to BSA.
To quantify global ventricular function, LV and RV ejection
fractions (EF) were also calculated.

Statistical Analysis
All values are expressed as mean ± standard deviation, or
median and interquartile range (IQR). The distribution of
the variables was assessed by the Shapiro-Wilk normality
test. An unpaired two-sided Student’s t-test, in case of
normal distribution, or a Mann-Whitney U test, in case
of non-normal distribution, was performed to compare
the continuous variables of the study groups. Fisher’s
exact test was used to compare the incidence of symptoms
between groups. A p < 0.05 was used as the criterion for
statistical significance.

Intra- and interobserver variability of the most
relevant parameters were also assessed. The operator
of the first measurements (B.L.) and a second expert
reader (A.F.), both blinded to the study groups, repeated

the measurements in a randomly chosen subset of
5–5 athletes from each group. Lin’s concordance
correlation coefficient and coefficient of variation
were calculated.

RESULTS

One hundred and seven post-COVID athletes (handball n = 37,
ice hockey n = 26, water polo n = 26, basketball n = 12,
speedskating n = 2, other n = 4) were included in the current
analysis. Athletes were asymptomatic at the time of examination
with the exception of the loss of taste and/or smell in a handful
of cases (n = 12), as these symptoms frequently exceed the
period of active infection (17). A total of 59 subjects (55%)
were completely asymptomatic throughout the disease course.
The symptom burden of the study group is summarized in
Supplementary Table 1. The athletes were symptomatic for a
median of 4 [IQR: 1–7] days and presented for the return to play
examinations 22 [IQR: 17–25] days following the first rt-PCR or
IgG positivity.

The mean age of the post-COVID athletes was 23 ± 6
years. There were no differences in age, BSA and training hours
between the post-COVID and the PS-matched non-COVID
athletes, indicating successful matching. Systolic and diastolic
blood pressures also did not differ between post-COVID and
non-COVID athletes, while heart rate was significantly lower in
the post-COVID group (Table 1).

Basic echocardiographic parameters of the left and right
heart are shown in Table 2. LV wall thicknesses and RWT
were significantly lower in the post-COVID group. Transmitral
E/A ratio was higher in the post-COVID group, along with a
longer deceleration time. TDI-derived mitral lateral and medial
velocities were significantly higher in the post-COVID group
resulting in a lower E/e′ ratio; however, e′ lateral/e′ medial
ratio was significantly lower. 2D RV, left and right atrial
dimensions did not differ between the study groups. Maximal
IVC diameter and right atrial pressure were significantly lower
in the post-COVID group, whereas other estimated pulmonary
artery pressures were comparable between post-COVID athletes
and PS-matched non-COVID athletes. TAPSE/PASP ratio was
also similar (Table 2).

3D echocardiographic and 2D LV STE parameters are
summarized in Table 3. 3D LV and RV EDVi were comparable
between groups, whereas 3D LV ESVi was significantly lower in
post-COVID athletes, resulting in elevated LV EF. 2D GLS, SLS,
and FWLS were comparable between the post-COVID and non-
COVID groups; however, a lower FWLS/SLS ratio was detected
in the post-COVID athletes.

Interestingly, LV diastolic eccentricity index was significantly
higher in the post-COVID subjects (1.13 ± 0.16 vs. 1.01 ±

0.05, p < 0.001). This finding was mainly driven by a subgroup
(n = 35/107; 33%) of post-COVID athletes, in which an
early-diastolic septal flattening (SF) was present consistently
throughout the entire echocardiographic examination on
multiple views, showing an inspiratory enhancement (Figure 1,
Supplementary Video 1). This phenomenon was not detected in
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TABLE 1 | Baseline characteristics of the post-COVID and the non-COVID athlete groups.

Post-COVID athletes (n = 107) Non-COVID athletes (n = 107) p-value

Age (years) 22.9 ± 6.1 22.7 ± 7.0 0.82

Female (n [%]) 25 (23%) 25 (23%) 1

Height (cm) 182.9 ± 10.0 181.8 ± 12.0 0.45

Weight (kg) 80.2 ± 15.3 80.6 ± 17.0 0.87

BSA (m²) 2.0 ± 0.2 2.0 ± 0.3 0.93

SBP (mmHg) 130.3 ± 15.1 134.0 ± 15.8 0.09

DBP (mmHg) 79.4 ± 11.3 77.4 ± 9.2 0.16

HR (1/min) 62.9 ± 10.6 66.6 ± 13.3 <0.05

Training per week (hours) 13.1 ± 6.0 14.5 ± 6.4 0.08

BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure. HR, heart rate. Bold values indicate a p < 0.05.

TABLE 2 | Conventional echocardiographic left- and right heart parameters in the post-COVID and the non-COVID athlete groups.

Post-COVID athletes (n = 107) Non-COVID athletes (n = 107) p-value

LVIDd (mm) 51.8 ± 4.4 51.4 ± 5.4 0.56

IVSd (mm) 9.4 ± 1.8 10.4 ± 1.8 <0.01

PWd (mm) 8.4 ± 1.3 9.0 ± 1.3 <0.01

RWT (%) 0.33 ± 0.05 0.35 ± 0.05 <0.001

LAVi (mL/m²) 26.4 ± 6.5 27.9 ± 8.6 0.16

Transmitral E wave (cm/s) 81.7 ± 16.0 82.3 ± 20.6 0.79

Transmitral A wave (cm/s) 50.2 ± 12.3 57.4 ± 15.5 <0.001

E/A 1.68 ± 0.40 1.49 ± 0.43 <0.001

DT (ms) 192.7 ± 40.8 176.6 ± 39.3 <0.01

E/e
′

average 4.64 ± 0.88 5.55 ± 1.50 <0.001

Mitral lateral s
′

(cm/s) 12.8 ± 2.5 12.1 ± 2.3 <0.05

Mitral lateral e
′

(cm/s) 19.7 ± 3.2 17.7 ± 3.2 <0.001

Mitral lateral a
′

(cm/s) 8.3 ± 2.0 7.6 ± 1.8 <0.01

Mitral medial s
′

(cm/s) 10.3 ± 1.5 9.6 ± 1.4 <0.01

Mitral medial e
′

(cm/s) 15.6 ± 2.7 13.0 ± 2.6 <0.001

Mitral medial a
′

(cm/s) 8.4 ± 1.4 7.5 ± 1.8 <0.001

e
′

lateral/e
′

septal 1.29 ± 0.21 1.40 ± 0.27 <0.001

LV diastolic eccentricity index 1.13 ± 0.16 1.01 ± 0.05 <0.001

RV basal diameter (mm) 34.3 ± 4.2 33.7 ± 4.3 0.27

TAPSE (mm) 24.7 ± 3.9 23.6 ± 4.2 0.05

RAVi (mL/m²) 28.0 ± 6.6 28.1 ± 8.1 0.89

PASP (mmHg) 20.7 ± 4.3 20.4 ± 5.2 0.61

PADP (mmHg) 6.9 ± 2.3 7.0 ± 2.8 0.76

PAMP (mmHg) 13.4 ± 4.2 12.3 ± 3.7 0.19

IVC max (mm) 13.2 ± 3.0 16.0 ± 4.1 <0.001

IVC min (mm) 11.3 ± 6.0 9.3 ± 6.7 0.39

RAP (mmHg) 3.5 ± 1.8 4.2 ± 2.3 <0.05

RVOT VTI (cm) 20.0 ± 3.5 18.8 ± 3.4 <0.05

PVR (Wood units) 1.24 ± 0.21 1.21 ± 0.26 0.51

TAPSE/PASP 1.23 ± 0.30 1.24 ± 0.42 0.86

Prevalence of mild pericardial effusion (n [%]) 41 (38%) 10 (9%) <0.001

LVIDd, left ventricular end-diastolic diameter; IVSd, interventricular septal thickness; PWd, posterior wall thickness; RWT, relative wall thickness; LAVi, left atrial volume index; DT:

deceleration time; LV eccentricity index, left ventricular eccentricity index; RV basal diamater, right ventricular basal diameter; TAPSE, tricuspid annular plane systolic excursion; RAVi,

right atrial volume index; PASP, pulmonary arterial systolic pressure; PADP, pulmonary arterial diastolic pressure; PAMP, pulmonary arterial mean pressure; IVC, inferior vena cava; RAP,

right atrial pressure; RVOT VTI, right ventricular outflow tract velocity-time integral; PVR, pulmonary vascular resistance. Bold values indicate a p < 0.05.
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TABLE 3 | Comparison of 3D and speckle-tracking echocardiographic data between the post-COVID and the non-COVID athlete groups.

Post-COVID athletes (n = 107) Non-COVID athletes (n = 107) p-value

3D LVEDVi (mL/m2 ) 76.7 ± 12.2 78.3 ± 13.3 0.39

3D LVESVi (mL/m2 ) 32.4 ± 6.3 34.7 ± 7.4 0.01

3D LVSVi (mL/m2 ) 44.4 ± 7.5 43.5 ± 7.3 0.4

3D LVEF (%) 57.9 ± 4.3 55.8 ± 4.2 <0.001

3D RVEDVi (mL/m2) 78.9 ± 15.5 79.6 ± 14.2 0.72

3D RVESVi (mL/m2 ) 35.4 ± 8.4 36.6 ± 8.6 0.32

3D RVSVi (mL/m2 ) 43.5 ± 8.5 43.1 ± 7.1 0.72

3D RVEF (%) 55.3 ± 4.5 54.3 ± 4.7 0.14

2D LVGLS (%) −19.0 ± 1.9 −18.8 ± 2.2 0.51

2D FWLS (%) −18.6 ± 2.1 −18.6 ± 2.2 0.97

2D SLS (%) −19.6 ± 2.1 −19.0 ± 2.4 0.06

2D FWLS/SLS (%) 95.5 ± 8.7 98.3 ± 6.8 <0.01

LVEDVi, left ventricular end-diastolic index; LVESVi, left ventricular end-systolic volume index; LVSVi, left ventricular stroke volume index; LVEF, left ventricular ejection fraction; RVEDVi,

right ventricular end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; RVSVi, right ventricular stroke volume index; RVEF, right ventricular ejection fraction;

LVGLS, left ventricular global longitudinal strain; FWLS, free wall longitudinal strain; SLS, septal longitudinal strain; FWLS/SLS, free wall to septal longitudinal strain ratio. Bold values

indicate a p < 0.05.

any athletes of the PS-matched non-COVID group. Therefore,
we have also assessed the differences between the athletes with
and without SF within the post-COVID group.

Post-COVID athletes with SF were younger; however,
they did not differ in other anthropometric or basic
hemodynamic measures and in average weekly training
hours (Supplementary Table 2).

The presence of detectable (trivial) pericardial effusion was
more frequent in the SF subgroup of post-COVID athletes
compared to the corresponding subset of PS-matched non-
COVID athletes (41% vs. 12%, p < 0.01). Post-COVID athletes
with SF and without SF did not differ in terms of the number
of symptomatic days (3 [IQR: 0–7.0] days vs. 5 [IQR: 2.5–
8.0] days, p = 0.09), the time between the onset of symptoms
and the examination (24 [IQR: 17.5–37.5] days vs. 23 [IQR:
18.0–29.0] days, p = 0.65), or the time elapsed between the
first positive PCR or IgG and the examination (22.5 [IQR:
17.0–25.0] days vs. 21 [IQR: 17.0–25.0] days, p = 0.70). The
incidence of fever (34 vs. 29%, p = 0.66), coughing (9 vs.
7%, p = 0.71), headache (29 vs. 44%, p = 0.15), and loss of
smell and/or taste (47 vs. 52%, p = 0.54) were also comparable
between the athlete groups. Interestingly, chest pain (0 vs. 15%,
p = 0.01) and fatigue (17 vs. 34%, p = 0.04) were reported more
frequently in post-COVID athletes without SF (Figure 2). When
the symptom burden was summed as a “composite symptom
score”, athletes with SF generally had fewer symptoms (1.4 ±

1.3 vs. 2.1 ± 1.5 symptom during the infection, p = 0.01,
Figure 2).

Regarding basic echocardiographic measures, post-COVID
athletes with SF showed significantly higher E/A ratio, while RAP
and PADP were also found to be significantly higher compared
to post-COVID athletes without SF (Supplementary Table 2).
LV diastolic eccentricity index was markedly higher in post-
COVID athletes with SF, while it was comparable between post-
COVID athletes without SF and their matched non-COVID
athletes (1.04 ± 0.08 vs. 1.00 ± 0.04, p = 0.14). Regarding

3D echocardiographic measures, post-COVID athletes with SF
had significantly higher LV EDVi and LV ESVi compared
to post-COVID athletes without SF, while RV morphological
measures along with LV and RV EF were similar (Table 4).
2D LV GLS did not differ between the post-COVID athlete
subgroups; however, the FWLS/SLS ratio was significantly lower
in athletes with SF compared to those without (Figure 3).
During the last phase of the enrollment and already having
our awareness at SF and related STE-based alterations, we
have referred athletes presented with SF to cMR examination
(n = 5). Notably, no myopericardial involvement was detected
by cMR in these cases. Detailed case reports are presented in
Supplementary Table 3.

Intra- and interobserver variability of the key
echocardiographic parameters showed good intra- and
interreader agreements (Supplementary Table 4).

DISCUSSION

Our study is the first to investigate a relatively high number
of European elite athletes who underwent mild COVID-19,
while also comparing them to a PS-matched healthy athlete
group using a comprehensive echocardiographic approach. We
have shown that post-COVID athletes show distinct changes
in cardiac morphology and function compared to matched
non-COVID athletes. Of note, the vast majority of these
alterations was attributable to a subpopulation of athletes in
whom an inspiration-enhanced early diastolic SF could be
detected. In these athletes, the E/A ratio of mitral inflow, the 3D
echocardiography-derived LV volumes were significantly higher,
along with a significantly lower FWLS/SLS ratio.

The earliest reports from China already mentioned the
high prevalence of elevated cardiac necroenzymes and the
commonly deteriorated LV functional measures in COVID-19
patients (18). With the worldwide expansion of the pandemic,
several other studies demonstrated the high frequency of cardiac
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FIGURE 1 | Representative case of the post-COVID septal flattening (SF) in athletes. Parasternal short-axis views at the level of the papillary muscles at mid-diastole

in a young athlete underwent asymptomatic SARS-CoV-2 infection and his matched control. In the post-COVID athlete, a prominent SF can be seen with early

diastolic dominance and inspiratory enhancement (left, SF shown by arrows), compared to the propensity score-matched control (right).

FIGURE 2 | Radar chart comparisons of the most relevant symptoms in post-COVID athletes with our without septal flattening (SF). Athletes with SF (blue line) and

without SF (red line) did not differ in the incidence of fever or subfebrility, coughing, headache or the lost of smell and/or taste. On the other hand, chest pain and

fatigue were significantly more frequent in athletes without SF. In general, athletes with SF were less symptomatic, as shown by the smaller area of the radar chart

compared to athletes without SF (see details in text).
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TABLE 4 | Echocardiographic comparison of post-COVID athletes with vs. without septal flattening.

Post-COVID athletes with SF (n = 35) Post-COVID athletes without SF (n = 72) p-value

LV diastolic eccentricity index 1.29 ± 0.15 1.04 ± 0.08 <0.001

3D LVEDVi (mL/m2 ) 80.1 ± 14.4 74.9 ± 10.7 <0.05

3D LVESVi (mL/m2 ) 34.5 ± 8.0 31.3 ± 5.1 <0.05

3D LVSVi (mL/m2 ) 46.2 ± 8.2 43.5 ± 7.1 0.09

3D LVEF (%) 57.5 ± 4.6 58.1 ± 4.1 0.52

3D RVEDVi (mL/m2) 82.1 ± 15.9 77.7 ± 15.3 0.3

3D RVESVi (mL/m2 ) 36.5 ± 9.8 35.9 ± 7.6 0.37

3D RVSVi (mL/m2 ) 44.7 ± 7.8 42.9 ± 8.8 0.31

3D RVEF (%) 55.6 ± 5.5 55.2 ± 4.0 0.68

2D LVGLS (%) −18.9 ± 1.9 −19.0 ± 2.0 0.70

2D FWLS (%) −18.3 ± 2.0 −18.8 ± 2.1 0.20

2D SLS (%) −20.0 ± 2.3 −19.4 ± 2.0 0.16

2D FWLS/SLS (%) 91.7 ± 8.6 97.3 ± 8.2 <0.001

SF, septal flattening; LVEDVi, left ventricular end-diastolic index; LVESVi, left ventricular end-systolic volume index; LVSVi, left ventricular stroke volume index; LVEF, left ventricular ejection

fraction; RVEDVi, right ventricular end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; RVSVi, right ventricular stroke volume index; RVEF, right ventricular

ejection fraction; LVGLS, left ventricular global longitudinal strain; FWLS, free wall longitudinal strain; SLS, septal longitudinal strain; FWLS/SLS, free wall to septal longitudinal strain ratio.

Bold values indicate a p < 0.05.

FIGURE 3 | The “Hot Septum Sign” in a post-COVID athlete with septal flattening. While left ventricular global longitudinal strain is preserved, a relative decrease in the

free wall segments can be noted (left), suggestive of a characteristic feature of pericardial constriction. In the matched control, segmental strain values of the septum

and free wall do not markedly differ (right).

damage; however, the investigations were mainly focused on
the severe/critical cases (19). Nowadays, evidence is growing
that mild or even asymptomatic disease courses do not
exclude myocardial involvement of COVID-19 (20). Special
considerations are needed in the case of elite athletes following
SARS-CoV-2 infection, even though these young, exceptionally
healthy individuals usually undergo COVID-19 with no or very
mild symptoms. Robust evidence suggests that even minor
cardiac alterations can be exaggerated by high-intensity exercise,

and this can worsen the course of various diseases (6). Therefore,
the detailed characterization of the athlete’s heart following
COVID-19 is a relevant clinical demand.

In our post-COVID population, LV wall thicknesses and
RWT were significantly lower compared to the matched control
athletes. These findings may correspond to the effects of short-
term detraining: LV wall thicknesses are known to decrease
even after a few weeks of suspended athletic activity along with
unaltered ventricular volumes (21, 22). Regarding functional
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measures, LV EF was found to be significantly higher in the post-
COVID group, with unaltered LVGLS.While data are conflicting
regarding the resting LV systolic function of the athlete’s heart,
low-normal values are commonly reported; therefore, an increase
in LV EF following detraining may be expected (23).

In a subpopulation of our post-COVID elite athletes, an
early diastolic SF was detected with inspiratory enhancement,
commonly resulting in marked LV eccentricity (Figure 1,
Supplementary Video 1). This phenomenon may be attributable
to a handful of causes. Previous studies examining sedentary
COVID-19 patients and also elite athletes reported alterations of
the myocardium with a septal predominance (such as decreased
septal LS, or increased native T1 values and/or late gadolinium
enhancement of the septum) suggestive of SARS-CoV-2-related
myocarditis (7, 11). Nevertheless, in viral myocarditis, segmental
or global wall motion abnormalities would be expected rather
than a bouncing septal motion with preserved deformation.

COVID-19 is also known to affect the pulmonary vasculature
(24). However, in our post-COVID cohort, Doppler-based
estimated pulmonary pressures did not markedly differ from
matched control athletes, and post-COVID athletes with SF
were also comparable to those without SF regarding these
measures. Of note, estimated RAP and PADP were significantly
higher in athletes with SF, nevertheless, only with a borderline
statistical significance. Moreover, a COVID-related imbalance
between intrapericardial and intrathoracic pressures should also
be considered.

The aforementioned study of Brito et al. reported a
surprisingly high prevalence of pericardial involvement in
their study enrolling student athletes (11). While acute viral
pericarditis does not usually alter myocardial function, previous
results suggest that a transient pericardial constriction-like
physiology may occur, which could explain the SF (25). As a
marker of a possible pericardial inflammation, the prevalence
of a detectable (although trivial) pericardial effusion was
significantly higher in our post-COVID athletes compared
to their matched non-COVID athletes. Furthermore, this
constriction-like behavior is also reinforced by the phenomenon
that the SF seems to be enhanced by inspiration and becomes
the most prominent during early diastole (Figure 1) (26).
Regarding STE-markers, in our post-COVID athletes with SF,
the characteristic “hot septum” sign can be seen as shown by
the STE-derived FWLS/SLS ratio (Figure 3) (27, 28). Of note,
it is important to mention that other, less specific markers
of constrictive physiology, such as increased E/A ratio and
PADP, can also be measured in this subpopulation. In line
with the cMR findings of the post-COVID population of
Brito and colleagues, LV volumes were significantly higher
in the post-COVID group with SF (11). This may be
attributable to the partially similar methodology of cMR
and a “multi-beat” 3D echocardiographic acquisition: during
expiratory breathhold, the enhanced ventricular interdependence
of the constrictive physiology may result in increased LV
volumes (26).

Interestingly, SF was more common in athletes with generally
fewer symptoms. This corresponds to previous large-scale cMR
data demonstrating that all athletes with confirmed inflammatory

heart disease were only minimally symptomatic (9). Moreover,
in another study, pericardial enhancement was significantly
more common in asymptomatic athletes (11). In a large
retrospective cardiac surgery registry, post-surgery constrictive
pericarditis patients were characterized by more commonly
detected postoperative pericardial effusion and a higher LVEF
(29). These results may indicate that the main driver of
disease progression is the interplay of ongoing serous membrane
inflammation and more pronounced friction of the pericardial
sac by a hyperdynamic LV. Theoretically, athletes with fewer
symptoms are likely to continue training during the infection,
potentially creating a similar pathophysiological scenario.

However, it is important to mention that in those cases where
cMR was also performed, no signs of pericardial inflammation
or constriction were detected. Considering that the main body
of data about the reverse remodeling after abrupted training is
derived from small sample studies of the early 90’s, it is plausible
that a temporary change in the pericardial constraint is a
benign phenomenon of athletic detraining (HIV). Hemodynamic
overload is proved to induce not only myocardial, but pericardial
remodeling as well (HIV). Therefore, it is suspected that intense
regular exercise may also induce changes of the pericardial
structure. While myocardial deconditioning is known to take
place over the course of a few weeks of abrupted training
regime, the altered characteristics of the pericardium may
persist for a longer time, resulting in temporary changes of the
pericardial constraint.

The current Sports Cardiology and Exercise Guideline of
the European Society of Cardiology recommends at least 30
days of suspended training in the case of pericarditis, however,
in the absence of a proven inflammatory process the clinical
implications of these findings are hard to judge (HIV).In the
case of persistent constriction-like changes in the SF post-COVID
group, an impaired peak exercise capacity has high possibility
(HIV)., Follow-up of athletes and further research are urged to
explain the appearance and the potential clinical consequences of
the constriction-like echocardiographic findings in the context of
the athlete’s heart.

LIMITATIONS

Our study carries limitations that have to be acknowledged
for adequate interpretation. First, our case number is limited.
Nevertheless, the number of subjects is considered to be relatively
high as compared to current COVID-19-related data in athletes.
The population has a male predominance; therefore, the study
was not powered to examine the role of gender differences. In
the post-COVID athlete group, echocardiographic loops prior
to the SARS-CoV-2 infection were not available. Therefore,
PS-matching was used to provide a matched control athlete
group. The observed changes were often subtle and only
statistically significant. The most common causes of SF are
pulmonary hypertension and constrictive pericarditis, and the
gold-standard evaluation method for both these diseases is still
right (and left-) heart catheterization (26). For obvious ethical
reasons, such invasive procedures were not performed in the
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mainly asymptomatic/paucisymptomatic post-COVID athlete
group. However, various echocardiographic pressure estimates
and other functional parameters were quantified, which may
also adequately assess the characteristic features of such diseases.
Nevertheless, certain indirect markers of pericardial constriction,
such as mitral and/or tricuspid inflow variation, hepatic vein
flow and M-mode assessment of the septal motion were not
obtained. Computed tomography was not included in this
study; therefore, possible pulmonary involvement of the post-
COVID athletes was not evaluated. cMR examinations were
only performed in a handful of athletes; therefore, the gold-
standard measurements of cardiac volumes are not available, and
cMR markers of myopericardial inflammation were not assessed
in the majority of the subjects. The cMR acquisitions were
obtained during breath holding, therefore, free breathing loops
confirming the septal flattening were not available. Respirometry
was not part of our routine echocardiographic image acquisition
protocol (used only in a few cases in the post-COVID group);
therefore, the inspiratory enhancement of the SF was not tested
consistently. Assessment of the long-term consequences and
clinical importance of these findings requires further work
and follow-up.

CONCLUSIONS

Our results suggest that even mild SARS-CoV-2 infection may
significantly affect cardiac morphology and function in elite
athletes. The observed alterations are mainly attributable to a
subgroup of athletes, in whom some features of pericardial
constriction could be detected, such as pericardial effusion, early
diastolic SF with inspiratory enhancement, and STE-derived “hot
septum” sign. Interestingly, these athletes seemed to experience
fewer symptoms during the course of the infection. Considering
that current guidelines usually propose a more thorough return
to play examinations in symptomatic athletes only, our data is
especially alarming, as many of our athletes presented with SF
would not have been eligible for a detailed assessment (30). The
pathophysiological background and clinical relevance of these
findings are unclear and require further research. Nevertheless,
our data support the use of a comprehensive echocardiographic
protocol applying advanced techniques in the return to play
examination of elite athletes.
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Over the last 2 years, we have all been trying to understand the interrelationships of COVID-
19’s numerous symptoms, clinical risk factors, and lethality. Autopsy cases of patients with
COVID-19 revealed that the virus was present in the heart of more than 60% of patients, associated
with evidence of active viral replication, suggesting direct viral cardiac infection (1). Contrarily, a
recent study reported that the virus was detected in the heart of only one out of 30 patients who died
after a prolonged hospital stay due to Sars-Cov-2 infection., associated with modest histological
alterations (2). Macroscopic, histological, and immunohistochemical analysis revealed modest
cardiac histological alterations, underscoring the lack of evidence to establish the contribution of
a direct effect of SARS-CoV-2 on cardiac lesions. Mehra and Ruschitzka (3) noted in the elderly,
especially with cardiovascular disease, mortality was associated with a very significant elevation of
natriuretic peptides (NPs) with death attributed to cardiac failure and arrest in almost 25% of cases.
They wondered whether cardiac inflammation or dysfunction suggested by elevated NP’s might
play a role in the respiratory hypoxic failure observed in COVID-19. NPs, hormones secreted from
the heart, havemany functions including promoting Na+, excretion by the kidney. In addition, NPs
are involved in important mitochondrial mediated processes including Ca2+ signaling, apoptosis,
reactive oxygen species production, biogenesis, and fat oxidation, etc. (4). Cardiac followed by
kidney cells have the highest mitochondrial content (high ATP energy needs) and thus their
function is directly dependent on mitochondrial health (4). However, cardiac mitochondrial
function extends well-beyond energy production and includes modulation of numerous cellular
signaling pathways at molecular and biochemical levels (5). Thus, mitochondrial damage has a
tremendous impact on overall cardiomyocyte function.

Evidence reveals the virus localizes to mitochondria which it attacks and disrupts (Figure 1),
thereby taking energy away from the cells’ battle with the virus including autophagy (6, 7). In this
process, SARS-CoV-2 manipulates mitochondrial function by angiotensin-converting enzyme 2
(ACE2) regulation and open-reading frames (ORFs) to evade host cell immunity and facilitate virus
replication. The virus-encoded protein Orf-96 localizes to mitochondria and triggers degradation
of mitochondria-related genes, including DRP1, MAVS, TRAF3, and TRAF6 (8). ORFs, such as

ORF3a, can target the mitochondrial deubiquitinase USP30, altering mitochondrial homeostasis
(biogenesis, fusion, fission, and mitophagy) and function (9). Furthermore, the 3a protein of the
virus promotes mitochondrial apoptosis (10). In cellular homeostasis, there is a balance between
the BCL-2 family protein, which are neuroprotective and Bax proteins which can be transformed
to set off a cell-death cascade. This can occur in response to extracellular stimulation by stress, viral
infection, excessive immune cytokines secretions, etc. Bax exist in a relatively stablemolecular form,
but with viral infection it changes form and moves to the outer membrane of the mitochondria
where it inserts itself, causing the release of the cytochrome c, initiating apoptosis (10) with the
release of its DNA. In addition, the 3a protein promotes activation of truncated Bid (tBid) which
form pores in the mitochondria, favoring the release of apoptogenic factors. The unique DNA of
the degraded mitochondria is then released into the blood whose presence at high levels has now
been reported (11) to predict poor COVID-19 outcomes.
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FIGURE 1 | Interplay of mechanisms of cardiac mitochondrial damage in COVID-19. Viral RNA and protein localize to mitochondria and manipulate their function by

angiotensin-converting enzyme 2 (ACE2) regulation and open-reading frames (ORFs) to evade host cell immunity and facilitate virus replication. ORFs can target the

mitochondrial deubiquitinase USP30, altering mitochondrial homeostasis and function. The virus promotes activation of truncated Bid (tBid) and alters Bax/BCL-2

ratio, favoring the release of apoptogenic factors. Concomitantly, several cardiovascular risk factors can compromise mitochondrial integrity and function by

decreasing ATP levels and increasing reactive oxygen species (ROS) production. This in turn leads to cardiac mitochondrial damage and heart failure, associated with

elevation of natriuretic peptides (NPs) and circulating mitochondrial DNA (mtDNA).

Importantly, pre-existent mitochondrial damage might
exacerbate cardiomyocyte injury and dysfunction. It seems
pertinent that all of the clinical risk factors (atherosclerosis, age,
obesity, hypertension, and other conditions such as endothelial
dysfunction) share impaired mitochondrial respiration, or
a decrease in its ability to produce ATP. Hypertension, one
of the main risk factors for SARS-COV and SARS-COV-19,
is “prominently associated with the loss of cardiolipin” (12),
a phospholipid uniquely found in the inner mitochondrial
membrane and necessary for its proper formation and
function. Furthermore, cardiolipin regulates mitochondrial
dynamics and prevents the formation and opening of the
mitochondrial permeability transition pore (mPTP), and release
of cytochrome C to the cytosol. Hypertension is part of a
process whereby a hole is opened in the “armored nuclear power
plant” of the mitochondria that can be pierced and destroyed
by SARS-COV-19.

Similarly, insulin resistance in skeletal muscle, a major
hallmark of type 2 diabetes and obesity, has been linked to
decreased muscle mitochondria reproduction and dysfunction
(13). Endothelial cells exposed to high glucose concentrations
exhibit augmented mitochondrial superoxide generation, which
damages lipids, proteins, and mtDNA, and contributes to cellular
oxidative stress (14). The uncoupled mitochondrial state is

necessary for ATP synthesis. Excessive mitochondrial coupling
is a central expression of “dysfunction in obesity that may
contribute to the development of metabolic pathologies such as
insulin resistance and diabetes” (15). Cardiac mitochondria also
deteriorate with age, losing respiratory activity, accumulating
damage to their DNA (mtDNA), and producing excessive
amounts of reactive oxygen species (ROS), ultimately increasing
susceptibility to infections (16). Therefore, results from these
studies are consistent with established mitochondrial injury that
may aggravate cardiac damage and accelerate COVID-19-related
mortality rates in patients with cardiovascular risk factors.

Recent evidence suggests that cardiac troponin I (cTnI),
an important structural protein implicated in contraction
and relaxation of cardiomyocytes, is a critical biomarker of
myocardial injury in COVID-19 and is directly related to survival
(17). Interestingly, mitochondrial structure and function are
significantly impaired in cardiomyocytes with mutated cTnI,
suggesting an important role of this protein in maintaining the
structural and functional integrity of myocardial mitochondria
(18). Thus, monitoring cTnI may be useful to assess cardiac
mitochondrial damage and disease progression in patients
with COVID-19.

Beyond mediating damage of infected cardiac cells,
mitochondria are emerging as critical components of the innate
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immune response. It has been shown that the ATP needed for
purinergic signaling (e.g., adenosine and ATP), T-cell regulation,
and initial activation of neutrophils comes from mitochondria.
ATP production and mitochondrial Ca2+ buffering are needed
for antigen presentation and processing, and ROS are a part
of the signaling pathway that activates inflammatory proteins
(19). As mediators of immunity, mitochondria are consequently
targeted by several viruses, including the SARS-CoV-2 virus.
As noted, Orf-96 localizes on the mitochondrial membrane
and suppresses type 1 interferon responses (20). Immune cells
(and all cells) cannot function without their multiple healthy
mitochondria. With aging, immune T cells don’t respond as
well to pathogens or vaccines as T cells’ mitochondria begin
to malfunction. This is reflected in the age related cognitive,
cardiovascular, physical, metabolic, etc. changes, experienced
and observed. Nevertheless, poor T cell response might not
only be the result of aging but may be part of the cause of aging
by releasing excessive inflammatory cytokines (the cytokine
storm). When T cell mitochondria had been genetically modified
(TFAM deficiency) to be energy production inefficient, it
forced T cells from ATP into a less efficient mode of energy
production. These mice rapidly aged with deterioration in their
functions noted previously. “T cell metabolic failure induces the
accumulation of circulating cytokines, characteristic of aging
(‘inflammaging’). This cytokine storm itself acts as a systemic
inducer of senescence” (21).

A major immune defense against viral infection necessary
for cellular viability, is autophagy. It delivers viral proteins and
viruses to lysosomes for degradation. However, lysosomes are
impaired by the loss of mitochondrial function (22) such as in
SARS-COV, and COV-19 related impairments. “Inflammaging”
and decreased autophagy accelerate the metabolic compromised
state of people with known risk factors. It is no surprise that our
young are more resilient since they usually generate sufficient
ATP. However, when elevated blood mtDNA is found even in
seemingly younger healthier patients and others, it reflects severe
complications that can lead to ICU care and even death (11). All
of the 97 adult subjects had COVID-19, but those that died had
higher cell free plasma levels of mtDNA and fragments derived
from mitochondrial encoded gene cytochrome B (MT-CYTB).

MT-CYTB levels were highly correlated with plasma SC5b-9,
which is “a marker of complement activation and suggests the
formation of a membrane attack complex” (11).

Many questions remain unanswered including, is the
appearance of mtDNA just part of an “over exuberant innate
immune response?” (11). Would viral infection trigger cellular
necrosis if their mitochondria remained more intact? Does
viral induced mitochondrial dysfunction underlie the myocardial
injury observed? Does the appearance of plasma mtDNA and
MT-CYTB fragments portend a possible cascade of negative
immunologic responses? Are the extreme elevations in NPs
observed in part a hormonal response to protect and stabilize
failing cardiac mitochondrial respiration and/or an expression
thereof? Given the importance of mitochondria in kidney
function, could their failure be expressed as excess deaths from
end-stage kidney failure early in the pandemic? (23). Could
finding ways to protect cardiac mitochondrial function open a
whole new field of prevention or even treatment?

Studies have demonstrated that normalizing tubular
cell mitochondrial function and energy balance could be a
preventative strategy in kidney disease (24). Moreover, targeting
the regulation of mitochondrial biogenesis and/or correcting
abnormal electron chain function, can improve renal disease
outcome. Could acute IV infusion of beta-hydroxybutyrate, the
body’s primary ketone body, improve cardiac mitochondrial
respiration? This is supported by studies in healthy, and heart
failure patients showing improved hemodynamic and cardiac
output (25). Undoubtedly, additional studies are needed to
establish the exact role of cardiac mitochondrial damage in the
setting of COVID-19 and heart failure.
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Background: Arrhythmia is a very common complication of coronavirus disease 2019

(COVID-19); however, the prevalence of ventricular arrhythmia and associated outcomes

are not well-explored. Here, we conducted a systematic review and meta-analysis to

determine the prevalence and associated death of ventricular arrhythmia and sudden

cardiac death (SCD) in patients with COVID-19.

Methods: Databases of PubMed, Cochrane Library, Embase, and MdeRxiv were

searched. Studies that could calculate the prevalence of ventricular arrhythmia/SCD

during hospital admission or associated death in patients with COVID-19 were included.

The study was registered with the PROSPERO (CRD42021271328).

Results: A total of 21 studies with 13,790 patients were included. The pooled prevalence

of ventricular arrhythmia was 5% (95% CI: 4–6%), with a relatively high-SCD prevalence

(1.8% in hospitalized COVID-19 and 10% in deceased cases of COVID-19). Subgroup

analysis showed that ventricular arrhythmia was more common in patients with elevated

cardiac troponin T [ES (effect size): 10%, 95% CI: −0.2 to 22%] and in European (ES:

20%, 95% CI: 11–29%) populations. Besides, ventricular arrhythmia was independently

associated with an increased risk of death in patients with COVID-19 [odds ratio

(OR) = 2.83; 95% CI: 1.78–4.51].

Conclusion: Ventricular arrhythmia and SCD resulted as a common occurrence with

a high prevalence in patients with COVID-19 admitted to the hospital. Furthermore,
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ventricular arrhythmia significantly contributed to an increased risk of death in hospitalized

patients with COVID-19. Clinicians might be vigilant of ventricular arrhythmias for patients

with COVID-19, especially for severe cases.

Systematic Review Registration: www.york.ac.uk/inst/crd, identifier:

CRD42021271328.

Keywords: arrhythmia, ventricular arrhythmia, coronavirus disease 2019, prevalence, death, prognosis

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a serious life-
threatening disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection, which first occurred in
November 2019 (1), and then rapidly spread throughout the
rest of the world. As of July 31, 2021, more than 198 million
individuals were diagnosed with cases of COVID-19, exceeding
420 thousand deaths. Although COVID-19 is characterized
by substantial respiratory pathology, several extrapulmonary
manifestations, such as thrombotic complications, myocardial
dysfunction, and arrhythmia, acute kidney injury are
also commonly found in patients afflicted with the
virus (2–4).

Cardiac arrhythmias, such as new-onset atrial fibrillation,
heart block, and ventricular arrhythmias, are prevalent in the
patients with COVID-19. An early report study on 138 patients
from Wuhan, China, showed that 17% of the hospitalized
patients suffered from total arrhythmia (5). Our recent meta-
analysis also showed that the atrial fibrillation reached 10%
and was associated with increased death in COVID-19 (6).
Ventricular arrhythmia is still the major leading cause of
death from the cardiovascular diseases (7). According to a
multicenter cohort from the US, 6% of 4,250 patients with
COVID-19 had prolonged QTc interval (corrected QT;>500ms)
at admission (8). This result suggested that COVID-19 might
significantly contribute to an increased risk of ventricular
tachycardia as QTc prolongation is believed to predispose
to the ventricular arrhythmias associated with sudden death
in certain cardiac diseases. Although several studies have
reported the increased risk of ventricular tachycardia among
patients with COVID-19, the exact prevalence of ventricular
tachycardia in patients with COVID-19 remains unknown.
Moreover, a case series also reported ventricular tachycardia
and ventricular fibrillation as the primary cause of death in
hospitalized patients with COVID-19 without a prior history
of the structural heart disease (9). However, it remains unclear
whether COVID-19 associated the ventricular arrhythmias
are independently linked to increased death in the patients
with COVID-19.

Furthermore, sudden cardiac death (SCD) is the most
devastating manifestation of ventricular arrhythmias that has
emerged as one of the disturbing concerns associated with
the infection of COVID-19. Thus, we conducted a systematic
review and meta-analysis to determine the prevalence and
associated death of ventricular arrhythmia and SCD in patients
with COVID-19.

METHODS

This study has been registered with PROSPERO
(International prospective register of systematic
reviews. www.york.ac.uk/inst/crd)-registration number-
CRD42021271328. Furthermore, we conducted themeta-analysis
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) Statement (2020)
(Supplementary Table 1).

Literature Search
The search was accomplished by two authors independently.
PubMed, Embase, the Cochrane Library, and MedRxiv (https://
www.medrxiv.org/) databases were searched mainly for the
related studies up to July 21, 2021, without language restrictions.
The search terms according to PICOS were as follows:

Population:

For COVID-19: “COVID-19” or “COVID-19 Virus Disease”
or “COVID-19 Virus Infection” or “2019-nCoV Infection”
or “Coronavirus Disease-19” or “2019 Novel Coronavirus
Disease” or “2019 Novel Coronavirus Infection” or “2019-
nCoV Disease” or “Coronavirus Disease 2019” or “SARS
Coronavirus 2 Infection” or “SARS-CoV-2 Infection” or
“COVID-19 Pandemic.”

Exposure:

For the ventricular arrhythmia: “ventricular arrhythmia”
or “premature ventricular beats” or “ventricular ectopic
beats” or “ventricular premature complex” or “premature
ventricular contractions” or “ventricular tachycardia” or
“ventricular tachyarrhythmia” or “ventricular flutter” or
“ventricular fibrillation.”
For sudden cardiac death: “cardiac sudden death” or “sudden
cardiac arrest” or “sudden cardiac death.”

Outcomes:

For death: “death” or “mortality.”

A detailed search strategy was described in
Supplementary Table 2.

Study Selection
All the results were organized by EndNote X9 software (Thomson
Reuters, New York, NY, USA). After deleting the duplicate
literature, the titles and abstracts were checked, and the relevant
literature was preliminarily screened. Subsequently, full-texts
of the relevant studies were searched to make sure they
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met the inclusion criteria. The inclusion criteria included the
following: (1) studies that included adult patients diagnosed
with COVID-19 based on the polymerase chain reaction tests;
(2) studies that could calculate the prevalence of ventricular
arrhythmia/SCD during hospital admission or reported the
estimated effect between ventricular arrhythmia and death in
patients with COVID-19.

If the same population was used in multiple studies,
we selected the article with the most informative or the
largest sample size. Studies that reported the effect of
chloroquine/hydroxychloroquine and azithromycin in patients
with COVID-19 were excluded because of the potential drug-
induced ventricular arrhythmias risk. Certain publication types
without sufficient data (reviews, meta-analysis, cases, editorials,
and comments) were also excluded.

Data Collection
The following information was independently abstracted by two
researchers: the first author, publication year, country, time, study
design, patient characteristics (sample size, age, and sex), number
of ventricular arrhythmias, death, odds ratios (ORs), and the
corresponding 95% CI and adjustments.

Quality Assessment
For studies that reported the prevalence, the Joanna Briggs
Institute (JBI) critical appraisal checklist was used to assess the
study quality, where 0 score represented a failure to meet the
requirements; 1 represented the lack of detailed description,
2 score represented detailed and comprehensive description.
For studies that reported the association between ventricular
arrhythmia and death in patients with COVID-19, the Newcastle-
Ottawa Scale (NOS) was applied. Studies with scores of NOS≥ 7
and JBI ≥ 14 were considered as high-quality researches (10).

Statistical Analysis
RevMan software, version 5.3 (The Cochrane Collaboration
2014, Nordic Cochrane Center Copenhagen, Denmark) and Stata
software (Version 14.0, Stata Corp LP, College Station, Texas,
US) were both applied in our analysis. To explore the prevalence
of ventricular arrhythmia and SCD in hospitalized patients
with COVID-19, the exact binomial (Clopper–Pearson) method
was used to calculate 95% CIs. Freeman–Tukey double arcsine
transformation was used for standard estimates. To elucidate
the outcome of ventricular arrhythmia and SCD in hospitalized
patients with COVID-19, we pooled the ORs for each studies
using the inverse variance method. We also estimated the
adjusted ORs by calculating the natural logarithm of the OR
(log [OR]) and its standard error (SElog [OR]), which is shown
with 95% CIs. We evaluated the degree of heterogeneity using
the I² test (25, 50, and 75% represent low, moderate, and high
heterogeneity). We used the random effect model in our study to
improve the reliability.

Subgroup analyses were performed to study possible factors
influencing our results, including ventricular arrhythmia, region,
cardiac injury, and population. To ensure the reliability of study
outcomes, we carried out sensitivity analyses by omitting each
study in turn. P < 0.05 was considered statistically significant.

RESULTS

Study Selection
The flow chart for the study selection process is shown in
Figure 1. A total of 1,342 publications were identified following
initial search (PubMed = 430; the Cochrane Library = 119;
Embase = 405; MedRxiv = 388). After deleting 584 duplications
and 680 irrelevant studies, the full-text assessment was performed
on 78 studies. Subsequently, 57 articles were excluded due to the
following reasons: (1) studies without insufficient data (n = 19);
(2) certain publication types with no data (review = 11; case
report = 3); (3) studies without appropriate population or
exposure (n= 11); (4) studies that did not report target outcome
(n = 13). Finally, 21 studies were included in the meta-analysis
(11–31). All the excluded studies with reasons (n= 57) are shown
in Supplementary Table 3.

Study Characteristics and Quality
The basic characteristics of all the included articles are shown
in Table 1. Twenty-one studies (11–31), which included 13,790
hospitalized patients with COVID-19 with a mean age ranging
from 50 to 70.3 years, and with sample sizes ranging from 54
to 4,526, were published from 2020 to 2021 [eight of them
published in 2021 (11, 15, 16, 19, 24–26, 31), others in 2020
(12–14, 17, 18, 20–23, 27–30)]. Nine reports were from Asia
[eight from China (13, 16, 18, 21, 22, 28, 29, 31), one from
Iran (19)], seven from USA (11, 12, 14, 15, 17, 25, 30), and
five from Europe [three from Italy (20, 24, 27), one from
Netherland (23), one from Germany (26)]. Besides, 15 of them
were retrospective studies (11, 13, 15–19, 21–23, 27–31), 5 were
prospective studies (12, 14, 20, 25, 26), and 1 was cross-section
study (24).

All studies (11–31) scored between 16 and 20 on the Joanna
Briggs Institute Critical Appraisal Checklist, which meant these
articles took rigorous methodology. In addition, five studies
(16, 19, 21, 25, 27) involved the association between ventricular
arrhythmia and death in patients with COVID-19, with NOS
scores > 7, thus were regarded as moderate high-quality studies
(Supplementary Table 4).

The Prevalence of Ventricular Arrhythmia
and SCD in Patients With COVID-19
A total of 20 (11–30) studies with 13,509 patients reported the
prevalence of ventricular arrhythmia in patients with COVID-19.
As shown in Figure 2, the pooled prevalence of the ventricular
arrhythmia was 5% (95% CI: 4–6%).

Subgroup analysis showed that premature ventricular
complex was the most common type in patients with COVID-19
(ES: 13%; 95% CI: 7–19%), followed by ventricular tachycardia
(ES: 10%; 95% CI: 6–13%) and ventricular fibrillation (ES:
1%; 95% CI: 1–2%) (Figure 3A). According to area subgroup
analysis, Europe had the highest prevalence (ES: 20%; 95%
CI: 11–29%), followed by the United States (ES: 7%; 95% CI:
1–13%), while the lowest prevalence was found in Asia (ES:
6%; 95% CI: 3–8%) (Figure 3B). Furthermore, the prevalence
of the ventricular arrhythmia in hospitalized patients with
elevated cardiac troponin T was 1.25-fold higher than that
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FIGURE 1 | Flow chart of study selection.

without elevated cardiac troponin T (ES: 10 vs. 8%) (Figure 3C).
The prevalence of ventricular arrhythmia in living and deceased
hospitalized patients with COVID-19 was 6 and 12%, respectively
(Figure 3D).

Two articles reported the prevalence of SCD in hospitalized
patients with COVID-19 (28, 31). Article of Shao reported
that the prevalence of SCD was 1.8% in the population with
COVID-19 (28). Also, according to Yang et al. there was a

higher SCD prevalence (10%) in the deceased population with
COVID-19 (31).

The Impact of Ventricular Arrhythmia on
All-Cause Death With COVID-19
Five multivariable-adjusted publications with 2,568 patients were
included in the analysis (16, 19, 21, 25, 27). The results showed
a positive association between ventricular arrhythmia and risk

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 January 2022 | Volume 8 | Article 795750442

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ta
n
e
t
a
l.

V
e
n
tric

u
la
r
A
rrh

yth
m
ia
/S
C
D
a
n
d
C
O
V
ID
-1
9

TABLE 1 | Basic characteristics of the articles included in the meta-analysis.

Author, year,

country

Study design Diagnosis Study

populations

Total

number

Male, age years History of

cardiovascular

disease %

Medication % Prevalence and endpoint

reported

Cases/

Total

Adjusted

effector (95% CI)

and adjustments

Antwi-Amoabeng

et al. (11), USA

RC ECG Tertiary Care

Hospital

186 53.2%, 60.0 CAD 3.2%;

diabetes 37.1%;

HF 9.7%;

stroke 8.6%;

hypertension

43.1%;

QT prolonging

medications 57.5%

Premature ventricular

complex

10/186 NA

Chen et al. (13),

China

RC ECG NA 54 66.7%, 57.6 CAD 11.1%;

diabetes 46.3%;

hypertension

29.6%

NA Ventricular tachycardia 3/54 NA

Cho et al. (14),

USA

PC Telemetry

monitoring

Cedars-Sinai

Medical Center

143 61.5%, 70.3 Diabetes 35.0%;

CAD 18.9%;

hypertension

55.2%;

hyperlipidemia

41.3%;

AF 12.6%

Azithromycin 59.4%;

Tocilizumab 39.2%;

Remdesivir 9.1%;

HCQ 62.9%;

Lopinavir/ritonavir

2.1%;

Premature ventricular

complex

Ventricular tachycardia

Ventricular fibrillation

SCD

143/41

24/143

1/143

1/143

NA

Coromilas et al.

(15), USA

Case-control ECG Across the world

for whom data

was available

4,526 57.3%, 62.8 Diabetes 34.7%;

CHF 16.9%;

CAD 13.2%;

AF/AFL 9.0%;

VT 0.6%;

stroke 6.1%;

Vascular disease

3.7%;

Hypertension

55%;

Azithromycin 49.8%;

Antiviral 15.3%;

IL-6 inhibitor 9.6%;

Anticoagulation

29.4% HCQ 57.6%

Ventricular tachycardia

Cardiac damage with

ventricular arrhythmia

27/4,526

164/827

NA

Gao et al. (16),

China

RC ECG Tongji Hospital 79 67.1%, 65.0 Diabetes 22.0%;

CHF 3.0%;

Cardiovascular

disease 14.0%;

hypertension

51.0%;

stroke 13.0%

Glucocorticoid

77.0%;

Antibiotics 67.0%;

Anticoagulation

54.0%;

Antiviral therapy

71.0%;

Intravenous

immunoglobulin

75.0%;

Beta-blocker 16.0%;

Tocilizumab 9.0%

Ventricular tachycardia

Death

9/79
3.302 (1.524,

7.154) Clinical

characteristics,

comorbidities,

laboratory indexes

or therapies
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TABLE 1 | Continued

Author, year,

country

Study design Diagnosis Study

populations

Total

number

Male, age years History of

cardiovascular

disease %

Medication % Prevalence and endpoint

reported

Cases/

Total

Adjusted

effector (95% CI)

and adjustments

Haji Aghajani et al.

(19), Iran

RC ECG Imam-Hossein

Hospital

893 55.3%, 61.8 NA NA Ventricular arrhythmia

Death

28/893
1.854 (1.154,

2.979) Male sex,

increase in age,

sinus tachycardia,

supraventricular

arrhythmia,

interventricular

conduction delay,

abnormal R wave

progression,

abnormal T wave

Lanza et al. (20),

Italy

PC ECG Universita‘

Cattolica del Sacro

Cuore Hospital

324 66.1%, 65.9 Known heart

disease 20.7%;

Hypertension

52.2%;

diabetes 11.4%

NA Premature ventricular

complex

13/324 NA

Li et al. (21), China Case-control ECG Renmin Hospital of

Wuhan University

113 60.2%, 67.3 Hypertension

43.4%;

Cardiovascular

disease 20.4%;

diabetes 18.6%;

Ribavirin 49.6%;

Arborol 71.7%;

Lopinavir/ritonavir

3.5%;

HCQ 15.0%;

Interferon α-2b

injection 18.6%;

Ganciclovir 17.7%;

Oseltamivir 30.1%;

Glucocorticoid

62.0%;

Immunoglobulin

64.6%

Ventricular arrhythmia

Premature ventricular

complex

Ventricular tachycardia

Death

8/70

7/70

1/70

2.79 (1.11, 7.04)

Age, initial

neutrophil count,

lactate

dehydrogenase,

C-reactive protein,

immunoglobulin

treatment, sinus

tachycardia

Li et al. (22), China Case-control ICD Wuhan Seventh

People’s Hospital

596 47.0%, 58.0 Diabetes 13.3% Antivirus therapy

78.4%;

Antibiotic therapy

74.8%;

Glucocorticoid

29.5%;

Immunoglobin 9.2%

Ventricular arrhythmia 12/596 NA
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TABLE 1 | Continued

Author, year,

country

Study design Diagnosis Study

populations

Total

number

Male, age years History of

cardiovascular

disease %

Medication % Prevalence and endpoint

reported

Cases/

Total

Adjusted

effector (95% CI)

and adjustments

Linschoten et al.

(23), Netherland

Case-control ECG CAPACITY-COVID

(www.capacity-covid.eu)

3011 62.8%, 67.0 HF 5.3%;

diabetes 23.1%;

Hypertension

44.6%;

Arrhythmia/conduction

disorder 15.1%;

CAD 5.3%;

Valvular disease

4.3%

NA Ventricular arrhythmia

Cardia damage with

ventricular arrhythmia

14/3011

14/349

NA

Malanchini et al.

(24), Italy

Cross-sectional Remote

monitoring

Electrophysiology

and Cardiac

Pacing Unit at

ASST Papa

Giovanni XXIII

Hospital

455 75.8%, 64.9 NA Beta-blocker 85.9%;

Amiodarone 34.2%;

Mexiletine 3.5%

Ventricular arrhythmia

Ventricular tachycardia

Ventricular fibrillation

86/455

77/455

9/455

NA

Pareek et al. (25),

USA

PC ECG Yale New Haven

Hospital

586 47.4%, 67.0 Diabetes 38.5%;

CAD 15.7%;

Hypertension

58.1%;

Cerebrovascular

disease 9.3%;

HF/cardiomyopathy

14.3%;

AF/AFL10.1%;

PAD 3.0%;

Ventricular

arrhythmia 1.4%

Beta blocker 27.4%;

ACE inhibitor/ARB

31.9%;

Aspirin 29.0%;

Anticoagulant 11.1%;

Antiarrhythmic 2.6%;

CCB 24.0%;

Ventricular arrhythmia

SCD

Death

12/586

21/586

18.97 (3.68,

97.88) Age, sex,

history of heart

failure, history of

ventricular

arrhythmias,

P2Y12 inhibitors,

oxygen therapy at

admission, and

respiratory rates.

CRP, albumin, and

troponin T

Parwani et al. (26),

Germany

PC ECG University Hospital

Center at the

Charité Berlin

113 73.5%, 64.1 CAD 18.6%;

arrhythmias

15.9%;

congestive HF

11.5%;

hypertension

61.1%;

AF/AFL 14.2%;

ventricular

tachycardia 0.9%

Beta blocker 27.4%;

calcium antagonists

15.9%;

ACEi/ARB/ARNI

34.5%;

platelet inhibitor

23.9%;

Ventricular arrhythmia

Premature ventricular

complex

Ventricular tachycardia

Ventricular fibrillation

64/113

28/113

34/113

2/113

NA

(Continued)

F
ro
n
tie
rs

in
C
a
rd
io
va
sc
u
la
r
M
e
d
ic
in
e
|w

w
w
.fro

n
tie
rsin

.o
rg

Ja
n
u
a
ry

2
0
2
2
|
V
o
lu
m
e
8
|A

rtic
le
7
9
5
7
5
0

445

http://www.capacity-covid.eu
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ta
n
e
t
a
l.

V
e
n
tric

u
la
r
A
rrh

yth
m
ia
/S
C
D
a
n
d
C
O
V
ID
-1
9

TABLE 1 | Continued

Author, year,

country

Study design Diagnosis Study

populations

Total

number

Male, age years History of

cardiovascular

disease %

Medication % Prevalence and endpoint

reported

Cases/

Total

Adjusted

effector (95% CI)

and adjustments

Russo et al. (27),

Italy

Case-control ECG Emergency

Department of 10

Italian Hospitals

414 61.1%, 66.9 Diabetes 25.6%;

AF 17.4%;

HF 11.1%;

stroke 8.4%;

Hypertension

63.5%

ACEi/ARB 41.1%;

beta-blocker 14.0%;

Ca2+ antagonist

24.2%

Ventricular tachycardia

Death

14/414
2.55 (1.5, 3.35)

Male, age,

hypertension,

heart failure,

chronic kidney

disease, coronary

artery disease

Shao et al. (28),

China

Case-control ECG West Campus of

Union Hospital in

Wuhan

136 66.2%, 69.0 Hypertension

30.2%; diabetes

19.9%; Coronary

heart disease

11.0%;

cerebrovascular

disease 3.7%

NA Ventricular arrhythmia

SCD

8/136

151/761

NA

Bhatla et al. (12),

USA

PC NA Hospital of the

University of

Pennsylvania

700 45.0%; 50.0 Coronary heart

disease 11.0%;

hypertension

50.0%; HF 13.0%;

diabetes 26.0%

AF 6.0%

Hydroxychloroquine

25.0%; remdesivir

8.0%

Ventricular tachycardia

SCD

10/700

9/700

NA

Gopinathannair

et al. (17), USA

Case-control NA The Heart Rhythm

Society (HRS)

study

683 NA; NA NA Hydroxychloroquine/

chloroquine 33.5%;

HCQ/chloroquine +

azithromycin 31.0%

Ventricular tachycardia

Premature ventricular

complex

Ventricular arrhythmia

93/683

60/683

33/683

NA

Guo et al. (18),

China

Case-control ECG The Seventh

Hospital of Wuhan

City

187 48.7%; 58.5 Hypertension

32.6%; coronary

heart disease

11.2%;

cardiomyopathy

4.3%; diabetes

15.0%

Antivirus 88.8%;

antibiotic 97.9%;

glucocorticoid

56.7%; immune

globulin 11.2%

Ventricular arrhythmia 11/187 NA

Si et al. (29), China RC ECG Tongji Hospital in

Wuhan

170 54.7%; 61.5 Hypertension

55.9%; diabetes

21.8%;stroke

3.5%

Antiviral 97.6%;

antibiotic 95.9%;

QT-prolonging

medication 74.7%

Ventricular arrhythmia 1/170 NA
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of death in hospitalized patients with COVID-19 (OR = 2.83;
95% CI: 1.78–4.51%; I2 = 50%) (Figure 4), revealing a moderate
heterogeneity. These results were stable when excluding Pareek
et al. (25) with no evidence of heterogeneity (OR = 2.35; 95%
CI: 1.74–2.39%; I2 = 0%). After deleting each study in turn,
sensitivity analyses indicated that our results were stable, with
a range from 2.35 (95% CI: 1.74–3.19%) to 3.41 (95% CI: 1.94–
6.00%) (Supplementary Figure 1).

Publication Bias
The potential publication bias for death was not performed due
to the limited number of studies (N < 10).

DISCUSSION

In this study, we pooled data from 21 studies with 13,790
hospitalized patients with COVID-19, finding that: (i) the
prevalence of ventricular arrhythmia in hospitalized patients
with COVID-19 was 5%. Specifically, the premature ventricular
complex, ventricular tachycardia, and ventricular fibrillation
occurred in 13, 10, 1% in the hospitalized patients, respectively.
(ii) Ventricular arrhythmia was independently related to an
increased risk of death in hospitalized patients with COVID-
19. Overall, the ventricular arrhythmia and SCD were not
uncommon and were associated with adverse outcomes in the
hospitalized patients. To the best of our knowledge, this is the
first meta-analysis that reported the prevalence of ventricular
arrhythmia, SCD, and associated prognosis in the hospitalized
patients with COVID-19.

Cardiac arrhythmia was identified as one of the major
complications of SARS-COV during the outbreak in China
in 2003 (32). Tachycardia was the most common type of
arrhythmia among the patients infected with SARS-COV and
was independent of fever (33, 34). Similarly, in hospitalized
patients with COVID, arrhythmic events are not uncommon
among the COVID-19 related cardiovascular complications. As
we previously reported, atrial fibrillation is the most prevalent
arrhythmia in hospitalized patients (6). Regarding ventricular
arrhythmia, evidence from earliest cohorts from Wuhan, China,
showed that ventricular arrhythmia occurred in 7% of patients
(13/187) and that the rate of ventricular arrhythmia was
almost doubled in patients with elevated troponin T levels
on ICU admission (18), which is consistent with our results
(Figure 3). However, the exact pathophysiology underlying
ventricular arrhythmia in COVID-19 may be multifactorial and
remains elusive.

First, as we previously described, cardiac injury or myocarditis
commonly occurs due to the inhibited activity of angiotensin-
converting enzyme 2 (ACE2) by SARS-COV2, which was
found in 19% of hospitalized patients with COVID-19, and
has been estimated to double among those with pre-existing
cardiovascular and non-cardiovascular diseases (e.g., diabetes,
hypertension, and cancers). These comorbidities might make
their cardiomyocytes more vulnerable to be attacked by SARS-
COV2 and thus causing a higher incidence of cardiac injury
(35, 36). This cardiac injurymight contribute to the abnormalities
in cardiac electrophysiology, eventually inducing ventricular
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FIGURE 2 | Forest plot for the prevalence of the ventricular arrhythmia in patients with COVID-19.

arrhythmia. This supposition is consistent with our subgroup
analysis, which showed that the incident rate of ventricular
arrhythmia increased with cardiac injury. Secondly, it is well-
known that COVID-19 is characterized by the dysregulated
immune response and cytokine release syndrome. Numerous
studies have shown an elevation of serum inflammatory markers,
such as C-reactive protein, ferritin, erythrocyte sedimentation
rate (37). It has also been identified as a predictor of severity and

death in patients with COVID-19. On the other hand, various
pro-inflammatory factors, such as C-reactive protein and tumor
necrosis factor α, have also been shown to promote ventricular
arrhythmia significantly (38). Third, thrombotic complications
are the main extrapulmonary manifestations of COVID-19 (37).
For example, autopsies performed at a single academic medical
center revealed deep venous thrombosis in 7 out of 12 patients
(58%) who were not suspected of venous thromboembolism
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FIGURE 3 | Subgroup analysis for the prevalence of ventricular arrhythmia in patients with COVID-19. (A) Ventricular arrhythmia type subgroup. According to

ventricular arrhythmia type, ventricular tachycardia, premature ventricular complex, and ventricular fibrillation group were divided. (B) Region subgroup. According to

region, Asia, Europe, and the United States group were divided. (C) Cardiac injury (cardiac troponin T level) subgroup. All the researches were divided into elevated

cTNT and normal cTNT group according to cTNT level. (D) Population (alive and dead) subgroup. Alive and death population were divided.
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FIGURE 4 | Forest plot for the association between the ventricular arrhythmia and death in patients with COVID-19.

before death. Pulmonary embolism was the direct cause of death
in four of these patients (39).

Limited studies reported the incidence of SCD in patients
with COVID-19, our review showed it to be 1.8% in the
all-hospitalized population with COVID-19 and 10% in the
decreased patients. This incident rate is strikingly higher than
that reported in the US in patients without COVID-19 (40). One
study reported that the incidence of SCD was 14.9–110.8 per
100,000 in population with a non-COVID-19 in different regions
(41). Nonetheless, the above results were consistent with several
reports. For example, a cohort fromPennsylvania reported a 1.3%
incidence of cardiac arrest amongst 700 urban patients admitted
for COVID-19 (12). Furthermore, a multicenter cohort study
in the US showed that 2.2% of non-ICU (intensive care unit)
patients developed in-hospital sudden arrest (42). In the context
of COVID-19, Acharya et al. showed the incidence of in-hospital
sudden arrest for ICU patients was 15.4% in hospital patients
(42). Yet, only ∼7% of the patients with COVID-19 survived to
discharge after experiencing in-hospital sudden arrest according
to their report (42). Currently, the reason for this high SCD
or cardiac arrest rate is not fully evident, and both the cardiac
(e.g., undetected ventricular fibrillation) or non-cardiac (e.g.,
missed pulmonary embolisms) factors might be responsible for
this condition.

Our results also showed that ventricular arrhythmia was more
likely to occur in American and European patients compared
to Asian patients. This should be interpreted considering the
limited sample size and differences in baseline characteristics.
Notably, the hospitalized American and European patients
were mostly older compared with Chinese patients (Table 1).
Additionally, the prevalence of common comorbidities, such
as obesity and diabetes, was also higher in American and
European populations than in Asia. All the aforementioned risk
factors might be contributing to a higher incidence rate of
cardiac injury or severity of COVID-19 cases in American and
European populations. Therefore, the regional difference should
be validated by further studies.

Compassion With the Previous Study
Previous studies have proved that COVID-19 can significantly
affect the cardiovascular system of the patient, leading to serious

cardiovascular diseases (3, 4, 43). Also, the previous studies
had revealed a positive relationship between arrhythmia and
COVID-19 (4, 24, 43, 44). Two meta-analyses studied the
relationship between COVID-19 and ventricular arrhythmia.
However, one of them focused on the patients after chloroquine
or hydroxychloroquine treatment (45), while another explored
the effect of COVID-19 on QTd, Tp-e/QTc ratio, and Tp-
e interval (46). In addition, two meta-analyses described the
relationship between COVID-19 and all types of arrhythmias
(47, 48). Nevertheless, most of the included studies reported
atrial fibrillation. Our meta-analysis extended the previous study
and quantified’prevalence of ventricular arrhythmias and is
associated with the clinical outcomes in hospitalized patients
with COVID-19.

Clinical Implication
Considering the prevalence of the ventricular arrhythmias
in patients with COVID-19, clinicians should be vigilant of
ventricular arrhythmias in patients with COVID-19. Screening
of high-risk groups for ventricular arrhythmias should be
performed at admission. ECG monitoring at admission is
suggested for those hospitalized patients who might be
at higher risk for the cardiac arrhythmias, such as those
with the cardiac injury, palpitations, dizziness, unexplained
syncope, and prolonged QTc. In addition, although it is still
being debated whether hydroxychloroquine and azithromycin
are linked to increased risk of ventricular arrhythmia (49),
hydroxychloroquine, and azithromycin can significantly prolong
QT interval, which might lead to the ventricular arrhythmia (50,
51). The non-pharmacological treatment (e.g., nutrition support)
might also benefit (51). Therefore, these aforementioned
treatments might be more carefully evaluated before application
or avoided for patients with COVID-19 who were susceptible to
ventricular arrhythmias.

Limitation
Our study has several limitations. First, a high degree of
heterogeneity was observed in our results, which might be due
to study design of the patients and baseline characteristics. For
example, ventricular arrhythmia was monitored by a telemetry
monitor in the study of Cho (14), while other studies used regular
ECG or electrocardiography monitoring. Second, all the studies
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included hospitalized patients, which may overestimate the
prevalence of the ventricular arrhythmia and its clinical impact
on patients with COVID-19 compared with the community
patients. Third, due to data restrictions, we could not explore the
sex or age differences in the association between the ventricular
arrhythmia and death. Third, as shown in Table 1, a number of
patients receiving drugs tend to prolong the QT interval, which
might overestimate the prevalence of the ventricular arrhythmia
or SCD. Finally, considering the limited sample size, the incident
rate related to the regional differences still needs to be validated
by further studies.

CONCLUSION

Ventricular arrhythmia and SCD resulted as a common
occurrence with a high prevalence in the hospitalized patients
with COVID-19. Furthermore, the ventricular arrhythmia
significantly contributed to an increased risk of death in
hospitalized patients with COVID-19. Clinicians might be
vigilant of ventricular arrhythmias for patients with COVID-19,
especially for the severe cases.
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Frontiers requested research on how a systems approach can explore the mechanisms

of cardiovascular complications in Covid-19. The focus of this paper will thus be on these

detailed mechanisms. It will elucidate the integrated pathogenic pathways based on an

extensive review of literature. Many severe Covid-19 cases and deaths occur in patients

with chronic cardiovascular comorbidities. To help understand all the mechanisms of this

interaction, Covid-19 complications were integrated into a pre-existing systems-based

coronary heart disease (CHD) model. Such a complete model could not be found in

literature. A fully integrative view could be valuable in identifying new pharmaceutical

interventions, help understand how health factors influence Covid-19 severity and

give a fully integrated explanation for the Covid-19 death spiral phenomenon seen in

some patients. Covid-19 data showed that CHD hallmarks namely, Hypercoagulability,

Hypercholesterolemia, Hyperglycemia/Hyperinsulinemia, Inflammation andHypertension

have an important effect on disease severity. The pathogenic pathways that Covid-19

activate in CHD were integrated into the CHDmodel. This fully integrated model presents

a visual explanation of the mechanism of interaction between CHD and Covid-19

complications. This includes a detailed integrated explanation of the death spiral as a

result of interactions between Inflammation, endothelial cell injury, Hypercoagulability and

hypoxia. Additionally, the model presents the aggravation of this death spiral through the

other CHD hallmarks namely, Hyperglycemia/Hyperinsulinemia, Hypercholesterolemia,

and/or Hypertension. The resulting model further suggests systematically how the

pathogenesis of nine health factors (stress, exercise, smoking, etc.) and seven

pharmaceutical interventions (statins, salicylates, thrombin inhibitors, etc.) may either

aggravate or suppress Covid-19 severity. A strong association between CHD and

Covid-19 for all the investigated health factors and pharmaceutical interventions, except

for β-blockers, was found. It is further discussed how the proposed model can be

extended in future to do computational analysis to help assess the risk of Covid-19 in

cardiovascular disease. With insight gained from this study, recommendations are made
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for future research in potential new pharmacotherapeutics. These recommendations

could also be beneficial for cardiovascular disease, which killed five times more people

in the past year than Covid-19.

Keywords: COVID-19, SARS-CoV-2, coronary heart disease, cardiovascular comorbidities, systems-approaches

INTRODUCTION

The coronavirus disease of 2019 (Covid-19) is caused by the
infection of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), which first emerged in December 2019
in Wuhan, China (1). In March 2020, the World Health
Organization declared this disease a pandemic (2). As of 8
August 2021, the total number of confirmed global deaths were
4,285,421 (3).

It is widely accepted that Covid-19 severity is increased by
respiratory complications such as hypoxia (4, 5). Critically
ill patients developing hypoxia requires supplemental
oxygen and/or mechanical ventilation (4, 5). Although this
condition is respiratory related, this hypoxia is fueled by
vascular complications which are documented in numerous
autopsies (4, 6–9). Moreover, pre-existing cardiovascular
related comorbidities are known risk factors that increase
Covid-19 severity. These comorbidities include, among others,
Hypertension, Hyperglycemia/Hyperinsulinemia, obesity and/or
chronic cardiac disease (10–14).

Furthermore, hospitalized critically ill Covid-19 patients
experience cardiovascular complications such as cardiac
injury, thrombosis, arrhythmia, heart failure and myocardial
dysfunction (15–19). This is again substantiated by autopsies
that present various findings of vasculature damage that leads
to a state of Hypercoagulability in deceased Covid-19 patients
(4, 6–9).

Most severe Covid-19 patients also experience a chronic
heightened Inflammatory state, especially within the alveoli and
pulmonary capillaries (20–22). This may be as a result of the
dysregulated hyperimmune response (20) and/or direct viral
infection mediating inflammatory cell infiltration (11, 22).

Therefore, the prevailing viewpoints in literature are that
most severe cases of Covid-19 (i) result in cardiovascular
complications (4, 6–9) and/or (ii) are seen in patients

with pre-existing cardiovascular comorbidities (10–14). A
need therefore exists to further investigate the underlying
mechanisms/pathogenesis between cardiovascular disease
and Covid-19.

To fully investigate this, the pathogenesis of cardiovascular
disease and Covid-19 needs to be integrated. Fortunately, most
of the above mentioned vascular Covid-19 effects are included
in an existing model of coronary heart disease (CHD) (Figure 1)
(23, 24). These effects are depicted in Figure 1 as the following
CHD hallmarks (yellow boxes): (A) Hypercoagulability, (B)
Hypercholesterolemia, (C) Hyperglycemia/Hyperinsulinemia, (D)
Inflammatory state and (E) Hypertension.

Hypercholesterolemia is a common CHD risk factor, known
to aggravate vascular cell dysfunction, aggravate coagulation
and upregulate inflammation (29–31). Hypercholesterolemia

(B), depicted in Figure 1, has only been partially linked to
Covid-19 through high circulating cholesterol levels that may
make a person more susceptible to infection (32). Although
this might still be controversial, a recent molecular study

showed that SARS-CoV-2 requires cholesterol for viral entry

(33). Subsequently, another molecular study (yet unpublished)

showed how cholesterol optimally positions furin for priming

SARS-CoV-2 (34). In other words, cholesterol improves

binding to ACE2 receptor, while producing a more infectious
virion (34).

We envisage another association between increased Covid-
19 severity and Hypercholesterolemia, through vascular
complications that arise from high cholesterol levels. Since
both Hypercoagulability and Inflammation are known risk
factors for Covid-19 and Hypercholesterolemia influences both
these hallmarks (23), we also included Hypercholesterolemia in
our integrated CHD/Covid-19 model (more detailed discussions
are given in sections Severe Covid-19 Patients With Existing
Chronic Hypercholesterolemia and Effects of Different CHD
Pharmaceutical Interventions on Covid-19 Severity).

All of the CHD Hallmarks identified in the CHD model
(Figure 1) play a significant role in Covid-19 severity. The
question is, will it be possible to use this CHD model and
integrate the pathogenesis of Covid-19 with it?

In this paper we will attempt to integrate the CHD pathogenic
pathways with those of severe Covid-19 complications, using a
systems-based approach. This CHD/Covid-19 integration should
provide insight into the following questions, some of which were
requested by Frontiers:

1. Why do some patients with severe Covid-19 experience
sudden death? (Section The Death Spiral: Inflammation, EC
Injury, Coagulation, Vascular Leakage and Hypoxia)

2. How do CHD comorbidities influence this death spiral?
(Section Covid-19 Aggravation in Patients With Pre-existing
CHD Comorbidities)

3. How can an individual reduce the risk of developing severe
Covid-19 from a cardiovascular point of view? (Sections
Effects of Different Health Factors on Covid-19 Severity and
Effects of Different CHD Pharmaceutical Interventions on
Covid-19 Severity)

4. How can computational analysis help to assess the risk
of COVID-19 in cardiovascular disease? (Section How Can
Computational Analysis Help to Assess the Risk of Severity in
Covid-19 in Cardiovascular Disease?)

5. Are there other opportunities in cardiovascular disease that
can be derived from this paper and the Covid-19 crisis?
(Section Are There Other Opportunities in Cardiovascular
Disease That Can Be Derived From This Paper and the Covid-
19 Crisis?).
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FIGURE 1 | Existing model showing the mechanisms of coronary heart disease (23–28). The affective pathway of pharmaceuticals, blue boxes, is shown in Figure and

salient serological biomarkers are indicated by the red tags ( ). The blunted blue arrows denote antagonize or inhibit and pointed blue arrows denote up-regulate or

facilitate. ACE, angiotensin-converting-enzyme; β-blocker, beta-adrenergic antagonists; BDNF, brain-derived neurotrophic factor; BNP, B-type natriuretic peptide; OX,

cyclooxygenase; CRP, C-reactive protein; D-dimer, fibrin degradation product D; FFA, free fatty acids; GCF, gingival crevicular fluid; HbA1c, glycated hemoglobin A1c;

HDL, high-density lipoprotein; Hs, homocysteine; ICAM, intracellular adhesion molecule; IGF-1, insulin-like growth factor-1; IL, interleukin; LDL, low-density lipoprotein;

MAPK, mitogen-activated protein (MAP) kinase; MCP, monocyte chemoattractant protein; MIF, macrophage migration inhibitory factor; MMP, matrix

metalloproteinase; MPO, myeloperoxidase; NFκβ, nuclear factor-κβ; NLRP3, Inflammasome responsible for activation of inflammatory processes as well as epithelial

cell regeneration and microflora; NO, nitric oxide; NO-NSAIDs, combinational NO-non-steroidal anti-inflammatory drug; OPG, osteoprotegerin; oxLDL, oxidized LDL;

PAI, plasminogen activator inhibitor; PDGF, platelet-derived growth factor; P. gingivalis, Porphyromonas gingivalis; PI3K, phosphatidylinositol 3-kinase; RANKL,

receptor activator of nuclear factor kappa-beta ligand; ROS, reactive oxygen species; SCD-40, recombinant human sCD40 ligand; SMC, smooth muscle cell; SSRI,

serotonin reuptake inhibitors; TF, tissue factor; TMAO, an oxidation product of trimethylamine (TMA); TNF-α, tumor necrosis factor-α; VCAM, vascular cell adhesion

molecule; vWF, von Willebrand factor.

We envisage that the proposed integrated CHD/Covid-19 model
may help answer some of these questions, thereby potentially
enhancing the future management of both Covid-19 and CHD.

METHOD

The methodology to develop the pathogenic pathways for the
integrated CHD/Covid-19 model is divided into three parts
namely the following:

1. Section Description of Existing CHD Model discribes the
existing CHDmodel (23).

2. Section Systems-Based Integration of Covid-19 Factors
Into the CHD Model discusses the systems-based method
for integration (Figure 2) of Covid-19 factors into the
CHD model (Figure 1). The outcome of this method is
depicted in Figures 3–6, 8–10. Its implications are discussed
in the Results sections Integrated Covid-19/CHD Model
and Covid-19 Aggravation in Patients With Pre-existing
CHD Comorbidities.
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FIGURE 2 | Methodology used to develop an Integrated Covid-19/CHD model.

3. Section Evaluation of Health Factors and Pharmaceutical
Interventions describes the method to evaluate the effects
on Covid-19 severity of health factors (blue ovals) and
pharmaceutical interventions (blue boxes) as depicted in
Figure 1. The relevant pathogenic pathways that are activated
are discussed in more detail in the Results sections Effects
of Different Health Factors on Covid-19 Severity and Effects
of Different CHD Pharmaceutical Interventions on Covid-
19 Severity.

Description of Existing CHD Model
The existing CHD model (Figure 1) was developed as a PhD
study and extensively described in (23). The model is available
online from the university (23). Some results and implications of
the model were published (24–28). Hence, we will only discuss
the relevant salient elements here. The model defined CHD
as the incidence of atherosclerosis, coronary artery disease, or
myocardial infarction (23). Subsequently, where results were
given for cardiovascular disease these were interpreted as CHD
only in scenarios where the effect of stroke could be accounted
for (23).

Although cerebrovascular disease is also a component of
cardiovascular disease it was not addressed here. Our proposed
integrated CHD/Covid-19 model is therefore based primarily on
CHD attributes, with focus on vascular complications induced by
the SARS-CoV-2 virus. We acknowledge that other pathogenic
pathways may exist such as the cerebrovascular ones (35), which
should warrant further research in an extended model.

The CHD model presented in Figure 1, was developed by
analyzing the effect of different health factors (blue ovals) on body
tissues (pink boxes) and investigating the respective pathogenesis
(gray lines with numbers), traits (orange boxes) and activated
biomarkers (white boxes) related to an increased risk of CHD
(23–28).

Each gray line and respective number in the CHD model
correspond to a certain pathogenesis pathway that could typically
be present in a CHD patient. These pathways are visual
representations of previously published literature, which link the
effects of health factors (blue ovals) to the relevant tissues (pink
boxes) and subsequently to the hallmarks of CHD (yellow boxes)
(23–28).

The traits are represented in the lightly shaded orange
boxes. Biomarkers are indicated as white boxes, with those
that are typically measured, denoted with red tags ( ). The
pharmaceutical interventions, acting on the respective pathways
are indicated as blue boxes, where blunted blue arrows ( )
denote antagonize or inhibit and pointed blue arrows ( )
denote up-regulate or facilitate (23–28).

Systems-Based Integration of Covid-19
Factors Into the CHD Model
The systems-based integration methodology dicussed here is
depicted as three phases in a flow chart in Figure 2. The iterative
approach followed here is to ensure that only pathways discussed
in literature, with substantial evidence, are included. We will use
Figure 3 to show the Covid-19 pathways in green, with all other
pathways from the original model in Figure 1made transparent.
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FIGURE 3 | Integration of Covid-19 pathogenic pathways into the pathways of CHD.

Phase 1: SARS-CoV-2 and CHD
SARS-CoV-2, which causes Covid-19, was incorporated into
the existing CHD model by investigating pathogenic pathways
and biomarkers reported in literature. These biomarkers and
pathways were either included or excluded based on the following
five steps, presented in Figure 2 (Phase 1).

Step (1): Firstly, the relevant tissue (denoted as pink boxes
in the right-hand corner of Figure 3) through which the SARS-
CoV-2 virus (green oval in Figure 3) enters the body was
evaluated. Although EC injury was discussed as the critical
element in CHD in (23), it was not shown in Figure 1. Here we
added EC injury as a green box between pathways 110, 111, 112,
and 116 at the bottom of Figure 3.

Step (2): The activated CHD related biomarkers, traits or
hallmarks, reported in severe Covid-19 patients were then
identified from literature. These are, respectively, denoted as
white, orange and yellow boxes in Figure 3.

Step (3): In this step we evaluated the identified CHD
biomarkers, traits or hallmarks found in literature, in order
to determine whether the activation of these occurs directly
or indirectly as a result of the SARS-CoV-2 virus. Steps

(4) and (5) describe the two possible outcomes of the
identification process.

Step (4): If the activation occurs directly, as determined in step
(3), then a new (green) pathway that led from the virus to the
respective CHD biomarker, trait or hallmark was added to the
integrated model as shown in Figure 3.

Step (5): If the activation occurs indirectly, as determined in
step (3), then a new biomarker or trait was added to the model
e.g., the inflammatory cytokines in the top, right-hand white box
between pathways 107, 108, and 115 in Figure 3. A biomarker or
trait was only added if its respective pathway eventually led to the
activation of a CHD hallmark.

Phase 2: Iteration
For the iteration process in Phase 2, the following steps
were conducted:

Step (6): The activated component (CHD hallmark,
biomarker or trait) from step (4) to which the green pathway
from step (4) leads was further evaluated based on literature.
If this component is a biomarker or trait then step (7) was
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FIGURE 4 | Proposed integrated Covid-19/CHD model.

followed. If this component is rather a CHD hallmark, then step
(12) was followed.

Step (7): In this step it was determined whether the CHD
biomarker or trait has any outgoing (gray) CHD pathways.
Most biomarkers and traits have outgoing CHD pathways. These
gray CHD pathways were further assessed in Step (8). For the
biomarkers and traits with no outgoing gray pathways (e.g.,
troponin for pathway 99 in Figure 3) step (11) was followed.

Step (8): In this step it was determined whether the gray CHD
pathway leads directly or indirectly to a CHD hallmark (yellow
boxes in Figure 3). If the gray CHD pathway leads directly to a
CHD hallmark then step (9) was followed, otherwise step (10)
was followed.

Step (9): The CHD hallmark was further investigated to
ensure its activation due to SARS-CoV-2 was relevant to severe
Covid-19 patients. If it was reported in literature to be aggravated
in severe Covid-19 patients then step (12) was followed (changing
the gray pathway to a green pathway) otherwise step (11) was
followed (keeping the pathway gray). These steps are explained
in more detail in phase 3.

Step (10): As determined in step (8), the relevance to Covid-
19 severity of the subsequent CHD biomarker or trait to which
the gray CHD pathway led to was investigated. If relevance was

found, then this CHD biomarker or trait was re-evaluated by
following the same approach as in step (7).

Phase 3: Outcome
This phase presents the two outcomes that were reached after
integration and iteration of the identified biomarkers, traits,
CHD hallmarks and their relevant pathways.

Step (11): This step was followed if the activated CHD
biomarkers or traits had, (i) no other outgoing CHD pathway or
(ii) the outgoing pathway led to another biomarker or trait that
had no relevance to severe Covid-19 patients. If one of these two
conditions were met then the biomarker, trait and the subsequent
pathway was not evaluated further.

These biomarkers, traits and respective pathways e.g., oxidized
low-density lipoprotein (oxLDL), nitric oxide (NO) depletion
and cortisol were made transparent, as shown in Figure 3.
Although these biomarkers or traits do not have a direct link
to Covid-19 patients, they may influence Covid-19 severity
indirectly by affecting one of the CHD hallmarks. This idea is
discussed in more detail in section Covid-19 Aggravation in
Patients With Pre-existing CHD Comorbidities.

Step (12): Step (12) was followed if the investigated biomarker,
trait, CHD hallmark and respective pathways were relevant
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FIGURE 5 | Death spiral evident in some critical Covid-19 patients.

in most Covid-19 patients with severe disease and these are
therefore prominently shown as green lines in Figure 3.

The Covid-19 pathways were described in this section and
shown as green lines in Figure 3. The final step is to show all
the CHD pathways together with the Covid-19 pathways. The
complete integrated CHD/Covid-19 model is given in Figure 4.

Evaluation of Health Factors and
Pharmaceutical Interventions
The mechanisms of interaction between CHD and Covid-
19 (Figure 4) can help to compare the few factors a patient
can control namely, health factors (before infection with
SARS-CoV-2) and pharmaceutical interventions (after infection).
Only the health factors and pharmaceutical interventions
investigated in (23) for CHD risk are investigated here
for Covid-19.

The health factors (blue ovals) in Figure 4 were defined as the
following (23):

• Alcohol use: Indicates moderate alcohol consumption (20–
30 g alcohol (ethanol) per day for men and half of that
for women).

• Food: High glycemic diets (HGD) (glycemic load > 142).
• Exercise: Regular moderate exercise (550–3,000 kcal/week).
• Smoking: Current smoker.
• Oral Health: oor oral health in the form of periodontal disease.
• Stress: Chronic-level stress at work or home.
• Depression: Self-diagnosed, physician diagnosed or use of

antidepressant medication.
• Insomnia: Inability to fall asleep or to maintain sleep or the

perception of disturbed sleep.
• Apnoea: Obstructive sleep apnoea or hypopnoea (apnoea-

hypopnea index>5/h).

We will discuss in Results section Effects of Different Health
Factors on Covid-19 Severity to what extent a healthy vascular
“baseline,” as a result of a healthy lifestyle, will influence Covid-
19 severity.

The pharmaceutical interventions that were investigated were

limited to those investigated in the original CHD model (23).

These include statins, salicylates (aspirin), indirect thrombin

inhibitors (heparin), direct thrombin inhibitors (angiomax),

Angiotensin-Converting-Enzyme (ACE) inhibitors, angiotensin-
renin inhibitors, β-blockers, calcium channel blockers, diuretics,
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FIGURE 6 | Simplified schematic of the death spiral evident in some critical Covid-19 patients. The death spiral can be summarized as follows: Increased (1)

inflammation at the lungs causes (2) EC injury, which can result in activation of the (3a) coagulation cascade and/or (3b) vascular leakage at the lungs, thereby causing

(4) hypoxia which further increases inflammation, creating two closed positive feedback loops and causing severe Covid-19 through a death spiral. *As described in

the text, this inflammation is initiated by various factors, primarily by a hyperimmune response to infection of SARS-CoV-2 (cytokine storm) but also other factors such

as hyperinsulinaemia/hyperglycaemia or hypercholesterolaemia.

biguanides (metformin) and antidepressants. They are indicated
in Figure 1 as blue boxes, where blunted blue arrows ( ) denote
antagonize or inhibit and pointed blue arrows ( ) denote
up-regulate or facilitate.

Although larger studies of how the health factors and
pharmaceutical interventions influence a person’s risk for
CHD are usually available, Covid-19 data are often limited.
Nevertheless, several studies exist that evaluated the effect of
many health factors and pharmaceutical interventions on Covid-
19 severity. Limitations of these studies are that they vary in study
size and design i.e., some studies are case-control studies hence
only reporting odds ratio (OR), whereas others are cohort studies
or clinical trials that report on relative risks (RR) or hazard
ratios (HR).

Unfortunately, RR, HR and OR are not the same and should
only be compared in cases where the event being assessed is
rare in the control group. In other words, the baseline risk
of the control group should approximately be zero. However,
at present it is the best information we have. Until better
data becomes available, these studies were used as an initial
indicative comparison between the effect what health factors and
pharmaceutical interventions have on CHD risk and Covid-19
severity. This also applies to the data used to compare the risk
between coagulation and Covid-19 severity in section The Death
Spiral: Inflammation, EC Injury, Coagulation, Vascular Leakage
and Hypoxia.

In this paper the comparison of the data between CHD risk
and Covid-19 severity was graphically reported using a non-
traditional method (23–28). The risks that indicate an increase in
disease severity are displayed as reported, whereas the risk values

that show a decrease in severity are presented as the inverse of the
reported value.

This method presents a better visual illustration when
comparing an increase and decreased risk. For example, a
conventional RR = 3 constitutes to a 3-fold increase in risk
while a RR = 0.33 constitutes to a 3-fold decrease in risk
(1/0.33 = 3). The method has also been used in previous
papers (24–28).

RESULTS

Section Integrated Covid-19/CHD Model discusses Figures 3,

5, 6 in detail illustrating the detrimental interplay between
inflammation, EC injury, coagulation and hypoxia. This visually
explains the death spiral seen in some Covid-19 patients.

Section Covid-19 Aggravation in Patients With Pre-existing
CHD Comorbidities discusses how each pre-existing CHD
comorbidity/hallmark could further aggravate this death spiral.
Five figures are provided (Figures 5, 6, 8–10). These figures
illustrate how patients with pre-existing Hypercholesterolemia
(Figure 8), Hyperglycemia/Hyperinsulinemia (Figure 9) or
Hypertension (Figure 10) could aggravate this death spiral. Note
that Figures 3, 5, 6, 8–10 are simplified versions of Figure 4
(the fully integrated CHD/Covid-19 model). Only the prominent
pathways, which are needed to explain a specific phenomenon,
are shown in these Figures.

In sections Effects of Different Health Factors on Covid-
19 Severity and Effects of Different CHD Pharmaceutical
Interventions on Covid-19 Severity the effects that health factors
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and pharmaceutical interventions have on developing severe
Covid-19 are discussed with reference to the model in Figure 4.

Integrated Covid-19/CHD Model
EC Injury From SARS-CoV-2 Viral Infection
Cell entry and pathologic effects of the SARS-CoV-2 virus mostly
occur through two pathways namely, (i) the mucous membranes
(primarily infecting the nasal epithelia) or (ii) the respiratory
tract (infecting respiratory epithelial cells) (36). This infection
typically occurs via ACE2 (36), which partially decreases ACE2
function. This leads to an upregulation of angiotensin II effects,
including among others an enhanced Inflammatory response
(17, 36), increased EC injury (37) and state of Hypercoagulability
seen in severe Covid-19 patients (4, 6–9).

These effects are illustrated in Figure 3 by following the
relevant pathways (green lines with numbers) from SARS-CoV-2
(green oval) to the respective biomarkers (white boxes) or traits
(orange boxes) and/or hallmarks (yellow boxes). The model will
be interpreted in the following way for the rest of this paper:

a) Evidence from literature describing the pathogenesis with the
respective (references).

b) These relevant pathways in Figures 3–6, 8, 9 are then given
to illustrate the pathogenesis. Each pathway starts with the
relevant tissue, biomarker or trait.

c) The relevant pathway (pw) numbers (#) are denoted as (pw#)
e.g., pathway 112 (pw112) links EC injury with vascular
leakage.

d) The upwards arrow (↑) represents an upregulation of the

respective biomarker/trait/hallmark while the downwards
arrow (↓) represents a downregulation.

Figure 3 illustrates how viral infection from SARS-CoV-2 may
lead to an activation of a pro-inflammatory state, which causes
EC injury via the following process:

• Angiotensin II can downregulate phosphoinositide 3-kinase
(PI3K) pathway, which increases insulin resistance that
directly effects inflammatory state (38). The relevant pathways
in Figure 3 are: SARS-CoV-2 viral infection within the lungs
via (pw0), which through (pw114) upregulates angiotensin II.
This follows a downregulation of biomarker PI3K via (pw54)
that increases insulin resistance through (pw69). This leads to
a pro-inflammatory state via (pw71), which, through (pw110),
results in EC injury. The notation for this pathway and the
rest of the paper will be as follows: SARS-CoV-2-(pw0)-Lungs-
(pw114)-↑angiotensin II-(pw54)-↓PI3K-(pw69)-↑insulin
resistance-(pw71)-↑inflammatory state-(pw110)-↑EC injury.

• Angiotensin II can also upregulate various reactive
oxygen species (ROS) at the site of infection, which
causes a heightened inflammatory response (38). See
Figure 3 pathways: SARS-CoV-2-(pw0)-Lungs-(pw114)-
↑angiotensin II-(pw98)-↑ROS-(pw85)-↑inflammatory
state-(pw110)-↑EC injury.

• An upregulation of angiotensin II may increase platelet
factors, which increases the risk for coagulability
(38, 39). Since hypercoagulation and inflammation are
interrelated, an inflammatory state may be enhanced

(39). See Figure 3 pathways: SARS-CoV-2-(pw0)-Lungs-
(pw114)-↑angiotensin II-(pw89)-↑platelet factors-(pw73)-
↑Hypercoagulability-(pw73)-(pw74)-↑inflammatory
state-(pw110)-↑EC injury.

• Furthermore, an increase in platelet factors can also
upregulate platelet aggregation (38). This could increase
the inflammatory mediator nuclear factor-kappa-beta
(NFκβ), aggregating inflammation (38). See Figure 3

pathways: SARS-CoV-2-(pw0)-Lungs-(pw114)-↑angiotensin
II-(pw89)-↑platelet factors-(pw75)-↑platelet aggregation-
(pw91)-serotonin-(pw93)-↑NFkβ-(pw55)-↑inflammatory
state-(pw110)-↑EC injury.

In addition to this pro-inflammatory state that causes EC injury,
the virus can also directly cause EC injury in other organs. This
could happen if the virus enters the bloodstream and binds
to ACE2 receptors located in other organs (9). Considerable
evidence shows that the lungs of patients who died from Covid-
19, have severe EC injury (endothelialitis) associated with the
presence of intracellular viral infection (4). The presence of viral
particles were also found in the ECs of the liver, kidneys and heart
(9, 40). This could then lead to inflammation and EC damage at
the infected organ. See Figure 3 pathways: SARS-CoV-2-(pw0)-
Lungs-(pw115)-infect other organs via blood-(pw116)-↑EC injury.

EC Injury From a Hyperimmune Response to Infection
Infection from SARS-CoV-2 causes damage-associatedmolecular
patterns to occur, which can trigger a hyperimmune response.
Most severe cases of patients with Covid-19 display a defective
hyperinflammatory state with significantly increased serum levels
of pro-inflammatory cytokines and chemokines (41–44).

This overproduction of pro-inflammatory cytokines and
chemokines can damage lung infrastructure and further
induce EC injury of pulmonary blood vessels (17, 20, 45),
see Figure 3 pathways: SARS-CoV-2-(pw0)-Lungs-(pw107)-↑pro-
inflammatory cytokines & chemokines-(pw108)-↑inflammatory
state-(pw110)-↑EC injury.

Most critical cases show increased levels of, among others,
the pro-inflammatory cytokines interleukin-6 (IL-6), interleukin-
8 (IL-8) and tumor necrosis factor-α (TNF-α) (41–43). These
pro-inflammatory cytokines directly cause an upregulation of
inflammation (45). See Figure 3 pathways: SARS-CoV-2-(pw0)-
Lungs-(pw107)-↑pro-inflammatory cytokines-(pw108)-↑TNF-α,
IL-6-(pw41)-↑inflammatory state-(pw110)-↑EC injury.

These cytokines can also indirectly upregulate inflammation
through dysregulation of platelet factors (46). See Figure 3

pathways: SARS-CoV-2-(pw0)-Lungs-(pw107)-↑pro-
inflammatory cytokines-(pw108)-↑IL-6, IL-8-(pw76)-↑platelet
factors-(pw74)-↑inflammatory state-(pw110)-↑EC injury.

Furthermore, a hyperinflammatory state induced by an
unmodulated immune response can also cause EC injury. This
happens when neutrophils activate pathways that elevate reactive
oxygen species (ROS) (22, 47). See Figure 3 pathways: SARS-
CoV-2-(pw0)-Lungs-(pw109)-↑ROS-(pw85)-↑inflammatory
state-(pw110)-↑EC injury.

A hyperinflammatory response of cytokines can circulate to
other organs. This could lead to acute inflammation such as
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septic shock and/or multiple organ damage, which may further
cause EC injury (48). See Figure 3 pathways: SARS-CoV-2-
(pw0)-Lungs-(pw107)-pro-inflammatory cytokines & chemokines-
(pw115)-other organs-(pw116)-↑EC injury.

The Death Spiral: Inflammation, EC Injury,

Coagulation, Vascular Leakage and Hypoxia
Note that hypoxia shown in Figures 1, 3–6 includes hypoxemia.
Although hypoxia might be respiratory related, vascular related
EC injury could be one of the main factors fueling this hypoxia
(45, 49, 50). This vascular related hypoxia may result from either
hypercoagulation or vascular leakage, both stemming from EC

injury (17, 22, 45, 46, 49, 50).
Vascular leakage from EC injury leads to an increase in

leucocytes and platelets as well as vascular permeability (50).
This results in fluid from the blood to enter the alveoli, filling
the alveolar space. In turn it decreases the efficiency of gas
exchange in the lungs (50). This prevents the body from taking
in sufficient oxygen, leading to different severity levels of hypoxia
(50). These pathways are denoted in Figure 5 as: EC injury-
(pw112)-↑vascular leakage-(pw113)-↑hypoxia.

On the other hand, coagulation stemming from EC injury
articulates glycoproteins that are involved in hemostasis, to which
platelets bind. This consequently upregulates the expression
of platelet tissue factors, which are the prime activators of a
coagulation cascade (22, 51). This leads to a high possibility
of disseminated intravascular coagulation, congestion of the
small capillaries by inflammatory cells and thrombosis in larger
vessels (45).

Congestion or clogging of pulmonary blood vessels could
increase hypoxemia via ventilation/perfusion mismatch and
low level of mixed venous blood oxygen (49). This build-
up of blood clots in blood vessels within the lungs are
commonly found in critically ill and non-surviving Covid-
19 patients (6, 21, 52). These pathways are denoted in
Figure 5 as: EC injury-(pw111)-↑Hypercoagulability-(pw73)-

↑platelet factors-(pw42)-↑hypoxia.Hypoxia also results in further
upregulation of inflammation by activating IL-6 & TNF-
α (53) or increasing ROS leading to further EC injury
(54). See Figure 5 pathways: Hypoxia-(pw60)-↑TNF-α, IL-6-
(pw41)-↑inflammatory state or Hypoxia-(pw61)-↑ROS-(pw85)-
↑inflammatory state-(pw110)- EC injury.

With the aforementioned knowledge a summary of the main
pathogeneses describing the death spiral are given. Note that
inflammation has two different outgoing pathways (loops) that
can lead to increased hypoxia. Both pathways are denoted in
Figure 5 as follows:

1. Hypercoagulability (positive feedback loop 1):

Inflammation from Covid-19 results in EC injury which
may activate the coagulation cascade, forming microthrombi
in the blood vessels near the alveoli (4, 6–9). This reduces
oxygenation efficiency, see pathways: ↑inflammatory
state –(pw110)-EC injury-(pw111)-↑Hypercoagulability-
(pw73)-↑platelet factors-(pw42)-↑hypoxia-(pw60)-↑TNF-α,
IL-6-(pw41) AND/OR (pw61)-↑ROS-(pw85)-↑inflammatory
state-(pw110)-Loop repeated-(pw120)-Severe Covid-19.

2. Vascular leakage (positive feedback loop 2): Inflammation
from Covid-19 results in EC injury. EC injury in blood
vessels near the alveoli can lead to vascular leakage (22). This
causes fluid build-up within the alveoli (50), subsequently
reducing oxygenation efficiency, see pathways: ↑inflammatory
state –(pw110)-EC injury-(pw112)-↑vascular leakage-(pw113)-
↑hypoxia-(pw60)-↑TNF-α, IL-6-(pw41) AND/OR (pw61)-
↑ROS-(pw85)-↑inflammatory state-(pw110)-Loop repeated-
(pw120)-Severe Covid-19.

A simplified schematic of the death spiral is illustrated
in Figure 6, which shows the two closed positive feedback
loops leading to hypoxia. If a Covid-19 patient becomes
hypoxic, it is important to break these loops by administering
supplemental oxygen. This is currently done in practice where
supplemental oxygen reduces disease severity in hypoxic Covid-
19 patients (55).

To reduce the risk of developing hypoxia one should focus
on reducing inflammation that leads to the downstream effects
namely EC injury, coagulation and vascular leakage. This is
also seen in practice where various pharmaceutical interventions
that treat inflammation have shown promising results e.g.,
corticosteroid dexamethasone in later stage of illness (56) and
anti-inflammatory drugs [Celebrex (57) and aspirin (58)].

If we focus on loop 1 it is expected that people who have a
higher risk of developing blood clots (coagulation) should have
a higher risk of developing severe Covid-19. There are several
uncontrollable factors that are known to increase a person’s risk
of developing blood clots namely, gender, age, ethnicity, blood
type and pregnancy.

Although this does not help the patient, it is of interest to
help understand Covid-19 severity in these individuals. The data
for the risk of coagulation (blood clots) and Covid-19 severity
for these individuals are given in Table 1. A qualitative graphical
comparison between the data for coagulation and Covid-19
severity from Table 1 is given in Figure 7.

Age
Age is an independent risk factor of coagulation, with thrombotic
incidences increasing rapidly in people older than 70 years (59).
The odds of venous thromboembolism in a person older than 70
years is three times higher than a person young than 70 years, OR
of 3.1 (59).

If we investigate Covid-19 mortality data, a similar trend is
seen with age. Risk of mortality due to Covid-19 is much higher
in older patients with a RR of 3.61 in patients older than 70 years
(60), see Figure 7. The increased risk of coagulation due to older
age could be one reason for this increased Covid-19 mortality.

Gender
A 25-year population-based study showed that males have a
higher risk to coagulate than females (68). At younger ages (<45
years) females have a higher risk of coagulation than males, for
various reproductive reasons (61). However, since an increase in
Covid-19 severity and mortality is typically seen in older patients
(> 45 years) we only focused on these older patients. Men have
a 1.9-fold higher risk of developing venous thrombosis than
women (61).

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 February 2022 | Volume 9 | Article 737592463

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Meyer et al. Covid-19 and Its CHD Complications

TABLE 1 | Data for the qualitative comparison of risk factors between coagulation and Covid-19 severity.

Uncontrollable factor Risk for coagulation Risk of covid-19 severity

Study size (n = no.

of participants,

N = no. of studies)

RR/OR Value 95% CI References Study size (n = no.

of participants,

N = no. of studies)

RR/OR Value 95% CI References

Age > 70 years n = 607, N = 1 OR 3.10 1.3–7.5 (59) n = 36 470, N = 59 RR 3.61 2.70–4.84 (60)

Male vs. Female n = 11 253, N = 1 RR 1.90 1.9–2.4 (61) n = 36 470, N = 59 RR 1.50 1.18–1.91 (60)

Black vs. Caucasian # RR 1.50 # (62) n = 505 992, N = 1 OR 1.60 1.2–2.0 (63)

Blood Type A vs. Type O n = 406 755, N = 1 HR 1.44 1.39–1.50 (64) n = 31 100, N = 4 OR 1.41 * (65)

Blood Type B vs. Type O n = 406 755, N = 1 HR 1.45 1.37–1.54 (64) n = 31 100, N = 4 OR 1.69 * (65)

Pregnant vs. Non-pregnant n = 1 142, N = 1 OR 4.60 2.7–7.8 (66) n = 22 493, N = 1 OR 2.35 1.48–3.74 (67)

1. CI, Confidence Interval; HR, Hazard Ratio; OR, Odds Ratio; RR, Relative Risk.

2. (#) Denotes that the study did not provide this data.

3. (*) Study (65) only provides the 95% CI for each Blood Type separately and not the Blood Type vs. Blood Type O. These individual 95% CI’s for Blood Type A, B, and O were

(1.11–1.40), (0.99–1.21), and (0.63–0.77), respectively. These data were not included in the table since the OR’s for each Blood Type were reported separately. Here we normalized the

OR’s of Blood Type A vs. O and Blood Type B vs. O.

FIGURE 7 | Qualitative comparison of risk factors between coagulation and Covid-19 severity. (An accurate quantitative comparison is not possible, mostly due to

differences in study design and size).

Covid-19 data also indicate that males have a higher risk of
Covid-19 mortality than females, with a RR of 1.50 (60), see
Figure 7. The increased risk of coagulation due to gender for
individuals older than 45 years could be one reason for this
increased Covid-19 mortality.

Ethnicity
Ethnicity has also shown to be an independent risk factor for
coagulation. The highest risk of thrombosis being in African
Americans, with a RR of 1.5 compared to Europeans (62). This
is also seen in Covid-19 mortality data, which shows that African
American’s have a higher odds of death than Europeans, with an
OR of 1.6 (63), see Figure 7. The increased risk of coagulation

due to ethnicity could be one reason for this increased Covid-
19 mortality.

Blood Type
Another risk factor that seems to influence the odds of developing
a thromboembolic event is a person’s blood type. A single cohort
study showed that blood types A&B vs. O have higher risk of
developing a thromboembolic event, with the following HRs: A
vs. O of 1.44, and B vs. O of 1.45 (64), see Figure 7.

A similar trend is seen in the effect of different blood types on
Covid-19 severity, with the following ORs: A of 1.06, B of 1.27, O
of 0.75 (65). If these values are normalized with respect to blood
type O the ORs are the following: A vs. O of 1.41, and B vs. O of
1.69, see Figure 7.
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FIGURE 8 | CHD related aggravation of severe Covid-19 in patients with high cholesterol.

None of the blood group values for Covid-19 severity were
statistically significant (65). It is however interesting that this
limited study shows that patients with blood type O have lower
odds of developing severe Covid-19 than blood types A and B.
There is however still controversy regarding correlation between
blood type and Covid-19 severity (69).

Pregnancy
Pregnancy is not necessarily an uncontrollable factor, but for
the duration of being pregnant it is. During pregnancy the risk
of venous thrombosis is much higher than for non-pregnant
women, with an OR of 4.6 (66), see Figure 7.

Pregnant women are also at a higher risk of developing
more severe Covid-19 complications than non-pregnant women,
with an OR of 2.35 (67). Fortunately, no significant association
between pregnant and non-pregnant women was found for
Covid-19 mortality risk (67). This may be due to pregnant
women seeking medical attention earlier than non-pregnant
women. The higher severity risk could partially be due to the
higher risk for coagulation during pregnancy. More research is
however needed to validate this.

The above mentioned uncontrollable factors may contribute
to the coagulation loop 1 of the death spiral. This could

help explain why some patients experience accelerated disease
severity. However, better studies for Covid-19 in especially
different blood groups are needed.

The highmortality statistics in patients with pre-existing CHD
comorbidities (10–12, 70) are discussed in more detail in the
next Section with reference to Figures 8–10. We will show why
a patient with a worse cardiovascular “baseline” before Covid-
19 could potentially have a worse outcome than a patient with
a healthy cardiovascular “baseline.”

Covid-19 Aggravation in Patients With
Pre-existing CHD Comorbidities
Severe Covid-19 Patients With Existing Chronic

Hypercholesterolemia
One of the risk factors for CHD is Hypercholesterolemia.
ChronicHypercholesterolemiamay fuel the Covid-19 death spiral
by increasing the risk of EC injury via an inflammatory
state or plaque buildup. For EC injury induced by an
inflammatory state see Figure 8 pathways: ↑oxLDL-(pw51)-
Hypercholesterolemia-(pw51)-↑foam cell-(pw81)-↑NFkβ-(pw82)-
↑IL-6, IL-8-(pw76)-↑platelet factors-(pw74)-↑inflammatory
state-(pw110)-↑EC injury. For EC injury induced by
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FIGURE 9 | CHD related aggravation of severe Covid-19 in patients with high blood glucose levels.

plaque buildup see Figure 8 pathways: ↑oxLDL-(pw51)-
Hypercholesterolemia-(pw119)-↑EC injury.

Hypercholesterolemia could also have an impact on
the severity of Covid-19 by increasing coagulation. This
could happen by increased foam cell production and
increased thrombin generation (29). In turn increasing the
platelet forming factors and reducing breakdown processes
like fibrinolysis, increases coagulation (30). See Figure 8

pathways: ↑oxLDL-(pw51)-Hypercholesterolemia-(pw51)-
↑foam cell-(pw81)-↑NFkβ-(pw82)-↑IL-6, IL-8-(pw76)-↑platelet
factors-(pw73)-↑Hypercoagulability.

The increased coagulation could aggravate thrombi within the
lungs and lead to possible hypoxemia (49), potentially cascading
the symptoms already experienced by a Covid-19 patient.

The above discussion partially explains why many
patients with obesity have a high risk of developing severe
Covid-19 complications (71) as obesity is associated with
Hypercholesterolemia (72, 73).

Interestingly it was also found that free cholesterol, as well as
high-and low-density lipoprotein levels are lower in end-stage
Covid-19 patients than in patients with less severe Covid-19

(70, 74). Why would cholesterol levels be lower in patients with
more severe disease? Could this be explained by the ability of
SARS-CoV-2 to use (“consume”) serum cholesterol for its entry
into host cells (32).

If this is the case, then high cholesterol levels before infection
might enhance viral infection via increased availability of serum
cholesterol levels but as the virus “consumes” cholesterol the
levels would decrease. These facts are however still controversial
and further studies are warranted.

Severe Covid-19 Patients With Existing Chronic

Hyperglycemia or Hyperinsulinemia
Elevated blood glucose aggravates Covid-19 severity and
mortality risk irrespective of diabetes (75, 76). One possible
reason for this could be the indirect ability of blood glucose to
induce EC injury.

Since glucose is the main energy source for cells, any
change to its levels could have a direct effect on the cell’s
metabolism. Changes in blood glucose can cause ECs to
undergo apoptosis (cell death or “suicide”), causing the ECs to
detach and enter the bloodstream (77). See Figure 9 pathways:
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FIGURE 10 | CHD related aggravation of severe Covid-19 in patients with chronic hypertension.

Elevated blood glucose (HbA1c)-(pw55)-Hyperglycemia-(pw117)-
↑EC injury. This further leaves behind eroded arteries which
activate processes that lead to atherosclerosis, such as smooth cell
proliferation (77).

Another pathway through which elevated blood glucose levels
contribute to EC injury is through aggravated inflammation.
This inflammation is caused by activating the insulin
resistance and ROS producing pathways and impaired EC
turnover. See Figure 9 pathways: Elevated blood glucose
(HbA1c)-(pw54)-PI3K:MAPK-(pw69)-↑Insulin resistance-
(pw72)-↑ROS-(pw85)-↑inflammatory state-(pw110)-↑EC injury.
EC turnover is possibly impaired due to accelerated aging or
reduced renewal of cells (78, 79). This is most prominent in the
microvascular and arterial ECs (80), which may be due to the
differences in glucose uptake of cells.

A similar pathway also leads to increased inflammation due
to a dysregulation of NO, which plays an important role in
controlling the vascular tone and arterial pressure. A decrease
in NO prevents ECs from responding to increased glucose
stress, which may further accelerate cellular deterioration (79).
See Figure 9 pathways: Elevated blood glucose (HbA1c)-(pw55)-
Hyperglycemia-(pw55)-↑inflammatory state-(pw110)-EC injury.

These indirect impacts on EC injury could potentially explain
why Hyperglycemia is a significant co-morbidity and risk factor
for severe Covid-19 patients (70). It highlights the importance
of ensuring that the glucose level of a diabetic patient remains
within normal ranges. It may also be advantageous to reduce
blood glucose levels in non-diabetic patients as elevated glucose
in non-diabetic patients also increased Covid-19 severity (75, 76).

Severe Covid-19 Patients With Existing Chronic

Hypertension
Hypertension is another common co-morbidity in Covid-19
related mortality (81). This could be due to its indirect ability to
increase inflammation or the direct injury caused to ECs (82, 83).

The indirect impact occurs through hypertension that
increases the amount of ROS, especially from the oxidation of
endothelial NO synthesis (83). ROS can impact the inflammatory
state and the ECs in several ways. It can, among others, cause
EC death and increase the adhesion of inflammatory cells to the
normally inert endothelium surface (83). This could potentially
exacerbate the response and symptoms related to EC injury.
See Figure 10 pathways: Hypertension-(pw100)-↑ROS-(pw85)-
↑Inflammatory state-(pw110)-↑EC injury.
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Chronic hypertension can also directly cause damage to the
microvascular ECs (82). High blood pressure strains the ECs and
could potentially cause ruptures in plaques that are adhered to the
artery wall (82). See Figure 10 pathways: Hypertension-(pw118)-
EC injury. This creates additional areas that require attention and
would probably also increase the inflammatory response.

Existing chronic hypertension can therefore possibly cause
injury to the ECs through either the indirect or direct pathways.
This injury could potentially contribute to the rapid worsening of
health in Covid-19 patients with chronic hypertension (81).

Effects of Different Health Factors on
Covid-19 Severity
We discuss the comparison between CHD and severe Covid-
19 for different health factors with reference to Figure 4. The
definition of each health factor was given in section Evaluation
of Health Factors and Pharmaceutical Interventions.

Different health factors (pink ovals in Figure 4) were originally
analyzed in terms of their effects on CHD risk (23). These health
factors were either associated with an increase or decrease in
risk for CHD (23–28). The same health factors were investigated
for Covid-19 severity. We will show to what extent a healthy
CHD “baseline,” as a result of a healthy lifestyle, will influence
Covid-19 severity.

Table 2 summarizes the CHD and Covid-19 data extracted
from literature namely, study size (N), number of participants
(n), risk type (RR/HR/OR), respective risk value, 95% confidence
interval (CI), fold change (as calculated via the non-traditional
method) and the respective references. Data not statistically
significant are indicated with an (∗) in Figure 11.

Where data were unavailable a hash (#) was inserted inTable 2
e.g., for the two health factors, alcohol use and food intake
(high glycemic diets). These health factors have not yet been
fully investigated in Covid-19 patients. Despite no risk values
being available for these health factors, their probable effects on
Covid-19 severity are discussed in this section.

The health factors that increase/decrease a person’s risk for
CHD similarly increase/decrease a person’s risk (RR/HR/OR) for
developing severe Covid-19 (Figure 11). In the rest of this section
we will discuss, in more detail, the effects each health factor has
on the CHD hallmarks, and hypothesize how this could affect
Covid-19 severity.

Moderate Exercise
Based on the CHD model (Figure 1) our research group has
published a detailed description of the mechanism by which
moderate exercise may reduce CHD risk (28). Only the salient
features of the mechanism will be described here.

Regular moderate exercise is universally accepted to reduce
the risk of CHD (23, 28, 84) (the definition of moderate
exercise was given in section Evaluation of Health Factors
and Pharmaceutical Interventions). Table 2 shows a decrease
risk (RR) of 0.75 (n = 645 087, N = 33) (84). This
translates to a 1.33-fold decrease in CHD risk (23, 28) as
illustrated in Figure 11.

The effect of moderate exercise on Covid-19 was analyzed
in a small cross-sectional study (n = 260) (85). The authors
concluded that moderate physical activity before onset of Covid-
19 decreases the odds of developing severe Covid-19 (OR of 0.28)
by 3.57 times (85), see Table 2 and Figure 11. Although this is
only a small study, a larger study (n = 48 440) substantiates the
benefit of regular moderate exercise (118).

This larger study’s results are not presented in Table 2 or
Figure 11 since the study reported on inactivity. However, since
being active helps reduce the odds of developing severe Covid-
19, inactivity is expected to have an opposite effect. This is indeed
the case as the study showed that patients who are consistently
inactivate are 2.49 (OR) times more likely to die from Covid-
19 (118).

Therefore, moderate exercise before the onset of disease
decreases both the risk for CHD and Covid-19 severity. This
could most likely be explained by the effect of moderate
exercise on several CHD hallmarks. Moderate exercise
largely influences, among others, glucose, cortisol and
inflammatory mediator levels (23, 28), therefore reducing
the risk of Hyperglycemia/Hyperinsulinemia and a heightened
Inflammatory state (23, 28).

Regular exercise also reduces the accumulation of visceral fat,
which reduces the risk of increased Low-Density Lipoprotein
(LDL) levels thus decreasing the risk for Hypercholesterolemia
(23, 28). A decrease of visceral fat also reduces the risk of insulin
resistance, which lowers one’s risk for increased platelet factors
and the potential for Hypercoagulability (23, 28).

The potential decrease of these CHD hallmarks could partially
explain the benefit of moderate exercise on the reduced risk of
Covid-19 severity. The respective CHD hallmark downregulated
by exercise and the activated pathways are denoted in Figure 4

as follows:

• Hyperglycemia/Hyperinsulinemia: Moderate exercise-
(pw3a)-muscles-(pw53)-↓blood glucose-(pw54)-
↓PI3K:MAPK-(pw69)-↓insulin resistance-(pw72)-
Hyperglycemia/ Hyperinsulinemia.

• Inflammatory state: Moderate exercise-(pw3b)-central
nervous system-(pw27)-↓cortisol-(pw47)-↓insulin resistance-
(pw70)-↓angiotensin II-(pw89)-↓hypertension-(pw100)-
↓ROS-(pw85)-↓COX1/2-(pw85)-↓Inflammatory state.

• Hypercholesterolemia: Moderate exercise-(pw3c)-
visceral adiposity-(pw18)-↓FFA-(pw37)-↓plasma lipids-
(pw34)-liver-(pw12)-↓LDL-(pw33)-↓oxLDL-(pw51)-
↓Hypercholesterolemia.

• Hypercoagulability: Moderate exercise-(pw3a)-muscles-
(pw53)-↓blood glucose-(pw54)-↓PI3K:MAPK-(pw69)-
↓insulin resistance-(pw72)-↓platelet factors-(pw73)-
↓Hypercoagulability.

The potential decrease in four of the five CHD hallmarks due to
moderate exercise before onset of Covid-19 (creating a healthier
vascular system “baseline”) could partially explain the decreased
risk of Covid-19 severity. These beneficial effects of exercise
are based on moderate exertion and not heavy exertion. Heavy
exertion exercise has the following detrimental effects: transient
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TABLE 2 | The effect which different health factors and pharmaceuticals have on CHD risk and Covid-19 severity.

Risk for CHD References Risk for increased COVID-19 severity References

Study size (n = no. of

participants, N = no.

of studies)

RR,

HR or

OR

Value 95% CI Fold change

as per our

definition

Study size (n = no.

of participants, N =

no. of studies)

RR, HR or OR Value 95% CI Fold change as

per our

definition

HEALTH FACTORS

Moderate exercise n = 645 087, N = 33 RR 0.75 (0.71–0.79) −1.33 (23, 84) n = 260, N = 1 OR 0.28 # −3.57 (85)

Smoking n = 1 010 000, N = 141 RR 1.72 (1.62–1.83) 1.74 (23, 86) n = 32 849, N = 47 RR 1.98 (1.16–3.38) 1.98 (87)

Oral health n = 147 821, N = 7 RR 1.34 (1.27–1.42) 1.34 (23, 27, 88) n = 568, N = 1 OR 8.81 (1.00–77.70) 8.81 (89)

Stress n = 24 767, N = 1 OR 2.17 (1.84–2.55) 2.17 (23, 90) n = 535, N = 1 HR 1.40 (1.11–1.75) 1.40 (91)

Depression n = 124 509, N = 21 RR 1.90 (1.49–2.42) 1.90 (23, 92) n = 421 014, N = 1 OR 2.68 (2.03–3.54) 2.68 (93)

Apnoea n = 1 436, N = 1 HR 2.06 (1.10–3.86) 2.06 (23, 94) n = 15 835, N = 4 OR 2.37 (1.14–4.95) 2.37 (95)

Insomnia n = 122 501, N = 13 RR 1.45 (1.29–1.62) 1.45 (23, 96) n = 568, N = 1 OR 1.09 (0.44–2.71) 1.09 (97)

Moderate alcohol n = 504 651, N = 29 RR 0.71 (0.66–0.77) −1.41 (23, 26, 98) # # # # # #

Food (HGD) n = 220 050, N = 8 RR 1.36 (1.13–1.63) 1.36 (23, 25, 99) # # # # # #

PHARMACEUTICALS

Statins n = 169 138, N = 26 RR 0.78 (0.76–0.80) −1.28 (23, 100) n = 13 981, N = 1 HR 0.58 (0.43–0.80) −1.72 (101)

Salicylates (Aspirin) n = 112 000, N = 6 RR 0.82 (0.75–0.90) −1.22 (23, 102) n = 412, N = 1 HR 0.53 (0.31–0.90) −1.89 (58)

Indirect thrombin

inhibitors (Heparin)

n = 31 402, N = 6 OR 0.91 (0.84–0.98) −1.10 (23, 103) n = 449, N = 1 OR 0.37 (0.15–0.90) −2.70 (104)

Direct thrombin

inhibitors (Angiomax)

n = 1 883, N = 1 HR 0.76 (0.59–0.98) −1.32 (23, 105) n = 103 703, N = 1 HR 0.90 (0.71–1.15) −1.11 (106)

ACE inhibitors n = 19 141, N = 8 OR 0.79 (0.71–0.88) −1.27 (23, 107) n = 19 486, N = 1 HR 0.89 (0.75–1.06) −1.12 (108)

Angiotensin-renin

inhibitors

n = 108 212, N = 26 OR 0.92 (0.87–0.97) −1.09 (23, 109) n = 2,877, N = 1 RR 0.65 (0.45–0.94) −1.54 (110)

β-blockers n = 12 825, N = 9 RR 0.69 (0.59–0.82) −1.45 (23, 111) n = 101 141, N = 8 OR 1.23 (0.74–2.04) 1.23 (112)

Calcium channel

blockers

n = 10 136, N = 8 OR 0.83 (0.67–1.03) −1.20 (23, 107) n = 106 566, N = 8 OR 0.94 (0.8–1.10) −1.06 (112)

Diuretics n = 192 478, N = 42 RR 0.79 (0.69–0.92) −1.27 (23, 113) n = 99 669, N = 5 OR 0.96 (0.81–1.15) −1.04 (112)

Biguanides (Metformin) n = 11 385, N = 6 OR 0.74 (0.62–0.89) −1.35 (23, 114) n = 1 800 005, N = 1 HR 0.77 (0.73–0.81) −1.30 (115)

Antidepressants n = 93 653, N = 1 HR 0.48 (0.44–0.52) −2.08 (23, 116) # # # # # #

CHD, Coronary Heart Disease; CI, Confidence Interval; Covid-19, Coronavirus Disease of 2019; HGD, High Glycemic Diets; HR, Hazard Ratio; OR, Odds Ratio; RR, Relative Risk. A minus sign shows a reduction in risk. (#) denotes that

the respective study did not provide this data. A small preliminary study (117) on the effect of the SSRI antidepressant, fluvoxamine, on Covid-19 has shown positive effects. Risk data were not given.
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FIGURE 11 | The qualitative effect which different health factors have on CHD risk and Covid-19 severity. (An accurate quantitative comparison is not possible, mostly

due to differences in study design and size).

immune dysfunction, elevated inflammatory biomarkers, and
increased risk of upper respiratory tract infections (119).
Therefore, exercise exertion is an important factor to consider
during the Covid-19 pandemic.

Smoking
Smoking is a risk factor for CHD with a RR of 1.72 (86). A
recent systematic review and meta-analysis of 47 studies (32
849 hospitalized Covid-19 patients) showed that current smokers
have an increased risk of developing severe or critical Covid-19,
RR of 1.98 (87).

Most smokers develop insulin resistance and/or
Hyperinsulinemia as compared to non-smokers (120, 121).
This association may either be due to the lower adiponectin
levels or higher cortisol secretion levels seen in current smokers
compared to non-smokers (122, 123). This increases a smoker’s
risk for Hyperglycemia/Hyperinsulinemia.

Moreover, most smokers also have higher plasma triglyceride
and lower High-Density Lipoprotein (HDL) cholesterol
concentrations than non-smokers (121, 124). This increases a
smoker’s risk of Hypercholesterolemia.

Another CHD hallmark that is upregulated in smokers is a
heightened Inflammatory state. This is due to an upregulation
of several inflammatory markers and cytokines such as TNF-
α, granulocyte-macrophage colony-stimulating factor (GM-CSF)
and monocyte chemoattractant protein (MCP-1) (125).

Smoking also induces an imbalance between various
hemostatic molecules in the blood thereby increasing the state of

Hypercoagulability (126). This may be due to functional changes
in clotting factors such as fibrinogen (126).

The associated pathways and respective CHD hallmarks
increased by smoking are shown in Figure 4 as the following:

• Hyperglycemia/Hyperinsulinemia: Smoking-(pw4a)-visceral
adiposity-(pw19)-↓adiponectin-(pw39)-↑insulin resistance-
(pw72)- ↑Hyperglycemia/Hyperinsulinemia. Smoking-(pw4b)-
central nervous system-(pw27)-↑cortisol-(pw47)-↑insulin
resistance-(pw72)- ↑Hyperglycemia/Hyperinsulinemia.

• Hypercholesterolemia: Smoking-(pw4a)-visceral adiposity-
(pw30)-↓HDL-(pw31)-↑ Hypercholesterolemia.

• Inflammatory state: Smoking-(pw4b)-central nervous system-
(pw41)-↑TNF-α-(pw41)-↑Inflammatory state.

• Hypercoagulability: Smoking-(pw4a)-visceral adiposity-
(pw49)-↑Fibrinogen-(pw73)-↑Hypercoagulability.

The activation of these pathways and respective CHD hallmarks
may explain some of the increased risk of smokers developing
severe Covid-19 compared to non-smokers (87).

Oral Health
Using Figure 1, we published a detailed analysis of the
mechanism by which oral health (in the form of periodontal
disease) can influence CHD (27). Important elements relevant to
this study are discussed below.

Oral health in the form of periodontal disease is known
to increase the risk of CHD by 1.34-fold (88) (Figure 11 and
Table 2). Covid-19 patients with periodontitis have a much
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higher risk of mortality, OR of 8.81 (Figure 11 and Table 2) (89).
This value is quite large and could be overestimated. There are
several reasons for potential overestimation namely, the small
study size (n = 568), the data is widely spread (95% CI of 1.00–
77.7) and the data is not statistically significant [this statistical
insignificance is illustrated on Figure 11 with an (∗)] (89).

Nevertheless, the increased risk of Covid-19 severity
due to periodontitis could partially be explained by the
increase in several CHD hallmarks namely, Inflammatory state,
Hypercoagulability and Hypercholesterolemia (23, 27).

An increased risk of Hypercoagulability and Inflammation
in these patients is through a common periodontitis associated
bacteria, porphyromonas gingivalis (p.gingivalis) (127).
This bacteria invades endothelial cells which concomitantly
increases platelet activity and stimulates proinflammatory
mediators/cytokines (CRP, TNF-α, and IL-6) (127).

Inflammation can also be increased via reactive oxygen species
(ROS) which is associated with periodontal disease (23, 27).
Subsequently, this also affects oxidized LDL levels pertaining to
an increase in the risk for Hypercholesterolemia (23, 27).

The associated pathways and respective CHD hallmarks
increased by oral health in the form of periodontitis are shown
in Figure 4 as the following:

• Hypercoagulability: Oral health-(pw5)-periodontium-(pw23)-
↑P. gingivalis-(pw43)-↑periodontitis-(pw64)-↑platelet factors-
(pw73)-↑Hypercoagulability.

• Inflammatory state: Oral health-(pw5)-periodontium-(pw23)-
↑P. gingivalis-(pw43)-↑periodontitis-(pw41)-↑TNFα/IL6-
(pw41)-↑inflammatory state. Oral health-(pw5)-periodontium-
(pw23)-↑P. gingivalis-(pw43)-↑periodontitis-(pw62)-↑ROS-
(pw85)-↑inflammatory state.

• Hypercholesterolemia: Oral health-(pw5)-periodontium-
(pw23)-↑P. gingivalis-(pw43)-↑periodontitis-(pw65)-↑oxLDL-
(pw51)-↑Hypercholesterolemia.

The potential increase of these CHD hallmarks due to
periodontitis could partially explain the increased risk of Covid-
19 severity.

Chronic Stress
Chronic stress (definition in section Evaluation of Health Factors
and Pharmaceutical Interventions) is also a common factor linked
to an increased risk for CHD, with an OR of 2.17 (90), presented
in Figure 11 and Table 2. Covid-19 severity is also increased by
chronic stress with a HR of 1.4 (91), see Figure 11.

Chronic stress is known to elevate secretion of glucocorticoids
in the form of cortisol. These high cortisol levels due to stress
may elevate biomarkers such as blood glucose, TNF-α and
insulin resistance (23). These stress related biomarkers are also
upregulated in severe Covid-19 patients (23, 75, 76, 128–131).

The respective CHD hallmarks and activated pathways
activated by chronic stress are denoted in Figure 4 as:

• Hypercoagulability: Chronic stress-(pw6)-central nervous
system-(pw27)-↑cortisol-(pw48)-liver-(pw14)-↑blood
glucose-(pw54)-PI3K:MAPK-(pw69)-↑insulin resistance-
(pw72)-↑platelet factors-(pw73)-↑Hypercoagulability.

• Hypercholesterolemia: Chronic stress-(pw6)-central
nervous system-(pw27)-↑cortisol-(pw48)-liver-(pw12)-↑LDL-
(pw33)-↑oxLDL-(pw51)-↑Hypercholesterolemia.

• Hyperglycemia/Hyperinsulinemia: Chronic stress-(pw6)-
central nervous system-(pw27)-↑cortisol-(pw48)-liver-
(pw14)-↑blood glucose-(pw54)-PI3K:MAPK-(pw69)-↑insulin
resistance-(pw72)-↑Hyperglycemia/Hyperinsulinemia.

• Inflammatory state: Chronic stress-(pw6)-central nervous
system-(pw27)-↑cortisol-(pw48)-liver-(pw14)-↑blood glucose-
(pw54)-PI3K:MAPK-(pw69)-↑insulin resistance-(pw70)-
↑angiotensin II-(pw88)-renin-(pw50)-↑TNFα-(pw41)-
↑Inflammatory state.

• Hypertension: Chronic stress-(pw6)-central nervous system-
(pw27)-↑cortisol-(pw48)-liver-(pw14)-↑blood glucose-(pw54)-
PI3K:MAPK-(pw69)-↑insulin resistance-(pw70)-↑angiotensin
II-(pw89)- ↑Hypertension.

Although the Covid-19 study is small (n= 535, seeTable 2) stress

affects all five CHD hallmarks. Future larger clinical studies are
expected to emphasize the importance of stress management in

patients with Covid-19.

Depression
The effect of depression on CHD, using the CHD model in

Figure 1, was described in detail in a previous paper (24). A

summary of the potential effects of depression on Covid-19 are

given in the rest of this section.
Depression increases one’s risk for CHD by 1.90-fold (RR)

(92), shown in Figure 11 and Table 2. This is also the case for
Covid-19, where the odds of developing more severe disease in

a person with pre-pandemic depression is 2.68-fold (OR) higher

that without depression (93), see Figure 11.
Depression is thought to mediate, among others, over

stimulation of the hypothalamic-pituitary-adrenocortical (HPA)

axis induced by elevated levels of corticotropin-releasing
factor and adrenocorticotropic hormone (23, 24). Chronic

dysregulation of the hypothalamic-pituitary-adrenal axis
can lead to increased serum levels of cortisol. Similar to
chronic stress, elevated cortisol levels can increase the risk
of upregulating four CHD hallmarks namely, Inflammatory
state, Hypercholesterolemia, Hypertension and Hyperglycemia/
Hyperinsulinemia (23, 24).

In addition to increased cortisol levels, the overstimulation
of the hypothalamic-pituitary-adrenal axis may augment
sympathoadrenal hyperactivity via central regulatory pathways.
This results in increased plasma catecholamines (23, 24). An
increase of catecholamines can lead to abnormalities in insulin
and platelet factors thus also increasing another CHD hallmark
namely, Hypercoagulability (23, 24).

The respective CHD hallmarks and activated pathways
induced by depression are denoted in Figure 4 as the following:

• Hypercholesterolemia: Depression-(pw7b)-central
nervous system-(pw27)-↑cortisol-(pw48)-liver-(pw12)-↑LDL-
(pw33)-↑oxLDL-(pw51)-↑Hypercholesterolemia.

• Inflammatory state: Depression-(pw7b)-central nervous
system-(pw27)-↑cortisol-(pw48)-liver-(pw14)-↑blood
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glucose-(pw54)-PI3K:MAPK-(pw69)-↑insulin resistance-
(pw70)-↑angiotensin II-(pw88)-renin-(pw50)-↑TNFα-(pw41)-
↑Inflammatory state.

• Hypertension: Depression-(pw7b)-central nervous system-
(pw27)-↑cortisol-(pw48)-liver-(pw14)-↑blood glucose-(pw54)-
PI3K:MAPK-(pw69)-↑insulin resistance-(pw70)-↑angiotensin
II-(pw89)- ↑Hypertension.

• Hyperglycemia/Hyperinsulinemia: Depression-(pw7b)-
central nervous system-(pw26)-↑catecholamines / ↓serotonin /
↓BDNF-(pw44)-↑insulin resistance-(pw72)- ↑Hyperglycemia
/ Hyperinsulinemia.

• Hypercoagulability: Depression-(pw7b)-central nervous
system-(pw26)-↑catecholamines / ↓serotonin / ↓BDNF-
(pw44)-↑insulin resistance-(pw72)-↑platelet factors-(pw73)-
↑Hypercoagulability.

Since depression can upregulate all five CHD hallmarks (23,
24), it may play a more important role in Covid-19 severity
than expected.

Apnoea
Figure 11 and Table 2 show that obstructive sleep apnoea (OSA)
is associated with an increased risk for CHD with a HR of
2.06 (94). Among 15 835 Covid-19 patients, those with OSA
have a 2.37-fold (OR) increased odds of developing severe
Covid-19 (95).

Similar to depression, the effects of OSA may also include
alterations of the hypothalamic-pituitary-adrenal axis and
sympathetic nervous activity. This results in changes of
catecholamine and cortisol secretion levels, which concomitantly
serve to up-regulate two CHD hallmarks namely, Inflammatory
state and Hypertension (23). Subsequently, increased cortisol
levels also increases the risk for elevated LDL and platelet factors,
which influence the risk for two more CHD hallmarks namely,
Hypercholesterolemia and Hypercoagulability (23).

The respective CHD hallmarks and activated pathways
induced by OSA are denoted in Figure 4 as the following:

• Inflammatory state: Apnoea-(pw9)-central nervous
system-(pw27)-↑cortisol-OSA-(pw42)-hypoxia-(pw61)-↑ROS-
(pw85)-↑Inflammatory state.

• Hypertension: Apnoea-(pw9)-central nervous system-(pw27)-
↑cortisol-OSA-(pw42)-↑hypoxia-(pw42)-↑)-oxia-(pSA-(pus
systw70)-↑angiotensin II-(pw89)-↑Hypertension.

• Hypercholesterolemia: Apnoea-(pw9)-central nervous
system-(pw27)-↑cortisol-(pw48)-visceral adiposity-(pw21)-

↑TNF-α/IL-6-(pw56)-liver-(pw12)-↑LDL-(pw33)-↑oxLDL-
(pw51)-↑Hypercholesterolemia.

• Hypercoagulability: Apnoea-(pw9)-central nervous
system-(pw27)-↑cortisol-(pw47)-↑insulin resistance-(pw42)-
↑platelet factors-(pw73)-↑Hypercoagulability.

The activation of proinflammatorymediators namely, TNF-α, IL-
6 and CRP induced by OSA are also elevated in severe Covid-19
patients without OSA (20–22). Therefore, OSA could aggravate
these mediators, leading to an increased risk of Covid-19 severity.

Insomnia
Insomnia is another health factor that increases a person’s risk for
CHDwith a RR of 1.45 (96), see Figure 11 and Table 2. The effect

of insomnia on increased Covid-19 severity seems negligible with
an OR of 1.09 (97), see Figure 11. Unfortunately the study is
small (n = 568) and the data are statistically insignificant (95%
CI of 0.44–2.71) (97), see Table 2 and Figure 11.

Nevertheless, insomnia affects several pathogenic pathways
that may play an important role in Covid-19 severity (23).
Insomnia has shown to directly affect the levels of leptin
(decreases) and ghrelin (increases), which are important
hormones that regulate appetite. This could cause an
increase in caloric consumption which, if left untreated,
could negatively impact blood glucose levels and insulin
sensitivity (23). This would therefore result in an increased risk
for Hyperglycemia/Hyperinsulinemia (23).

Subsequently, insulin resistance stemming from excessive

caloric intake can stimulate proinflammatory mediators and

cytokines such as TNF-α, IL-6 and CRP. This could result

in a heightened Inflammatory state, which is common

in severe Covid-19 patients (20–23). Another CHD

hallmark upregulated by insulin resistance through the
regulation of platelet homeostasis is Hypercoagulability (23).

Coagulation is also a common risk factor in severe Covid-19

patients (4, 6–9, 23).
The respective CHD hallmarks and activated pathways

induced by insomnia are denoted in Figure 4 as the following:

• Hyperglycemia/Hyperinsulinemia: Insomnia-(pw8b)-central
nervous system-(pw25)-(pw66)-↑ghrelin:leptin-(pw67)-
↑insulin resistance-(pw72)-liver-(pw14)-↑blood glucose-
(pw55)-↑Hyperglycemia/Hyperinsulinemia.

• Inflammatory state: Insomnia-(pw8b)-central nervous system-
(pw25)-(pw66)-↑ghrelin:leptin-(pw67)-↑insulin resistance-
(pw70)-↑angiotensin II-(pw88)-renin-(pw50)-↑TNF-α,
IL-6-(pw41)-↑Inflammatory state.

• Hypercoagulability: Insomnia-(pw8b)-central nervous system-
(pw25)-(pw66)-↑ghrelin:leptin-(pw67)-↑insulin resistance-
(pw72)-↑platelet factors-(pw73)-↑Hypercoagulability.

Unfortunately, the clinical data on insomnia and its effect on
Covid-19 severity are small. Its effect may be underestimated.

Moderate Alcohol Use
The mechanism by which moderate alcohol consumption may

influence CHDwas described in detail in our previous paper (26).

Moderate alcohol consumption is accepted to reduce the risk of

CHD (23, 26, 98). Table 2 shows a decrease risk (RR) of 0.75 (n

= 645 087, N = 33) (98). This translates to a 1.41-fold decrease
in CHD risk (23, 26), illustrated in Figure 11. This decrease in
CHD risk may be due to several pathways that decrease the risk
for CHD hallmarks.

Moderate alcohol consumption may reduce fibrinogen levels,
clotting factors, and platelet aggregation. Downregulation of
these biomarkers reduces a state of Hypercoagulability (26). In
addition, it can also upregulate HDL and downregulate LDL,
which decrease Hypercholesterolemia (26).

Moreover, moderate alcohol consumption can reduce
hepatic gluconeogenesis and concomitantly decrease
plasma glucose levels, which decreases the incidence of
Hyperglycemia and Hyperinsulinemia (26). Lastly, it can serve
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to reduce chronic Inflammation through regulation of insulin
resistance (26).

These respective CHD hallmarks and pathogenic pathways
activated by moderate alcohol consumption (26), are denoted in
Figure 4 as:

• Hypercoagulability: Alcohol-(pw1)-Liver-(pw49)-
↓fibrinogen/clotting factors-(pw73)- ↓Hypercoagulability
and Alcohol-(pw1)-Liver-(pw49)-↑fibrinogen/clotting
factors-(pw75)- ↓platelet aggregation.

• Hypercholesterolemia: Alcohol-(pw1)-Liver-(pw10)-↑HDL-
(pw31)-↓Hypercholesterolemia and Alcohol-(pw1)-Liver-
(pw12)-↓LDL-(pw33)- oxLDL-(pw51)-↓Hypercholesterolemia.

• Hyperglycemia/Hyperinsulinemia: Alcohol-
(pw1)-Liver-(pw14)-↓blood glucose-(pw55)-
↓Hyperglycemia/Hyperinsulinemia.

• Inflammation: Alcohol-(pw1)-Liver-(pw14)-↓blood
glucose-(pw54)-PI3K:MAPK-(pw69)-insulin resistance-
(pw70)-Angiotensin II-(pw89)-↓Hypertension-(pw100)-↓ROS-
(pw85)-↓Inflammatory state.

These pathways demonstrate an important role moderate
alcohol consumption plays in four of the five CHD hallmarks.
The argument whether moderate alcohol consumption before
infection decreases or increases Covid-19 severity has not yet
been thoroughly explored.

However, the prevailing point of view is that alcohol
consumption during Covid-19 could increase Covid-19 severity

(132). This is due to alcohol increasing the risk of acute
respiratory distress syndrome and admission to intensive care
unit in patients with pneumonia (132, 133). These are common
risk factors in critical Covid-19 patients (132, 133).

Increased hypercoagulability, Hyperglycemia and
inflammation are common in severe Covid-19 patients

(4, 6–9, 11, 13, 14). Therefore, the reduction of these CHD
hallmarks by moderate alcohol consumption before infection of
SARS-CoV-2 could be advantageous. It seems to create a better
vascular “baseline” and could thus potentially reduce the risk of
developing severe Covid-19 complications. These effects should
however be studied in well-designed clinical trials.

Food Intake (High Glycemic Diets)
We have previously explained, with reference to Figure 1, how
high glycemic diets (HGDs) affect CHD (25). Only a summary of
the elements relevant to Covid-19 are given below.

A high glycemic diet (HGD) increases the risk for CHDwith a
RR of 1.36 (99), see Figure 11 and Table 2. These diets could play
an important role in Covid-19 severity through regulation of all
five CHD hallmarks (23, 25).

HGDs influences glycemic control by raising blood glucose
levels via carbohydrate consumption. This may result in
Hyperglycemia (23, 25). Hyperglycemia resulting from HGDs
can increase the risk of insulin resistance by upregulating
the Phosphatidylinositol 3-kinase : Mitogen-activated
protein kinase (PI3K:MAPK) ratio (23, 25). Subsequently,
an increased insulin resistance has been associated with
increased levels of platelet factors that upregulate the potential
for Hypercoagulation (23, 25).

Excessive intake of HGDs can result in increased adipose
tissue, which enhances pro-inflammatory mediators such as
CRP and TNF-α (23, 25). These mediators are, among others,
important to consider since they are upregulated in critical
Covid-19 patients (129, 130, 134–140). Macrophages, residing in
adipose tissue, are also one of the most active secretory cells in
the body that mediate activities of adipocytes and release a vast
array of inflammatory mediators (23, 25). This increases the risk
for an Inflammatory state.

Moreover, excessive intake of HGDs can also increase visceral
fat build up and reduce clearance of triglycerides, which leads
to increased LDL and decreased HDL levels (23, 25). This
constitutes to a potential risk of Hypercholesterolemia (23, 25).
Consequently, HGDs pertaining to visceral fat build up also
increases the risk of Hypertension. This happens through build-
up of excess adipose tissue, which increases the expression
of angiotensinogen thus leading to activation of the renin-
angiotensin system (23, 25).

These respective CHD hallmarks and pathogenic pathways
activated by HGD are denoted in Figure 4 as the following:

• Hyperglycemia: Food-(pw2)-gastro-intestines-(pw17)-
↑blood glucose-(pw55)-↑Hyperglycemia.

• Hypercoagulability: Food-(pw2)-gastro-intestines-
(pw17)-↑blood glucose-(pw54)-↑PI3K:MAPK-(pw69)-
↑insulin resistance-(pw72)-↑platelet factors-(pw73)-
↑Hypercoagulability.

• Inflammatory state: Food-(pw2)-gastro-intestines-(pw15)-
plasma lipids-(pw34)-liver-(pw13)-TMAO/NLRP3-(pw52)-
macrophage-(pw77)-↑Inflammatory state.

• Hypercholesterolemia: Food-(pw2)-gastro-intestines-(pw15)-
plasma lipids-(pw34)-liver-(pw12)-↑LDL-(pw33)-oxLDL-
(pw51)-↑Hypercholesterolemia.

• Hypertension: Food-(pw2)-gastro-intestines-(pw14)-blood
glucose-(pw54)-↑angiotensin II-(pw89)-↑Hypertension.

These pathways demonstrate the detrimental effect HGDs
may have on an individual’s “baseline” vascular system before
infection from SARS-CoV-2. It could potentially increase the risk
of developing severe Covid-19 complications.

Effects of Different CHD Pharmaceutical

Interventions on Covid-19 Severity
The integrated CHD/Covid-19model shows that similar outcomes
for different health factors are seen in CHD and Covid-19. The
next question is: Since we know that various pharmaceutical
interventions decreases one’s risk for CHD, will they also work
for Covid-19? If they do then this will further show validity of the
proposed integrated CHD/Covid-19 model.

The pharmaceutical interventions are shown in Figure 4 as
blue boxes, where blunted blue arrows ( )denote antagonize
or inhibit and pointed blue arrows ( ) denote up-regulate
or facilitate. The question is whether these pharmaceuticals
would also decrease one’s risk for severe Covid-19. This was
investigated, despite the limited clinical data available for
Covid-19. The data were extracted from literature and are
summarized in Table 2.
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No risk value was available for antidepressants’ effect on
Covid-19 severity. However, its effect on Covid-19 severity is still
discussed in this section as depression was shown to increase
the odds of developing severe Covid-19 complications by 2.68
(Section Effects of Different CHD Pharmaceutical Interventions
on Covid-19 Severity, Table 2). It is thus hypothesized that
certain anti-depressants should have an important influence on
Covid-19 severity.

In the rest of this section we will discuss, in more detail,
the effects each pharmaceutical intervention has on the CHD
hallmarks, and how this could affect Covid-19 severity.

Statins
The use of statins decreases the risk of CHD with a RR of 0.78
(100). This translates to a 1.28-fold decrease in CHD risk (23),
illustrated in Table 2 and Figure 12. Statins also decrease Covid-
19 severity, with a HR of 0.58 (n = 13 981) (101) (Table 2). This
translates to a decrease of Covid-19 severity by 1.72-fold as shown
in Figure 12. We evaluated the effects statins has on all of the
CHD hallmarks, which may partially explain the large reduction
in Covid-19 severity with the use of statins.

Firstly, statins cholesterol lowering effect inhibits the
following pathways in Figure 4: (pw11) and (pw12). Besides these
cholesterol lowering effects, it also has an anti-inflammatory
effect (23, 101). The anti-inflammatory biomarkers and pathways
on which inhibition is observed are denoted in Figure 4 as: NFκβ,
ROS and (pw21), (pw57), (pw74).

In addition to their beneficial effects on cholesterol and
inflammation, statins also have antihypertensive effects by
reducing systolic, diastolic and mean arterial blood pressure
(141). The hypertensive pathways on which its actions are
observed are denoted in Figure 4 as (pw88) and (pw89).

Salicylates
Salicylates such as aspirin is a common anti-inflammatory (142)

and anti-thrombotic (143) medication that decreases the risk for

CHD with a RR of 0.82 (102), see Table 2. This translates to a
1.22-fold decrease in CHD risk (23), illustrated in Figure 12. Its
use in Covid-19 patients also showed a decrease in severity with

HR of 0.53 (58). This is shown in Figure 12 as a 1.89-fold decrease

in Covid-19 severity (58).
This reduction in risk could be expected because of the

detrimental effect of inflammation and coagulation seen in most
severe Covid-19 patients (4, 6–9, 20–22). The pathways on which
aspirin’s actions are observed are denoted in Figure 4 as (pw73)
and (pw74).

Indirect Thrombin Inhibitors
Indirect thrombin inhibitors such as heparin is used as an
anticoagulant, which decreases the odds of CHD with OR 0.91
(103), see Table 2. This translates to a 1.10-fold decrease in CHD
risk (23) as shown in Figure 12. Since many severe cases of
Covid-19 present venous thromboembolisms and microthrombi
(4, 6–9), indirect thrombin inhibitors should be of benefit to
such cases.

Heparin was thus expected to reduce these thrombi and
reduce Covid-19 severity. A small retrospective analysis (n =

449) investigated heparin’s effect in Covid-19 patients (104). The
study found an OR of 0.37 in Covid-19 mortality (104), see
Table 2. This is illustrated in Figure 12 as a 2.7-fold decrease
in odds of developing severe Covid-19 (104). The coagulation
pathway on which heparin’s action is observed is shown in
Figure 4 as (pw73).

Heparin also seems to have an anti-inflammatory effect (144),
which is presented in Figure 4 as pathway (pw74). This effect is
however only seen at much higher concentrations which could
increase the risk of bleeding (144). Therefore, heparin’s anti-
thrombotic effect would predominantly be the reason for lower
Covid-19 severity.

Direct Thrombin Inhibitors
Direct thrombin inhibitors have shown to decrease the risk of
CHDwith HR of 0.76 (105), see Table 2. This translates to a 1.32-
fold decrease in CHD risk (23), illustrated in Figure 12. These
pharmaceuticals’ actions are also observed on the coagulation
pathway (pw74) (23), see Figure 4.

For Covid-19, direct thrombin inhibitors are shown to slightly
reduce the risk of developing severe disease with a HR of 0.90
(106), see Table 2. This translates to a 1.11-fold reduction in risk
(106), illustrated in Figure 12. However, as shown in Figure 12

by an (∗), this value is not statistically significant with the 95% CI
of 0.71–1.15 presented in Table 2.

Antihypertensive Pharmaceuticals
The antihypertensive pharmaceutical interventions in Figure 4

are: ACE inhibitors, angiotensin-renin inhibitors, β-blockers,
calcium channel blockers and diuretics. The pathways on which
their actions are observed are shown in Figure 4 as (pw88),
(pw89), and (pw50) (23).

The respective reduction of CHD risks for each
pharmaceutical (23, 107, 109, 111, 113) is given in Figure 12 and
Table 2 as the following:

• Angiotensin-renin inhibitors: 1.09 (OR of 0.92)
• Calcium channel blockers: 1.20 (OR of 0.83)
• ACE inhibitors: 1.27 (OR of 0.79)
• β-blockers: 1.46 (RR of 0.69)
• Diuretics: 1.27 (RR of 0.79)

The reduction in CHD risk is small for angiotensin-renin
inhibitors with an OR close to one (0.92) (109). However,
angiotensin-renin inhibitors seem to be more beneficial for
Covid-19 severity with a reduction in 1.54-fold (110), see
Figure 12.

The risk data for calcium channel blockers (OR of 0.94) (112),
ACE inhibitors (HR of 0.89) (108) and diuretics (OR of 0.96)
(112) are currently not associated with Covid-19 severity. All
risk values are close to one and the respective 95% CI’s all show
statistically insignificance (containing 1.0), see Table 2. This
statistically insignificance is illustrated in Figure 12 with an (∗).

The most interesting of the antihypertensive pharmaceutical
interventions is β-blockers, which reduced the risk of CHD (RR of
0.69). However, its use increases ones odds of developing severe
Covid-19 (OR of 1.23) (112), see Figure 12. The reason for this
is unclear and further studies are warranted to investigate the
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FIGURE 12 | The qualitative effect that different pharmaceuticals have on CHD risk and Covid-19 severity. (An accurate quantitative comparison is not possible,

mostly due to differences in study design and size).

mechanism of action involved. However, one explanation for this
difference could be that the data is insignificant for Covid-19,
with a 95% CI of 0.74-2.04 (112), see Table 2.

Biguanides
Biguanides such as metformin has been used for many decades to
treat type 2 diabetes and its use decreases the odds of developing
CHD, with a OR of 0.74 (114), see Table 2. This translates to
a 1.35-fold decrease in CHD risk (23), illustrated in Figure 12.
Metformin’s inhibition is observed on pathway (pw14) (23), see
Figure 4.

Elevated blood glucose levels at admission is an independent
predictor of Covid-19 severity irrespective of diabetes (75).
Therefore, glucose lowering agents are expected to reduce Covid-
19 mortality. This is indeed the case since a large observational
cohort study of type-2 diabetics (n = 1 800 005) showed that
the use of metformin decreased Covid-19-related mortality by
1.30-fold (HR of 0.77) (115), see Figure 12 and Table 2.

Antidepressants (SSRIs)
We have done a detailed study of the mechanisms by which
SSRI antidepressants may reduce CHD risk (24). We showed
that SSRIs can influence most of the CHD hallmarks (24). A
summary, relevant to Covid-19, is given below.

Selective serotonin uptake inhibitors (SSRIs) such as sertraline
has shown to decrease the risk of CHD, with a HR of 0.48 (116),
see Table 2. This translates to a 2.08-fold decrease in CHD risk
(23), illustrated in Figure 12. Sertraline’s actions are observed on
the anti-inflammatory pathway (pw94), as shown in Figure 4.

A similar SSRI antidepressant, fluvoxamine’s effect on Covid-
19 severity is currently being investigated in a clinical trial
(NCT04727424). This study was initiated by results from a small
double-blind, randomized clinical trial of 152 Covid-19 positive
patients treated with fluvoxamine (117). The outcomes of this
study showed that patients treated with fluvoxamine, compared
with a placebo, had a lower likelihood of clinical deterioration
(0% vs. 8.3%) (117).

The study did not report any risk data. For this reason, the
data could not be added to Figure 12 and Table 2. Nevertheless,
since a therapeutic effect is seen in the small Covid-19 study, a
dotted bar was added to Figure 12. We hypothesize, based on our
previous studies (24), that most SSRIs will be beneficial.

DISCUSSION AND FUTURE RESEARCH

The aim of this paper was to use a systems approach to explore
the mechanisms between severe Covid-19 and its cardiovascular
complications, as requested by Frontiers. The resulting integrated
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CHD/Covid-19 model may provide insight into the various
research questions, some also requested by Frontiers.

Why Do Some Patients With Severe
Covid-19 Experience Sudden Death?
Although aspects of this has been proposed elsewhere (19, 22,
138, 145–148), here its integrated mechanism is systematically
and visually shown with the relevant pathogenetic pathways
with reference to CHD. This model further elucidates other
underlying pathogenesis that may influence this death spiral
before infection of SARS-CoV-2.

The death spiral was summarized as follows: Increased
inflammation at the lungs causes EC injury, which can result in
vascular leakage and/or activation of the coagulation cascade at
the lungs, thereby causing hypoxia which can further increase
inflammation, creating two closed positive feedback loops and
causing severe Covid-19 through a death spiral (Figure 5).

How Do CHD Comorbidities Influence This
Death Spiral?
It is widely accepted that patients with pre-existing CHD
comorbidities (thus a poor initial vascular “baseline”) have a
high risk of developing severe Covid-19 (11–14). The detailed
mechanisms of how these comorbidities may influence the death
spiral was not fully integrated before.

This question was answered in this paper by visually
(Figures 8–10) detailing the mechanisms of how three
CHD comorbidities namely Hypercholesterolemia,
Hyperglycemia/Hyperinsulinemia and Hypertension can fuel
the death spiral.

How Can an Individual Reduce the Risk of
Developing Severe Covid-19 From a
Cardiovascular Point of View?
In literature different health factors (85, 87, 89, 91, 93, 95, 97)
and CHD related pharmaceuticals (58, 101, 104, 106, 108, 110,
112, 115) present either a reduction or aggravation of Covid-
19 severity. In this paper we provide the pathogenesis detailing
the effect these health factors and pharmaceuticals may have
on this death spiral, especially for those with an increased
risk for CHD.

We have shown that severe Covid-19 and CHD have
similarities in underlying pathogenesis. Therefore, following a
lifestyle that would decrease one’s risk for CHD before onset
of Covid-19 should also decrease the chances of developing
severe Covid-19.

The remaining two research questions [(4) and (5)] have
partially been answered by the model but future research is
still needed. These are discussed in more detail in the following
two Sections.

How Can Computational Analysis Help to
Assess the Risk of Severity in Covid-19 in
Cardiovascular Disease?
One of the research questions posed by Frontiers in their request
for papers was the following: “How can computational analysis

help to assess the risk of COVID-19 in cardiovascular disease?”We
speculate that to achieve such an outcome, at least the following
must be done:

Step 1: Development of a fully integrated network model for
the disease, accounting for all effects including cross linking.

Step 2: Characterization of each interaction (typically at the
nodes of the network in Step 1) is needed to solve the network.

A first attempt at Step 1 for severe Covid-19 in
cardiovascular disease was done in this paper (Figure 4).
The next step is characterization of the network using the
following equation:

Out1→n = f1→nIn1→n (1)

where In1→n are the inputs (1 to n) to a node and out1→n

are the outputs (1 to n) from the node and f (1 to n) are the
resulting transfer functions. The inputs and outputs are typically
measured. More detail of this process is given in (23).

Using this process we have developed, over the past four
decades, simulation software to solve complex engineering
networks e.g., in deep mines and industrial complexes (149).
Fortunately, in engineering it is easy to develop transfer
functions (Equation 1) as it is relatively easy to do the required
measurements. The challenge for medical networks is the
measurements of all the relevant pathways in Figure 4.

A typical deep level mine simulation model (A) and a
CHD simulation model (B) proposed in (23) are shown in
Figure 13. The following has to be investigated in the future: if

all the biomarkers can be measured for the proposed integrated
CHD/Covid-19 model, will it be possible to individualize the
network (Figure 4), therebymaking it patient specific? This could
be similar to us individualizing our engineering simulations to a
specific mine.

The question is: can the risk for Covid-19 severity in CHD
then be established for any specific individual by inputting the
measured biomarkers of that person into the simulation model
based on Figure 4? We have already attempted Step 1. However,
for Step 2 much work and data are still needed.

Fortunately, there are numerous clinical trials currently
underway that focus on treatments for Covid-19 with respect to
the CHD hallmarks, namely the following:

(A) Hypercoagulation (122 trials)
(B) Hypercholesterolemia (23 trials)
(C) Hyperglycemia /Hyperinsulinemia (Diabetes) (84 trials)
(D) Inflammation (265 trials)
(E) Hypertension (68 trials)

The clinical trial numbers and respective treatments are available
as Supplementary Data. The total number of registered clinical
trials on CHD hallmarks effect on Covid-19 are 562. This also
includes 94 duplicate studies that focus on more than one
CHD hallmark.

If we can successfully develop a simulation model, could
the best control strategy (pharmaceuticals) be calculated for
each individual Covid-19 or CHD patient? This would be
similar to identifying the optimum control strategies, which we
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FIGURE 13 | Schematics of typical simulation networks for (A) engineering and (B) CHD (23). (A) provides a small section of computer model of a relatively complex

deep mine. (B) shows the initial computer model (23) developed from the existing CHD model in Figure 1 (23) using the simulation software developed for (A). The

CHD computer model includes all the known interactions for health factors, measured elements (salient biomarkers) and controls (pharmaceutical interventions).

Remember it is the measured biomarkers that individualize a patient.

routinely calculate in engineering, for each individual mine or
industrial complex.

However, we acknowledge that there are many assumptions
and restrictions relevant to a CHD/Covid-19 computational
analysis, which is completely speculative at present. For example,
research is needed to investigate how individualized predictions
will be feasible. The full details on the research question of
computational analysis will be the purpose of future papers.

Are There Other Opportunities in
Cardiovascular Disease That Can Be
Derived From This Paper and the Covid-19
Crisis?
We have shown in this paper that the late-stage consequences of
severe Covid-19 is often accelerated cardiovascular disease. We
have also shown that most pharmaceutical interventions which
mediate CHD also mediate the effects of Covid-19.

The question arises if the reverse is true. Are there any
reported pharmaceutical interventions that reduced Covid-19
severity which could potentially be of value for vascular disease?
This is an important question as approximately five times more
people died during the past year from cardiovascular disease than
from Covid-19.

Such a repurposed drug should preferably treat most of the
hallmarks of cardiovascular disease. We investigated such a drug
namely, ivermectin (150–155). Although ivermectin use is still
controversial as a drug against Covid-19, studies over nearly
three decades before Covid-19, has shown to reduce four of the
five hallmarks of cardiovascular disease. These results and the
publication dates are given below:

(A) Hypercoagulability: (1992) by increasing prothrombin time
in 6.7% (ivermectin group) vs. 1.4% (control group) of
participants in vivo (humans) (156).

(B) Hypercholesterolemia: cholesterol (2013) decreased by 1.5-
fold in vivo (mice) (157).

(C) Hyperglycemia: fasting blood glucose (2013) decreased by
1.4-fold in vivo (mice) (157).

(D) Hyperinsulinemia: fasting insulin (2013) decreased by 2.0-
fold in vivo (mice) (157).

(E) Inflammation: (2004) decreased IL-1β and TNF-α by 1.27-
fold in vitro (158).

Except for the CHD hallmark Inflammation (159) the focus of
ivermectin’s proposed mechanism of action (MOA) for Covid-
19 is currently on its anti-viral effect (150–153). However, if
ivermectin really shows promise for Covid-19 treatment, could
the full vascular MOA for ivermectin be as important or even
more important than its anti-viral effects?

This research question can only be answered fully by clinical
trials, which measure the relevant vascular biomarkers for each
CHD hallmark before and after ivermectin use. Side effects of
chronic use such as mild elevation of serum aminotransferases
should also be investigated (160).

The MOA of ivermectin for prevention of Covid-19,
reportedly seen in small studies (161), is also not clear to
the authors. Why would the anti-viral MOA of ivermectin
have a preventable effect if the patient has not been
infected yet?

If ivermectin really helps for prevention of Covid-19, could it
rather help create a healthier vascular system (“baseline”) before
the virus strikes, especially in vascular compromised individuals,
rather than only help via its proposed anti-viral effect? Therefore,
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could ivermectin’s effect on the vascular system during severe
Covid-19 be its most important MOA?

If well-designed clinical trials show that ivermectin could be a
potential cardiovascular drug, could it be an ideal, inexpensive,
drug for low- and middle-income countries where a high
percentage of global cardiovascular related deaths occur (162)?

Other Research Questions Emanating
From This Study
Other research questions that should be investigated in future
research are the following:

1. Why would β -blockers have an opposite effect on Covid-19
severity than on CHD?

2. There exists an anomaly between statin’s cholesterol lowering
effect and low cholesterol levels seen in end-stage Covid-19.
How can this drug help decrease Covid-19 severity while it
further decreases cholesterol? Can statin’s anti-inflammatory
effect be so large that it overrides its cholesterol lowering
effect? Would it then be better to drop statins and rather only
use anti-inflammatory medication? Or does it depend on the
stage of the disease, beneficial at first but not in the end stage?

3. Does a high correlation of most CHD related pharmaceutical
interventions and Covid-19 mean that other CHD
pharmaceuticals not investigated in detail for Covid-19
could also help reduce Covid-19 severity?

4. Are there pathways shown in the proposed model (Figure 4)
that do not have pharmaceuticals to regulate them? Could
this be the focus of new drug discovery for Covid-19
and cardiovascular disease?

5. Could the model be extended to include cerebrovascular
disease and other cardiac diseases such as heart failure,
valvular heart disease and peripheral artery disease?

CONCLUSION

Covid-19 data show that disease severity mostly occurs in
patients with pre-existing cardiovascular comorbidities i.e., in
patients with poor initial vascular “baselines.” Frontiers therefore
requested papers on how a systems approach can explore the
mechanisms of cardiovascular complications in Covid-19.

This study attempted to fulfill this request by integrating
pathways for severe Covid-19 into an existing coronary heart
disease (CHD) model. The resulting integrated CHD/Covid-19
model, depicted in Figure 4, gives insights into the following
issues, some also raised in the Frontiers request for research:

• The integrated CHD/Covid-19 pathogenesis of the death spiral
seen in some critical Covid-19 patients.

• The comprehensive mechanisms of how underlying CHD
comorbidities namely, Hyperglycemia/Hyperinsulinemia,
Hypercholesterolemia and/or Hypertension may fuel the
death spiral.

• The detailed pathogeneses of different health factors, which
effect CHD risk and Covid-19 severity.

• The mechanisms of how chronic CHD pharmaceutical
interventionsmay influence Covid-19 severity.

• The proposed model shows many pathways that currently
do not have pharmaceuticals which influence them. This
information can be the focus of future drug discovery.

• The proposed model can be further developed as a
computational tool not only for Covid-19 application but also
for cardiovascular disease.

• Insights into the hallmarks of CHD, shown in the integrated
CHD/Covid-19 model, also led to various research
questions that can form the basis for future research.
This includes potential repurposing of an existing drug for
cardiovascular disease.

Although the details in this study are complex the message is
simple. Studies such as this one not only highlight the value of a
cardiovascular healthy lifestyle in general but also specifically for
Covid-19. With the sharp focus on Covid-19 we hope that this
“healthy living” message will be intensified, thus help to reduce
cardiovascular deaths, the prime killer of man.
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NOMENCLATURE

ACE, Angiotensin-converting-enzyme
β-blocker, Beta-adrenergic antagonists
BDNF, Brain-derived neurotrophic factor
BNP, B-type natriuretic peptide
Covid-19, Coronavirus disease of 2019
COX, Cyclooxygenase
CRP, C-reactive protein
CHD, Coronary heart disease
D-dimer, Fibrin degradation product D
EC, Endothelial cell
FFA, Free fatty acids
GCF, Gingival crevicular fluid
GM-CSF, Granulocyte-Macrophage Colony-Stimulating Factor
HbA1c, Glycated hemoglobin A1c
HDL, High-density lipoprotein
HGD, High Glycemic Diet
HR, Hazard Ratio
Hs, Homocysteine
ICAM, Intracellular adhesion molecule
IGF-1, Insulin-like growth factor-1
IL, Interleukin
LDL, Low-density lipoprotein
MAPK, Mitogen-activated protein kinase
MCP, Monocyte chemoattractant protein
MIF, Macrophage migration inhibitory factor
MMP, Matrix metalloproteinase
MOA, Mechanism Of Action
MPO, Myeloperoxidase
NFκβ, Nuclear factor-kappa-beta
NLRP3, Nod-like receptor family pyrin domain containing 3
NO, Nitric oxide
NO-NSAID, Nitric oxide-non-steroidal anti-inflammatory drug
OPG, Osteoprotegerin
OR, Odds Ratio
oxLDL, Oxidized LDL
PAI, Plasminogen activator inhibitor
PDGF, Platelet-derived growth factor
P. gingivalis, Porphyromonas gingivalis

PI3K, Phosphatidylinositol 3-kinase
RANKL, Receptor activator of nuclear factor kappa-beta ligand
ROS, Reactive oxygen species
RR, Relative Risk
SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2
SCD-40, Recombinant human sCD40 ligand
SMC, Smooth muscle cell
SSRI, Serotonin reuptake inhibitors
TF, Tissue factor
TMAO, Oxidation product of trimethylamine
TNF-α, Tumor necrosis factor-alpha
VCAM, Vascular cell adhesion molecule
vWF, von Willebrand factor.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 31 February 2022 | Volume 9 | Article 737592484

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


SYSTEMATIC REVIEW
published: 14 March 2022

doi: 10.3389/fcvm.2022.831143

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 March 2022 | Volume 9 | Article 831143

Edited by:

Nicola Mumoli,

ASST Ovest Milanese, Italy

Reviewed by:

Antonia Anna Lukito,

University of Pelita Harapan, Indonesia

Wenyang Jiang,

Chinese Academy of Medical

Sciences and Peking Union Medical

College, China

Efstratios Karagiannidis,

Aristotle University of

Thessaloniki, Greece

Vinod Krishnappa,

University of North Carolina Health

Southeastern, United States

*Correspondence:

Tao-Hsin Tung

ch2876@gmail.com

Sizhong Xing

xsz7220@163.com

†These authors have contributed

equally to this work and share first

authorship

Specialty section:

This article was submitted to

Cardiovascular Epidemiology and

Prevention,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 09 December 2021

Accepted: 07 February 2022

Published: 14 March 2022

Citation:

Wang Y, Kang L, Chien C-W, Xu J,

You P, Xing S and Tung T-H (2022)

Comparison of the Characteristics,

Management, and Outcomes of

STEMI Patients Presenting With vs.

Those of Patients Presenting Without

COVID-19 Infection: A Systematic

Review and Meta-Analysis.

Front. Cardiovasc. Med. 9:831143.

doi: 10.3389/fcvm.2022.831143

Comparison of the Characteristics,
Management, and Outcomes of
STEMI Patients Presenting With vs.
Those of Patients Presenting Without
COVID-19 Infection: A Systematic
Review and Meta-Analysis
Yanjiao Wang 1,2†, Linlin Kang 1,2†, Ching-Wen Chien 2, Jiawen Xu 2, Peng You 2,

Sizhong Xing 1* and Tao-Hsin Tung 3*

1 Shenzhen Bao’an District Traditional Chinese Medicine Hospital, Shenzhen, China, 2 Institute for Hospital Management,

Tsing Hua University, Shenzhen, China, 3 Evidence-Based Medicine Center, Taizhou Hospital of Zhejiang Province Affiliated to

Wenzhou Medical University, Linhai, China

Objectives: This study aimed to investigate the differences in the characteristics,

management, and clinical outcomes of patients with and that of those without

coronavirus disease 2019 (COVID-19) infection who had ST-segment elevation

myocardial infarction (STEMI).

Methods: Databases including Web of Science, PubMed, Cochrane Library, and

Embase were searched up to July 2021. Observational studies that reported on the

characteristics, management, or clinical outcomes and those published as full-text

articles were included. The Newcastle-Ottawa Scale (NOS) was used to assess the

quality of all included studies.

Results: A total of 27,742 patients from 13 studies were included in this meta-analysis.

Significant delay in symptom onset to first medical contact (SO-to-FMC) time (mean

difference = 23.42min; 95% CI: 5.85–40.99min; p = 0.009) and door-to-balloon (D2B)

time (mean difference = 12.27min; 95% CI: 5.77–18.78min; p = 0.0002) was observed

in COVID-19 patients. Compared to COVID-19 negative patients, those who are positive

patients had significantly higher levels of C-reactive protein, D-dimer, and thrombus grade

(p < 0.05) and showed more frequent use of thrombus aspiration and glycoprotein

IIbIIIa (Gp2b3a) inhibitor (p < 0.05). COVID-19 positive patients also had higher rates of

in-hospital mortality (OR = 5.98, 95% CI: 4.78–7.48, p < 0.0001), cardiogenic shock

(OR = 2.75, 95% CI: 2.02–3.76, p < 0.0001), and stent thrombosis (OR = 5.65,

95% CI: 2.41–13.23, p < 0.0001). They were also more likely to be admitted to the

intensive care unit (ICU) (OR = 4.26, 95% CI: 2.51–7.22, p < 0.0001) and had a longer

length of stay (mean difference = 4.63 days; 95% CI: 2.56–6.69 days; p < 0.0001).
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Conclusions: This study revealed that COVID-19 infection had an impact on the

time of initial medical intervention for patients with STEMI after symptom onset and

showed that COVID-19 patients with STEMI were more likely to have thrombosis and

had poorer outcomes.

Keywords: COVID-19, SARS-CoV-2, mortality, ST-segment elevation myocardial infarction, STEMI

INTRODUCTION

An eventual pandemic brought by the coronavirus disease
2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) resulted in plenty of deaths and
has had a strong impact on the world’s healthcare system
(1–3). Although the disease is predominantly characterized
by respiratory symptoms, including pneumonia, dyspnea, and
cough (4), various extrapulmonary features, such as myocardial
damage, arrhythmia, thrombotic events, and renal injury have
also been observed (5, 6).

A type of heart attack called ST-segment elevation myocardial
infarction (STEMI) is usually caused by thrombotic occlusion
at the site of a ruptured plaque in the coronary artery (7).
Although the survival rates of STEMI patients have improved,
it is still associated with high morbidity and mortality worldwide
with a 1-year mortality rate of up to 10% (8–10). The COVID-
19 pandemic may lead to a decrease in the number of
STEMI admissions and could have a significant impact on the
reperfusion strategy for patients with STEMI (11, 12). The
tendency of patients with COVID-19 to be predisposed to cardiac
arrest and coronary thrombosis due to increased inflammation,
platelet activation, endothelial dysfunction, and SARS-CoV-2
invasion of cardiomyocytes has been reported (13–15).Moreover,
data regarding the characteristics, management strategies,
and clinical outcomes including in-hospital mortality and
cardiogenic shock in patients presenting with STEMI concurrent
with COVID-19 infection are limited (16). Accordingly, we
aimed to conduct a systematic review and meta-analysis
to compare the characteristics, management, and clinical
outcomes between the COVID-19 and non-COVID-19 patients
concomitant STEMI.

METHODS

Literature Search
We performed a literature search using databases including
Web of Science (Beijing), PubMed (Bethesda), Cochrane Library
(UK), and Embase (Amsterdam) for relevant papers without
language limitation on July 31, 2021. The search strategy included
a mix of MeSH and free-text terms relevant to the critical
concept of “STEMI” and “COVID-19” (Table 1). The protocol
for this meta-analysis was registered at PROSPERO under the
number CRD42021283880.

Study Selection
Studies were included if they met the following inclusion criteria:
(i) studies involving STEMI patients; (ii) the exposure group
included patients diagnosed with COVID-19 using PCR test

or had a high index of clinical suspicion, and the control
group included patients without COVID-19; (iii) studies that
reported at least one of the following information: characteristics,
management strategy, or clinical outcomes; (iv) relevant cohort
studies, cross-sectional studies, case series, and case-control
studies. Two independent authors screened the titles and
abstracts of all relevant studies and identified whether they met
the inclusion criteria by reviewing the full text of each potential
study. Any discrepancy was resolved through consensus with a
third author.

Data Extraction and Quality Assessment
Relevant data from all included studies were extracted by two
authors independently, and any disagreement was resolved by
discussion with a third author. The following data were extracted:
authors, publication year, country, study design, study subject,
sample size, mean age of patients/subjects, sex, comparison
period, participant characteristics, management strategies, and
clinical outcomes. The Newcastle–Ottawa Scale (NOS), which
includes participant selection, comparability, and outcome, was
used to assess the quality of the included studies. Likewise, all
included studies were rated by two authors independently, and
any discrepancy was adjudicated by consensus.

Statistical Analysis
We used Review Manager 5.4 (The Nordic Cochrane Center,
Cochrane Collaboration, 2020, Denmark) to perform the
statistical analysis. If studies only reported median values and
interquartile ranges (IQR), means and SDs were calculated
according to the Box-Cox method (17). Categorical variables
were presented as odds ratios (ORs), including 95% CIs, and
continuous variables were presented as the mean difference
(MD) or standardizedmean difference (SMD), including 95% CI.
Heterogeneity was assessed using the I2 statistic and the p-value
of the chi-square test. The I2 statistic > 50% indicates significant
heterogeneity. The choice between the fixed and random effects
models depended on the comparability among the studies. A
two-tailed p-value of < 0.05 was interpreted to be statistically
significant. The risk of publication bias was evaluated using the
funnel plots.

RESULTS

Characteristics of Included Studies
A total of 2,702 articles were retrieved through electronic
database searches, of which 1,371 were duplicates. After
screening the titles and abstracts, 24 potential articles were
assessed for eligibility after a full-text review, and 13 articles
(18–30) with a total of 27,742 patients were finally included
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TABLE 1 | Search strategy.

Database Searching key words

PubMed (1) “ST Segment Elevation

Myocardial Infarction”: 9451

(10) SARS-CoV-2: 106826

(2) “ST Elevated Myocardial

Infarction”: 317

(11) “Coronavirus disease 19”:

1603

(3) STEMI: 28060 (12) “Severe Acute Respiratory

Syndrome Coronavirus 2”:

16865

(4) “Acute myocardial infarction”:

61630

(13) “novel coronavirus”: 9766

(5) AMI: 25165 (14) “2019 novel coronavirus”:

1550

(6) “Acute coronary syndromes”:

13188

(15) #1 or #2 or #3 or #4 or #5

or #6 or #7: 208085

(7) ACS: 116546 (16) #8 or #9 or #10 or #11 or

#12 or #13 or #14: 169136

(8) “SARSCoV-2 pandemic”: 120 (17) #15 and #16: 1340

(9) COVID-19: 168784

Web of

science

(1) “ST Segment Elevation

Myocardial Infarction”: 17531

(10) SARS-CoV-2: 127748

(2) “ST Elevated Myocardial

Infarction”: 1899

(11) “Coronavirus disease 19”:

3460

(3) STEMI: 23388 (12) “Severe Acute Respiratory

Syndrome Coronavirus 2”:

58794

(4) “Acute myocardial infarction”:

145384

(13) “novel coronavirus”: 14678

(5) AMI: 44201 (14) “2019 novel coronavirus”:

2224

(6) “Acute coronary syndromes”:

27560

(15) #1 or #2 or #3 or #4 or #5

or #6 or #7: 248982

(7) ACS: 58425 (16) #8 or #9 or #10 or #11 or

#12 or #13 or #14: 262441

(8) “SARSCoV-2 pandemic”: 25 (17) #15 and #16: 1098

(9) COVID-19: 248069

Cochrane

library

(1) “ST Segment Elevation

Myocardial Infarction”: 4031

(10) SARS-CoV-2: 322

(2) “ST Elevated Myocardial

Infarction”: 156

(11) “Coronavirus disease 19”:

43

(3) STEMI: 3616 (12) “Severe Acute Respiratory

Syndrome Coronavirus 2”: 631

(4) “Acute myocardial infarction”:

9325

(13) “novel coronavirus”: 497

(5) AMI: 3603 (14) “2019 novel coronavirus”:

55

(6) “Acute coronary syndromes”:

2562

(15) #1 or #2 or #3 or #4 or #5

or #6 or #7: 19050

(7) ACS: 4853 (16) #8 or #9 or #10 or #11 or

#12 or #13 or #14: 6784

(8) “SARSCoV-2 pandemic”: 52 (17) #15 and #16: 31

(9) COVID-19: 6666

Embase (’acute myocardial infarction’:ti,ab,kw OR ami:ti,ab,kw OR ’acute

coronary syndromes’:ti,ab,kw OR acs:ti,ab,kw OR ’st segment

elevation myocardial infarction’:ti,ab,kw OR ’st elevated myocardial

infarction’:ti,ab,kw OR stemi:ti,ab,kw) AND (’sarscov-2

pandemicor COVID-19’:ti,ab,kw OR ’sars cov 2’:ti,ab,kw OR

’coronavirus disease 19’:ti,ab,kw OR ’novel coronavirus’:ti,ab, kw

OR ’severe acute respiratory syndrome coronavirus 2’:ti,ab,kw)

AND [1-1-1900]/sd NOT [1-8-2021]/sd; result = 233

(Figure 1). A summary of the main characteristics of these 13
studies and the baseline characteristics of all study subjects is
presented in Tables 2A,B. One study originated from Poland
(19), two each from theUnited Kingdom (24, 28), France (18, 21),
Turkey (20, 30), Italy (25, 26), and Spain (27, 29), and the
remaining two studies (22, 23) were international studies. The
NOS score for all included studies varied from 5 to 8 points.

Delays
The symptom onset to first medical contact (SO-to-FMC) time
among STEMI, which was reported in four studies (19, 20, 27,
30), was significantly different between the COVID-19 group and
the non-COVID-19 group (MD = 23.42min, 95% CI: 5.85 to
40.99min, p = 0.009; Figure 2A). Furthermore, seven studies
(18, 22–25, 28, 30) reported the time from door to balloon (D2B)
and found that D2B was significantly longer in the COVID-
19 group (MD = 12.27min, 95% CI: 5.77 to 18.78min, p
= 0.0002; Figure 2B) than in the non-COVID-19 group. 3.3
Laboratory values.

The meta-analysis showed that compared to the non-COVID-
19 group, the COVID-19 group had significantly higher levels
of C-reactive protein (CRP), white blood cell count (WBC), and
D-dimer (SMD = 0.76, 95% CI: 0.38 to 1.13, p < 0.0001; SMD
= 0.39, 95% CI: 0.1 to 0.69, p = 0.009; SMD = 0.79, 95% CI:
0.36 to 1.22, p = 0.0003, respectively, Figures 3A–C), and had
significantly lower level of lymphocyte count (SMD = −0.52,
95% CI:−0.69,−0.36, p < 0.0001, Figure 3D).

Management and Procedural
Characteristic
There was no significant difference in the rate of primary
angioplasty between the two groups (OR = 0.28, 95% CI:
0.08 to 1.01, p = 0.05; Figure 4A). Myocardial infarction with
no obstructive coronary atherosclerosis (MINOCA) was more
frequently observed, and the rate of stent implantation was lower
in patients with COVID-19 infection (OR= 9.57, 95% CI: 2.14 to
42.83, p = 0.003; OR = 0.28, 95% CI: 0.11 to 0.71, p = 0.008,
respectively, Figures 4B,C). Baseline thrombus grade > 3 and
modified thrombus grade > 3 were significantly higher in the
COVID-19 group than in the non-COVID-19 group (OR= 3.09,
95%CI: 1.83 to 5.23, p< 0.0001; OR= 5.84, 95%CI: 1.36 to 25.06,
p = 0.02, respectively; Figures 4D,E). Intracoronary thrombus
was angiographically identified and scored in 0–5 grades as
previously described (31). In patients initially presenting with
grade 5, thrombus grade will be reclassified into one of the
other categories after flow achievement (32). After reclassification
and based on clinical outcomes, the thrombus burden can be
divided into 2 categories: low thrombus grade for thrombus <

grade 4, and high thrombus grade for thrombus grade 4 (32).
Consistent with this, the COVID-19 group showed a higher
use of thrombus aspiration and glycoprotein IIbIIIa (Gp2b3a)
inhibitor (OR = 1.68, 95% CI: 1.25 to 2.26, p = 0.0007; OR =

2.86, 95%CI: 1.78 to 4.62, p< 0.0001, respectively; Figures 4F,G).
Moreover, thrombolysis in myocardial infarction (TIMI)-3 flow
post-procedure was less common in the COVID-19 group than
in the non-COVID-19 group (OR = 0.6, 95% CI: 0.42 to 0.84, p
= 0.003, Figure 4H).
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FIGURE 1 | PRISMA flow diagram.

In-Hospital Outcomes
In-hospital mortality among patients with COVID-19 was
significantly higher than that in patients without COVID-19 (OR
= 5.98, 95% CI: 4.78 to 7.48, p < 0.0001, Figure 5A). The rates
of cardiogenic shock as well as stent thrombosis were also higher
in the COVID-19 group than in the non-COVID-19 group (OR
= 2.75, 95% CI: 2.02 to 3.76, p < 0.0001; OR = 5.65, 95% CI:
2.41 to 13.23, p < 0.0001, respectively; Figures 5B,C). Although
bleeding was more common in STEMI patients with COVID-19,
there was no significant difference between the two groups (OR
= 2.82, 95% CI: 0.88 to 9.05, p = 0.08, Figure 5D). In addition,
patients with COVID-19 were more likely to be admitted to the
intensive care unit (ICU) and had a longer length of hospital
stay (OR = 4.26, 95% CI: 2.51 to 7.22, p < 0.0001; MD =

4.63 days, 95% CI: 2.56 to 6.69 days, p < 0.0001, respectively,
Figures 5E,F).

Grade Summary of Findings
The GRADE summary of findings tool was used to evaluate
the quality of evidence, and the assessment for each outcome
is presented in Table 3. In addition to in-hospital mortality,
which moderates the quality of evidence, other outcomes had
low or very low quality of evidence because all included studies
were observational.

Sensitivity Analysis and Publication Bias
The leave-one-out approach was applied for sensitivity
analysis to evaluate the impact of a single study on
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TABLE 2A | Characteristics of included studies.

References Country Study design Study group Participants characteristics Comparison

period

COVID-19 diagnosis

approach/time to

diagnosis

Major findings

Popovic et al.

(18)

France Monocentric

cohort study

COVID-19 STEMI n = 11, age 63.6 ± 17.4 years,

63.9% males

26/2/2020–

10/5/2020

RT-PCR or typical

clinical features plus CT

results/NA

D2B time, Laboratory values, Primary

angioplasty, MINOCA, Stent

implantation, Gp2b3a inhibitor use, TIMI

status, In-hospital mortality

Non-COVID-19

STEMI

n = 72, age 62.5 ± 12.6 years,

73.6% males

26/2/2020–

10/5/2020

Siudak et al.

(19)

Poland Multicentric

cohort study

COVID-19 STEMI n = 145, age 63.19 ± 12.55 years,

71.33% males

13/3/2020–

13/5/2020

Swabs for molecular

RT-PCR testing/NA

SO-to-FMC time

Non-COVID-19

STEMI

n = 2276, age 65.43 ± 12.23

years, 67.65% males

13/3/2020–

13/5/2020

Kiris et al. (20) Turkey Multicentric

cross-sectional

study

COVID-19 STEMI n = 65, age 66.8 ± 12.0 years,

68% males

11/3/2020–

15/5/2020

Nasal/pharyngeal swabs

or semptoms plus

radiological imaging/NA

SO-to-FMC time, Laboratory values,

Primary angioplasty, Thrombus

aspiration, Gp2b3a inhibitor use,

Baseline thrombus grade, Modified

thrombus grade, TIMI status, In-hospital

mortality, Bleeding, Stent thrombosis,

Cardiogenic shock

Non-COVID-19

STEMI

n = 668, age 60.0 ± 12.3 years,

78% males

11/3/2020–

15/5/2020

Koutsoukis

et al. (21)

France Multicentric

cross-sectional

study

COVID-19 STEMI n = 17, age 63.4 ± 13.2 years,

70% males

1/4/2020–

22/4/2020

RT-PCR on

nasopharyngeal

samples/NA

Laboratory values, Primary angioplasty,

Thrombus aspiration, MINOCA, Stent

implantation, Gp2b3a inhibitor use,

In-hospital mortality

Non-COVID-19

STEMI

n = 99, age 63.8 ± 13.9 years,

67% males

1/4/2020–

22/4/2020

Garcia et al. (22) USA & Canada Multicentric

cohort study

COVID-19 STEMI n = 230, 71% males 1/1/2020–

6/12/2020

Comfirmed COVID+ by

any commercially

available test/NA

D2B time, Primary angioplasty,

MINOCA, In-hospital mortality, LOS

Non-COVID-19

STEMI

n = 460, 68% males 1/2015–12/2019

Kite et al. (23) Data from 55

international

centers

Multicentric

corhort study

COVID-19 STEMI n = 144, age 63.1 ± 12.6 years,

77.8% males

1/3/2020–

31/7/2020

RT-PCR or clinical

status plus CXR or CT

findings/NA

D2B time, Laboratory values, Thrombus

aspiration, In-hospital mortality,

Bleeding, Cardiogenic shock, LOS

Non-COVID-19

STEMI

n = 24961, age 65.6 ± 13.4 years,

72.2% males

2018–2019

Little et al. (24) UK Multicentric

cohort study

COVID-19 STEMI n = 46, age 61.80 ± 7.95 years,

80.4% males

1/3/2020–

30/4/2020

RT-PCR on

oro/nasopharyngeal

throat swabs or typical

symptoms plus

radiographic

appearances and

characteristic blood

test/NA

D2B time, Laboratory values, Thrombus

aspiration, Gp2b3a inhibitor use, TIMI

status, In-hospital mortality, Cardiogenic

shock, ICU admission, LOS

(Continued)
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TABLE 2A | Continued

References Country Study design Study group Participants characteristics Comparison

period

COVID-19 diagnosis

approach/time to

diagnosis

Major findings

Non-COVID-19

STEMI

n = 302, age 64.18 ± 13.41 years,

79.8% males

1/3/2020–

30/4/2020

Marfella et al.

(25)

Italy Multicentric

cohort study

COVID-19 STEMI n = 46, age 56.13 ± 6.21 years,

67.4% males

2/2020–11/2020 RT-PCR on

nasal/pharyngeal

swabs/NA

D2B time, Laboratory values, Gp2b3a

inhibitor use, Modified thrombus grade,

TIMI status, In-hospital mortality, LOS,

ICU admission, Cardiogenic shock

Non-COVID-19

STEMI

n = 130, age 68.43 ± 6.46 years,

66.2% males

2/2020–11/2020

Pellegrini et al.

(26)

Italy Monocentric

cohort study

COVID-19 STEMI n = 24, age 69.63 ± 11.00 years,

83.3% males

8/3/2020–

20/4/2020

RT-PCR on nasal swab

or endotracheal

aspirate/3–6 h

Thrombus aspiration, MINOCA, Stent

implantation, Gp2b3a inhibitor use,

In-hospital mortality, Cardiogenic shock,

Bleeding

Non-COVID-19

STEMI

n = 26, age 64.65 ± 13.04 years,

84.6% males

8/3/2020–

20/4/2020

Rodriguez-Leor

et al. (27)

Spain Multicentric

cohort study

COVID-19 STEMI n = 91, age 64.8 ± 11.8 years,

84.4% males

14/3/2020–

30/4/2020

PCR assay/NA SO-to-FMC time, Primary angioplasty,

Thrombus aspiration, MINOCA, Stent

implantation, Gp2b3a inhibitor use, TIMI

status, In-hospital mortality, Cardiogenic

shock, Stent thrombosis, bleeding

Non-COVID-19

STEMI

n = 919, age 62.5 ± 13.1 years,

78.4% males

14/3/2020–

30/4/2020

Choudry et al.

(28)

UK Monocentric

cohort study

COVID-19 STEMI n = 39, age 61.7 ± 11.0 years,

84.6% males

1/3/2020–

20/5/2020

PT-PCR on nasal/

pharyngeal swabs/NA

D2B time, Laboratory values, Primary

angioplasty, Thrombus aspiration,

Gp2b3a inhibitor use, Baseline thrombus

grade, Modified thrombus grade, TIMI

status, In-hospital mortality, Stent

thrombosis

Non-COVID-19

STEMI

n = 76, age 61.7 ± 12.6 years,

75% males

1/3/2020–

20/5/2020

Blasco et al.

(29)

Spain Monocentric

cross-sectional

study

COVID-19 STEMI n = 5, age 62 ± 14 years, 80%

males

23/3/2020–

11/4/2020

RT-PCR on

nasopharyngeal and

throat swab samples/NA

Laboratory values

Non-COVID-19

STEMI

n = 50, age 58 ± 12 years, 88%

males

7/2015–12/2015

Güler et al. (30) Turkey Monocentric

cross-sectional

study

COVID-19 STEMI n = 62, age 60.2 ± 9.5 years,

66.1% males

11/3/2020–

10/1/2021

RT-PCR on

nasopharyngeal swabs /

NA

SO-to-FMC time, D2B time, Laboratory

values, Thrombus aspiration, Gp2b3a

inhibitor use, Baseline thrombus grade,

TIMI status, In-hospital mortality, ICU

admission, LOS

Non-COVID-19

STEMI

n = 64, age 63 ± 8 years, 70.3%

males

11/3/2020–

10/1/2021

UK, United Kingdom; NOS, Newcastle-Ottawa Scale; D2B, door to balloon; MINOCA, myocardial infarction with non-obstructive coronary arteries; TIMI, thrombolysis in myocardial infarction; SO-to-FMC, symptom onset to first medical

contact; LOS, length of stay; ICU, intensive care unit; RT-PCR, reverse transcriptase-polymerase chain reaction; CT, computed tomography; CXR, chest x-ray.
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TABLE 2B | Baseline characteristics of study subjects.

References Study group Total

subjects (n)

Age (years) (mean ±

SD)

Male (%) Body mass

index

(kg/m2)

Diabetes

mellitus (%)

Hypertension (%) Dyslipidemia

(%)

Smoking

(%)

Multivessel

desease (%)

Previous

myocardial

infarction (%)

Popovic et al. (18) COVID-19 STEMI 11 63.6 ± 17.4 63.9 25.1 ± 8.1 18.2 45.5 27.3 36.4 0 NA

Non-COVID-19 STEMI 72 62.5 ± 12.6 73.6 27.02 ± 4.8 19.4 43.1 38.9 55.6 12.5 NA

Siudak et al. (19) COVID-19 STEMI 145 63.19 ± 12.55 71.33 NA 14.48 46.21 NA 37.24 NA 12.41

Non-COVID-19 STEMI 2,276 65.43 ± 12.23 67.65 NA 16.86 57.55 NA 31.08 NA 15.94

Kiris et al. (20) COVID-19 STEMI 65 66.8 ± 12.0 68 NA 26 48 NA 34 44 NA

Non-COVID-19 STEMI 668 60.0 ± 12.3 78 NA 29 42 NA 33 40 NA

Koutsoukis et al.

(21)

COVID-19 STEMI 17 63.4 ± 13.2 70 NA NA NA NA NA 30.7 NA

Non-COVID-19 STEMI 99 63.8 ± 13.9 67 NA NA NA NA NA 61.2 NA

Garcia et al. (22) COVID-19 STEMI 230 18–55 yrs: 23%; 55–65

yrs: 32%; 66–75 yrs:

28%; >75 yrs: 17%

71 29.3 ± 7.6 46 73 46 44 0 13

Non-COVID-19 STEMI 460 18–55 yrs: 26%; 55–65

yrs: 30%; 66–75 yrs:

27%; >75 yrs: 17%

68 29.5 ± 6.4 28 69 60 59 16 24

Kite et al. (23) COVID-19 STEMI 144 63.1 ± 12.6 77.8 27.3 ± 4.5 34 64.8 46 31.7 NA 16.4

Non-COVID-19 STEMI 24,961 65.6 ± 13.4 72.2 27.8 ± 5.5 20.9 44.8 28.9 33.7 NA 13

Little et al. (24) COVID-19 STEMI 46 61.80 ± 7.95 80.4 NA 32.6 54 52.2 41.3 NA 10.9

Non-COVID-19 STEMI 302 64.18 ± 13.41 79.8 NA 23.5 50.7 33.1 41.7 NA 12.6

Marfella et al. (25) COVID-19 STEMI 46 56.13 ± 6.21 67.4 27.09 ± 1.81 17.4 39.1 15.2 6.5 NA NA

Non-COVID-19 STEMI 130 68.43 ± 6.46 66.2 29.55 ± 1.97 29.2 55.4 23.7 29.2 NA NA

Pellegrini et al.

(26)

COVID-19 STEMI 24 69.63 ± 11.00 83.3 26.60 ± 3.36 41.7 70.8 62.5 29.2 45.8 29.2

Non-COVID-19 STEMI 26 64.65 ± 13.04 84.6 26.11 ± 3.43 15.4 53.9 65.4 38.5 28.6 19.2

Rodriguez-Leor

et al. (27)

COVID-19 STEMI 91 64.8 ± 11.8 84.4 NA 23.1 51.7 48.4 18.7 37.4 NA

Non-COVID-19 STEMI 919 62.5 ± 13.1 78.4 NA 20.9 53.3 46.9 45.5 37.1 NA

Choudry et al.

(28)

COVID-19 STEMI 39 61.7 ± 11.0 84.6 26.7

(24.8–30.7)

46.2 71.8 61.6 61.6 NA 15.4

Non-COVID-19 STEMI 76 61.7 ± 12.6 75 26.7

(24.8–30.7)

46.2 42.1 36.8 46.1 NA 3.9

Blasco et al. (29) COVID-19 STEMI 5 62 ± 14 80 28.0

(27.3–30.1)

0 80 0 40 NA NA

Non-COVID-19 STEMI 50 58 ± 12 88 27.6

(24.9–30.3)

8 42 52 78 NA NA

Güler et al. (30) COVID-19 STEMI 62 60.2 ± 9.5 66.1 NA 48.4 59.7 43.5 51.6 NA 9.7

Non-COVID-19 STEMI 64 63 ± 8 70.3 NA 54.7 57.8 34.3 56.3 NA 28.1
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FIGURE 2 | (A) Symptom onset to first medical contact (SO-to-FMC) time forest plot (minutes). (B) Door to balloon (D2B) time forest plot (minutes).

outcomes with a high degree of heterogeneity. As shown
in Table 4, the overall results were relatively robust and
not influenced by a single study, except for primary
angioplasty, stent implantation, and modified thrombus
grade. An asymmetrical plot was observed in some
funnel plots, suggesting that publication bias may exist
(Figures 6A–9F).

DISCUSSION

Clinical Implications
This is the first meta-analysis to compare the characteristics,
management, and clinical outcomes of patients with STEMI
presenting with COVID-19 infection and that of those patients
without COVID-19 infection. Compared to the non-COVID-
19 group, the COVID-19 group had significant delays in SO-
to-FMC and D2B times. Among the two groups, laboratory
values, such as CRP, WBC, and D-dimer, were elevated in the
COVID-19 group, while lymphocyte count was found to be lower
compared to the non-COVID-19 group. In addition, STEMI
concomitant with COVID-19 infection was characterized by
a higher rate of MINOCA, lower rate of stent implantation,
and higher thrombus grade, and associated higher use of
thrombus aspiration and Gp2b3a inhibitors. Furthermore, we
found that the COVID-19 group had an increased rate of in-
hospital mortality, cardiogenic shock, stent thrombosis, ICU
admission, longer length of hospital stays, and decreased TIMI
flow post-procedure.

The COVID-19 pandemic started in late 2019 and has
caused severe delays in the treatment of patients with STEMI
compared to the pre-COVID-19 era, and this is mostly
explained by the limited access to emergency medical services

(EMS) and the lack of effective organization of healthcare
systems (33, 34). Several studies reported that the time from
SO-to-FMC and D2B was longer in STEMI patients with
COVID-19 than in those without COVID-19, which may be
related to the following factors: a higher rate of respiratory
symptoms without chest pain as a clinical manifestation
in COVID-19 patients may result in an unclear diagnosis
of heart attack and lead to a delay in seeking medical
service (35), Furthermore, interventional procedures may be
more complex in COVID-19 patients than in non-COVID-19
patients (24).

The reperfusion strategy for patients with STEMI during
the COVID-19 pandemic remains controversial. The Chinese
Cardiac Society and the Canadian Association of Interventional
Cardiology recommend thrombolysis as the preferred
reperfusion strategy for patients with STEMI (36, 37). In
contrast, the American College of Cardiology (ACC) and the
Society for Cardiovascular Angiography and Interventions
(SCAI) still suggested the use of primary percutaneous coronary
intervention (PPCI) as the main treatment for all patients with
STEMI during the COVID-19 crisis (1, 2). Rashid et al. reported
that STEMI patients with COVID-19 were less likely to receive
PPCI than STEMI patients without COVID-19 (38). However,
in this study, we did not find a significant difference in the
rate of primary angioplasty between both groups. Moreover,
we found that the COVID-19 group had a lower rate of stent
implantation, which may be associated with a higher rate
of MINOCA.

Previous studies have shown that COVID-19 may lead to
a prothrombotic state and that a high thrombus burden is
more common in STEMI patients with COVID-19 (39–42).
SARS-CoV-2 causes a systemic inflammatory response, resulting
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TABLE 3 | GRADE summary of findings.

Effects of COVID-19 in STEMI patients

Patient or population: STEMI Patients

Setting: Europe, Asian, North America

Intervention: COVID-19

Comparison: Non-COVID-19

Outcomes Anticipated absolute effects* (95% CI) Relative effect (95% CI) No of participants (studies) Certainty of the

evidence (GRADE)

Comments

Risk with

Non-COVID-19

Risk with COVID-19

Symptom-to-FMC time The mean

symptom-to-FMC

time was 0

MD 23.42 higher (5.85

higher to 40.99 higher)

– 4,290 (4 observational studies) ⊕©©© Very low NA

D2B time The mean D2B time

was 0

MD 12.27 higher (5.77

higher to 18.78 higher)

– 26,643 (7 observational studies) ⊕©©© Very low NA

CRP – SMD 0.76 higher (0.38

higher to 1.13 higher)

– 1,576 (7 observational studies) ⊕©©© Very low NA

WBC – SMD 0.39 higher (0.1

higher to 0.69 higher)

– 1,205 (5 observational studies) ⊕©©© Very low NA

D–Dimer – SMD 0.79 higher (0.36

higher to 1.22 higher)

– 324 (3 observational studies) ⊕©©© Very low NA

Lymphocyte count – SMD 0.52 lower (0.69

lower to 0.36 lower)

– 848 (5 observational studies) ⊕⊕©© Low NA

Primary angioplasty 942 per 1,000 820 per 1,000 (566 to 943) OR 0.28 (0.08 to 1.01) 2,796 (7 observational studies) ⊕©©© Very low NA

MINOCA 55 per 1,000 356 per 1,000 (110 to 712) OR 9.57 (2.14 to 42.83) 1,949 (5 observational studies) ⊕©©© Very low NA

Stent implantation 895 per 1,000 704 per 1,000 (483 to 858) OR 0.28 (0.11 to 0.71) 1,264 (4 observational studies) ⊕©©© Very low NA

Baseline thrombus

grade > 3

677 per 1,000 866 per 1,000 (793 to 916) OR 3.09 (1.83 to 5.23) 974 (3 observational studies) ⊕©©© Very low NA

Modified thrombus

grade > 3

350 per 1,000 759 per 1,000 (423 to 931) OR 5.84 (1.36 to 25.06) 1,024 (3 observational studies) ⊕©©© Very low NA

Thrombus aspiration 204 per 1,000 301 per 1,000 (243 to 367) OR 1.68 (1.25 to 2.26) 2,498 (7 observational studies) ⊕⊕©© Low NA

Gp2b3a inhibitor 176 per 1,000 379 per 1,000 (275 to 496) OR 2.86 (1.78 to 4.62) 2,757 (9 observational studies) ⊕©©© Very low NA

TIMI-3 Flow 892 per 1,000 832 per 1,000 (776 to 874) OR 0.60 (0.42 to 0.84) 2,572 (7 observational studies) ⊕⊕©© Low NA

In- hospital mortality 57 per 1,000 265 per 1,000 (224 to 311) OR 5.98 (4.78 to 7.48) 25,266 (11 observational studies) ⊕⊕⊕© Moderate NA

Cardiogenic shock 84 per 1,000 201 per 1,000 (156 to 256) OR 2.75 (2.02 to 3.76) 24,085 (5 observational studies) ⊕⊕©© Low NA

Stent thrombosis 10 per 1,000 52 per 1,000 (23 to 114) OR 5.65 (2.41 to 13.23) 1,858 (3 observational studies) ⊕⊕©© Low NA

Bleeding 5 per 1,000 13 per 1,000 (4 to 39) OR 2.82 (0.88 to 9.05) 15,850 (4 observational studies) ⊕©©© Very low NA

ICU admission 83 per 1,000 277 per 1,000 (184 to 394) OR 4.26 (2.51 to 7.22) 650 (3 observational studies) ⊕©©© Very low NA

Length of stay The mean length of

stay was 0

MD 4.63 higher (2.56

higher to 6.69 higher)

- 26,445 (5 observational studies) ⊕©©© Very low NA
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FIGURE 3 | (A) C-reactive protein (CRP) forest plot (mg/dl). (B) White blood cell (WBC) forest plot (*109/L). (C) D-dimer forest plot (mg/L). (D) Lymphocyte count

forest plot (*109/L).

in endothelial and hemostatic activation, which involves the

activation of platelets and the coagulation cascade (43). In
addition, our study found that the time from SO-to-FMC and
D2B was longer in STEMI patients with COVID-19 than in
those without COVID-19. The studies of Duman et al. (44)
and Ge et al. (45) reported that the delay in SO-to-FMC
and D2B would prolong the time for opening infarct-related
vessels which may account for a higher thrombus burden.
Therefore, in the COVID era, it is of great significance that
novel technologies should be developed so as to achieve more

efficient thrombus aspiration in patients with very high intra-

coronary thrombus burden such as patients with STEMI and
coexistent COVID-19 infection (46). Furthermore, strategies to
reduce reperfusion delay times such as educating the public
about the recognition and diversity of coronary symptoms and
optimizing interventional procedures are essential. In keeping
with the high thrombus burden, the COVID-19 group had
elevated CRP, WBC, and D-dimer levels and a lower lymphocyte
count compared to the non-COVID-19 group. High thrombus
grade, reduced TIMI flow, high rate of MINOCA, and stent
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FIGURE 4 | Continued
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FIGURE 4 | (A) Primary angioplasty forest plot. (B) Myocardial infarction with no obstructive coronary atherosclerosis (MINOCA) forest plot. (C) Stent implantation

forest plot. (D) Baseline thrombus grade forest plot. (E) Modified thrombus grade forest plot. (F) Thrombus aspiration forest plot. (G) Glycoprotein IIbIIIa (Gp2b3a)

inhibitor use forest plot. (H) Thrombolysis in myocardial infarction (TIMI)-3 flow forest plot.

thrombosis may be the result of the intense inflammatory
and heightened thrombus burden observed in COVID-19
patients (18, 27, 28, 34). Consistently, the data presented here
demonstrated a more aggressive use of thrombus aspiration
and a Gp2b3a inhibitor in STEMI patients with concomitant
SARS-CoV-2 infection. The use of a Gp2b3a inhibitor may
also increase the risk of bleeding (47), but this study showed
no significant difference between the two groups in terms
of bleeding.

Hospital-mortality was dramatically higher in STEMI
patients who presented with COVID-19 than in those
without COVID-19. Longer ischemia time, higher thrombus
burden, and increased rate of adverse cardiovascular events,
including cardiogenic shock, may also be contributory
(48, 49). Current studies (50, 51) have reported that
STEMI patients with concomitant COVID-19 have higher
ICU admission rates and longer lengths of stay, and the
results of this meta-analysis support this finding. An
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FIGURE 5 | Continued
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FIGURE 5 | (A) In-hospital mortality forest plot. (B) Cardiogenic shock forest plot. (C) Stent thrombosis forest plot. (D) Bleeding forest plot. (E) Intensive care unit

(ICU) admission rate forest plot. (F) Length of stay forest plot (days).

FIGURE 6 | (A) SO-to-FMC time funnel plot. (B) D2B time funnel plot.

increased ICU admission rate and length of stay may
have a significant impact on hospital resources. Taken

together, COVID-19 status may have great implications on
the characteristics, management, and outcomes of patients
with STEMI.

Heterogeneity of Meta-Analysis
In a meta-analysis, heterogeneity may exist while the
sample estimates for the population risk were of different
magnitudes (52). The I2 statistic means the percentage of
total variation across effect size estimates that is due to
heterogeneity rather than chance. In our study, there are
significant and high degrees of heterogeneity for some
outcomes. The existing heterogeneity can partly result
from different sample sizes, study designs, study times,
study scope (nation and region), diagnostic methods,
the severity of the disease. We aggregate studies that are
different methodologies, but the heterogeneity in the results is
still inevitable.

Methodological Considerations
To our knowledge, this is the first meta-analysis that summarizes
the comparison of clinical information on STEMI patients
presenting with vs. those presenting without COVID-19
infection. We included multiple studies that were conducted
in Asia, Europe, and North America, so that our findings can
provide a broad overview of COVID-19 infection in patients with
STEMI. However, our study has several limitations. First, the
delay time, laboratory values, and length of stay were reported
in terms of median values and IQR in many studies, which have
been adjusted to means and SDs using the Box-Cox method.
Nevertheless, using this method to calculate SDs may entail
inaccuracy and make the SDs greater than the mean in some
cases, which is an inherent feature of the method (17). Second,
the disparity in study size may affect the weighting of the
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FIGURE 7 | (A) CRP funnel plot. (B) WBC funnel plot. (C) D-dimer funnel plot. (D) Lymphocyte count funnel plot.

studies and the pooled effect size, which is innate to meta-
analyses (53, 54). Third, a high degree of heterogeneity was
observed in some outcomes. Due to inadequate information for
the included studies, it is difficult to conduct a subgroup analysis
to explain the heterogeneity. We performed a sensitivity analysis
to assess the reliability of our findings and used the random-
effects model when I2 statistics were more than 50%. Fourth, we
were unable to compare the rate of thrombosis and elective PCI,
and the revascularization rate of patients undergoing primary
angioplasty between the two groups due to a lack of sufficient
data. Future studies are needed to further investigate these
outcomes. Finally, our data were limited to in-hospital outcomes.
Long-term follow-up is required to explore the association
between SARS-CoV-2 infection and poor outcomes in patients
with STEMI.

CONCLUSION

In patients with STEMI, COVID-19 has had a deep impact
on their therapeutic management and clinical outcomes. A
longer time from SO-to-FMC and D2B was observed in

STEMI patients with COVID-19 in our study. Moreover,
patients with STEMI who also had COVID-19 had more
severe thrombotic events adverse outcomes. Further studies
are required to explore the mechanism of coronary thrombus
burden and the optimal treatment for patients with STEMI
and COVID-19.
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FIGURE 8 | (A) Primary angioplasty funnel plot. (B) MINOCA funnel plot. (C) Stent implantation funnel plot. (D) Baseline thrombus grade funnel plot. (E) Modified

thrombus grade funnel plot. (F) Thrombus aspiration funnel plot. (G) Gp2b3a inhibitor use funnel plot. (H) TIMI-3 flow funnel plot.
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FIGURE 9 | (A) In-hospital mortality funnel plot. (B) Cardiogenic shock funnel plot. (C) Stent thrombosis funnel plot. (D) Bleeding funnel plot. (E) ICU admission rate

funnel plot. (F) Length of stay funnel plot.
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TABLE 4 | Leave-one-out analysis.

Study name Statistics with study excluded

Odds ratio

or SMD

95% CI P-value

D2B time

Güler et al. (30) 12.66 2.96 to

22.35

0.01

Popovic et al. (18) 13.06 7.13 to

18.99

<0.0001

Little et al. (24) 12.01 4.16 to

19.86

0.003

Choudry et al. (28) 12.52 4.35 to

20.68

0.003

Marfella et al. (25) 13.1 4.66 to

21.54

0.002

Garcia et al. (22) 9.92 4.47 to

15.35

0.0004

Kite et al. (23) 12.15 6.47 to

17.82

<0.0001

CRP

Blasco et al. (29) 0.82 0.43 to 1.21 <0.0001

Güler et al. (30) 0.83 0.40 to 1.26 0.0002

Koutsoukis et al. (21) 0.59 0.29 to 0.90 0.0001

Popovic et al. (18) 0.67 0.28 to 1.06 0.0007

Little et al. (24) 0.8 0.33 to 1.26 0.0007

Choudry et al. (28) 0.86 0.45 to 1.26 <0.0001

Kiris et al. (20) 0.73 0.27 to 1.20 0.002

WBC

Blasco et al. (29) 0.35 0.04 to 0.67 0.03

Güler et al. (30) 0.5 0.25 to 0.76 <0.0001

Choudry et al. (28) 0.42 0.04 to 0.81 0.03

Marfella et al. (25) 0.26 0.08 to 0.44 0.004

Kiris et al. (20) 0.038 0.18 to 0.59 0.0002

D-Dimer

Güler et al. (30) 0.89 0.01 to 1.78 0.05

Popovic et al. (18) 0.62 0.35 to 0.88 <0.0001

Choudry et al. (28) 1.00 0.38 to 1.62 0.002

Primary Angioplasty

Koutsoukis et al. (21) 0.27 0.05 to 1.43 0.12

Popovic et al. (18) 0.28 0.07 to 1.15 0.08

Pellegrini et al. (26) 0.31 0.01 to 1.24 0.10

Choudry et al. (28) 0.23 0.06 to 0.94 0.04

Rodriguez-Leor et al. (27) 0.12 0.08 to 0.17 <0.0001

Garcia et al. (22) 0.36 0.09 to 1.49 0.16

Kiris et al. (20) 0.21 0.16 to 0.29 <0.0001

MINOCA

Koutsoukis et al. (21) 7.63 1.44 to

40.43

0.02

Popovic et al. (18) 8.49 1.37 to

52.74

0.02

Pellegrini et al. (26) 9.81 1.84 to

52.38

0.01

(Continued)

TABLE 4 | Continued

Study name Statistics with study excluded

Odds ratio

or SMD

95% CI P-value

Rodriguez-Leor (27) 18.62 8.73 to

39.72

<0.0001

Garcia et al. (22) 7.56 1.38 to

41.37

0.02

Stent Implantation

Blasco et al. (29) 0.46 0.28 to 0.75 0.002

Koutsoukis et al. (21) 0.25 0.06 to 1.01 0.05

Popovic et al. (18) 0.25 0.07 to 0.90 0.03

Rodriguez-Leor et al. (27) 0.20 0.09 to 0.43 <0.0001

Modified Thrombus

Grade

Choudry et al. (28) 7.03 0.52 to

96.03

0.14

Marfella et al. (25) 2.72 1.25 to 5.94 0.01

Kiris et al. (20) 10.69 1.75 to

65.11

0.01

Gp2b3a inhibitor use

Güler et al. (30) 2.90 1.70 to 4.93 <0.0001

Koutsoukis et al. (21) 2.93 1.75 to 4.90 <0.0001

Popovic et al. (18) 3.03 1.87 to 4.93 <0.0001

Little et al. (24) 3.02 1.72 to 5.30 0.0001

Pellegrini et al. (26) 2.99 1.79 to 5.01 <0.0001

Choudry et al. (28) 2.37 1.81 to 3.11 <0.0001

Rodriguez-Leor et al. (27) 2.93 2.19 to 3.92 <0.0001

Marfella et al. (25) 2.41 1.83 to 3.17 <0.0001

Kiris et al. (20) 3.01 2.25 to 4.03 <0.0001

Bleeding

Pellegrini et al. (26) 3.30 0.77 to

14.07

0.11

Rodriguez-Leor et al. (27) 2.95 0.55 to

15.73

0.21

Kite et al. (23) 1.62 0.71 to 3.73 0.25

Kiris et al. (20) 3.62 0.92 to

14.23

0.07

Length of Stay

Güler et al. (30) 5.11 2.17 to 8.06 0.0007

Little et al. (24) 4.84 2.41 to 7.27 < 0.0001

Marfella et al. (25) 5.42 3.24 to 7.26 < 0.0001

Garcia et al. (22) 3.56 1.85 to 5.27 < 0.0001

Kite et al. (23) 4.41 2.14 to 6.69 0.0001
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We herein present our experience with a case involving a 17-year-old Japanese boy

suffering from acute myocarditis after his second coronavirus disease-2019 (COVID-19)

messenger RNA (mRNA) vaccine shot. The patients had a history of myocarditis

associated with Campylobacter jejuni 3 years prior. This has been the first-ever

documented case of myocarditis associated with COVID-19 mRNA vaccination in a

patient with a history of myocarditis. We present a series of images and blood biomarkers

for different types of myocarditis that developed in this single patient.

Keywords: cardiomyopathy, left ventricle, chest pain, myocarditis, COVID-19

LEARNING OBJECTIVE

History of myocarditis may be a risk factor for COVID-19 mRNA vaccine-associated myocarditis.
Thus, vigilance is required for patients with such a history when considering indications for
COVID-19 mRNA vaccination, especially among young boys.

INTRODUCTION

Myocarditis, the main cause of which is viral infections such as coronavirus disease 2019 (COVID-
19), is a rare condition, wherein signs of inflammation can be observed in the myocardium (1, 2).
Studies have shown that other conditions such as nonviral infections, autoimmune syndromes,
and vaccines can also cause myocarditis (1). Soon after the introduction of COVID-19 mRNA
vaccination, many case reports exhibiting acute myocarditis associated with the vaccination had
emerged (3–5). Accumulated data appear to suggest that the occurrence of myocarditis is more
frequent among young adult and adolescent males (6–8). However, it remains unclear whether
other risk factors, particularly a history of myocarditis, are present for this condition. Given the
current global situation caused by the COVID-19 pandemic, additional data regarding this issue,
especially among younger individuals, need to be accumulated. We herein present the first-ever
documented case of acute myocarditis associated with COVID-19 mRNA vaccination in a patient
who had a history of myocarditis.
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FIGURE 1 | Cardiac MRI imaging. Diffuse late gadolinium enhancement at the epicardium was observed in both images. (A) Images obtained 3 years ago when he

suffered from his previous myocarditis (top: long-axis view, bottom: short-axis view). (B) Images obtained during the current myocarditis episode associated with

coronavirus disease-2019 (COVID-19) messenger RNA (mRNA) vaccination (top: long-axis view, bottom: short-axis view). T2-weighted MR images. (C) Image

obtained 3 years ago when he suffered from his previous myocarditis episode. (D) Image obtained during the current myocarditis episode associated with COVID-19

mRNA vaccination.

CASE DESCRIPTION

History of Presentation
A 17-year-old Japanese boy, with chest pain occurring 2 days
after his second COVID-19 mRNA vaccination (BNT 162b2,
manufactured by Pfizer and BioNTech), was presented to a
previous hospital. Electrocardiography showed ST elevation in
V2 to V5 leads (Supplemental Material). Moreover, his serum
cardiac enzymes, including cardiac troponin T (1.605 ng/ml,
normal range ≤0.014 ng/ml) and creatinine kinase (CK, 462
IU/L, normal range 62–287 IU/L) were elevated. He was
then referred to Kanazawa University Hospital for further
investigation and treatment of his chest symptom.

Medical History
The patient had a history of myocarditis (causative bacteria was
Campylobacter) when he was 13 years old, which was treated
with intravenous immunoglobulin (IVIG). His initial symptoms
included fever, chest pain, and diarrhea. His maximum CK
was 1,682 IU/L. Cardiac MRI revealed diffuse late gadolinium
enhancement at the epicardium (Figure 1A). A cardiac biopsy
was not performed. After the introduction of IVIG, his symptoms
improved, for which he was discharged from the hospital without
any apparent cardiac dysfunction assessed by echocardiography
and myocardial scintigraphy. Enalapril 5 mg/day was introduced
and was discontinued 1 year after this episode. He received
regular follow-up at our institute, during which, his serum
cardiac enzymes were assessed, and electrocardiography and

Abbreviations: CK, creatinine kinase; IVIG, intravenous immunoglobulin; MRI,

magnetic resonance imaging; LVEF, left ventricular ejection fraction.

echocardiography were performed. No signs of recurrence had
been observed until his last visit 6 days before his second COVID-
19 mRNA vaccination. Echocardiography revealed a normal
left ventricular ejection fraction (LVEF = 75%), without other
dilatations in any chambers, and his cardiac troponin T level was
within the normal range (0.006 ng/ml) in his last visit (6 days
before his second COVID-19 mRNA vaccination).

Differential Diagnosis
Acute coronary syndrome and acute systolic heart failure of any
cause were considered as differential diagnoses.

Diagnostic Assessment
Upon admission to our hospital, the patient had blood pressure,
heart rate, and body temperature of 135/65 mmHg, 97 bpm,
and 37.3◦C, respectively. Chest radiography showed no signs
of cardiomegaly or pulmonary congestion. Blood tests revealed
an elevation in white blood cells (9,560/µl) and C-reactive
protein (4.44 mg/dl, normal range ≤0.3 mg/dl), together
with elevations in cardiac enzymes, including CK (818 IU/L,
normal range 62–287 IU/L), CK-MB (59 IU/L, normal range
2–21 IU/L), and cardiac troponin T (1.41 ng/ml, normal range
≤0.014 ng/ml). The N-terminal pro-brain natriuretic peptide
(NT-pro BNP) level was also elevated (221.2 pg/ml, normal
range ≤ 125 pg/ml). Electrocardiography revealed ST elevations
in V2–V5 leads, whereas echocardiography revealed systolic
dysfunction (LVEF = 55%) associated with left ventricular
dilatation (LVDd, 55mm) without any pericardial effusion.
Coronary CT showed no signs of coronary atherosclerosis. A
myocardial specimen obtained from the septum of the right
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FIGURE 2 | Pathological specimens. Hematoxylin and eosin staining (original

magnification ×200). The black bar indicates 100µm. No apparent signs of

inflammation were observed.

ventricle showed no apparent signs of myocardial destruction
or inflammation (Figure 2). Hemodynamic evaluation by
Swan–Ganz catheterization revealed a pulmonary artery
pressure of 27/11 (19) mmHg, pulmonary capillary wedge
pressure of 13 mmHg, and cardiac output of 6.62 L/min.
Cardiac MRI revealed diffuse late gadolinium enhancement
at the epicardium (Figure 1B) that was similar but somewhat
different from the images observed 3 years prior when he
suffered from his previous myocarditis (Figure 1A). A T2-
weighted MRI revealed diffuse high-intensity areas, suggesting
edematous changes in the left ventricle during his previous
bout of myocarditis, as well as during the current myocarditis
(Figures 1C,D). Enzyme-linked immunosorbent assays of
sera were all negative for potential causes of viral myocarditis
(Coxsackie, echo, influenza A and B, cytomegalovirus, and
Epstein-Barr virus (EBV)]. Negative T waves were observed
in V3 to V6 leads following electrocardiography on day 5
(Supplemental Material). All the aforementioned results, except
for pathological findings from the myocardial specimen, were
consistent with a diagnosis of COVID-19 mRNA vaccination-
related myocarditis. We ruled out acute coronary syndrome
given the absence of cardiac asynergy and cardiac MRI
findings. We also ruled out acute systolic heart failure of
any cause based on the hemodynamic evaluation findings by
Swan–Ganz catheterization.

Management
The patient was started on IVIG treatment (5 g/day × 3
days), colchicine (0.5 g/day × 14 days), and aspirin (300
mg/day × 14 days) (Figure 3). The Japanese guideline (9)
utilized by our institute has no clear first-choice therapy for
this situation. Among several potential medical therapies,
we opted to use IVIG to avoid complications when using
immunosuppressive agents. The CK, CK–MB, cardiac
troponin T, and NT-proBNP levels gradually returned to
normal, and follow-up echocardiography showed normal
cardiac function (LVEF = 68%). After being hospitalized
for a total of 23 days, the patient was discharged without
any symptoms.

DISCUSSION

Currently, myocarditis is being recognized as one of the
complications of COVID-19 mRNA vaccination (1–3). Albeit
rare, the prognosis of this condition seems to be quite
good. Nonetheless, more information on risk factors for
this unfavorable phenomenon needs to be collected (6–
8). So far, epidemiological studies have suggested that this
condition is more frequently observed among young adult
and adolescent males (6–8). However, it is unclear whether
a history of other types of myocarditis can be considered
a risk factor. In this report, we present the first-ever
documented case of myocarditis associated with COVID-
19 mRNA vaccination in a patient who had a history of
myocarditis (Supplemental Material). Based on a series of
investigations, including cardiac enzymes, electrocardiogram,
echocardiography, and cardiac MRI, we found similarities
between COVID-19 mRNA vaccination-related myocarditis and
myocarditis associated with Campylobacter jejuni. We observed
unique yet similar patterns on cardiac MRI wherein diffuse late
gadolinium enhancement was located mainly at the epicardium
during both the current COVID-19 mRNA vaccination-related
myocarditis and the previous myocarditis episode associated
with Campylobacter jejuni. Cardiac MRI has been considered
a useful modality for diagnosing acute myocarditis (10, 11)
given its great potential for not only diagnosis but also
understanding of the pathophysiological mechanism of COVID-
19 mRNA vaccination-related myocarditis (12–14). There are
several limitations to be considered. First, we obtained three
specimens at the time of endomyocardial biopsy. Although
the patient had no apparent signs of myocardial destruction
or inflammation from the endomyocardial biopsy, a diagnosis
of myocarditis was established because of his elevated cardiac
troponin T, elevated creatinine kinase, reduced EF, changes in
the electrocardiogram, and MRI findings. Second, we could
not determine the causal association between the history of
myocarditis and the current vaccination-associated myocarditis.
Third, we did not compare the cardiac MR images between the
previous and current myocarditis episodes. Thus, the diffuse
late gadolinium enhancement at the epicardium observed during

the current myocarditis episode may not have represented acute
myocarditis. However, we observed edematous changes in the
myocardium using T2-weightedMR images. In addition, the area
of late gadolinium enhancement at the epicardium observed in
the current myocarditis episode was somewhat different from
that of the previous one. These facts support the notion that
late gadolinium enhancement at the epicardium observed in the
current episode represents acute myocarditis. Lastly, we were
unable to perform the suggested immunohistochemical testing
on our biopsy specimens to investigate whether there were any
autoantibodies against the myocardium. The second episode
might, indeed, be associated with post-infectious autoimmune
syndrome; however, this situation has been described as a
chronic condition rather than an acute one with complications
in multiple organs (1). Of note is that the mechanism of
myocarditis induced by mRNA vaccination remains unclear.
In most cases without a history of previous myocarditis,
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FIGURE 3 | Clinical course. Elevated cardiac enzymes decreased during his clinical course. CK, creatinine kinase; TnT, cardiac troponin T; IVIG, intravenous

immunoglobulin.

molecular mimicry between the spike protein of virus and self-
antigens, trigger of pre-existing dysregulated immune pathways
in certain individuals, immune response to mRNA, activation
of immunologic pathways, and dysregulated cytokine expression
have been proposed (8). However, in this case with a history of
myocarditis, there may be something more in addition to these
common mechanisms, although observations from a single case
cannot produce any concrete evidence.

In conclusion, special attention may be needed when
introducing COVID-19 mRNA vaccination to individuals who
have a history of myocarditis. Cardiac MRI can be useful for
diagnosing COVID-19 mRNA vaccination-related myocarditis.

PATIENT PERSPECTIVE

We suggest that this episode would not have any serious impact
on his cardiac function. However, we will advise the patient
to avoid the booster COVID-19 mRNA vaccine because of
this episode.
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Conventional drug screening methods search for a limited number of small molecules

that directly interact with the target protein. This process can be slow, cumbersome and

has driven the need for developing new drug screening approaches to counter rapidly

emerging diseases such as COVID-19. We propose a pipeline for drug repurposing

combining in silico drug candidate identification followed by in vitro characterization of

these candidates. We first identified a gene target of interest, the entry receptor for

the SARS-CoV-2 virus, angiotensin converting enzyme 2 (ACE2). Next, we employed

a gene expression profile database, L1000-based Connectivity Map to query gene

expression patterns in lung epithelial cells, which act as the primary site of SARS-CoV-2

infection. Using gene expression profiles from 5 different lung epithelial cell lines,

we computationally identified 17 small molecules that were predicted to decrease

ACE2 expression. We further performed a streamlined validation in the normal human

epithelial cell line BEAS-2B to demonstrate that these compounds can indeed decrease

ACE2 surface expression and to profile cell health and viability upon drug treatment.

This proposed pipeline combining in silico drug compound identification and in vitro

expression and viability characterization in relevant cell types can aid in the repurposing

of FDA-approved drugs to combat rapidly emerging diseases.

Keywords: L1000, connectivity map (CMap), ACE2, COVID-19, drug repurposing, lung epithelial cell

INTRODUCTION

Coronavirus disease 2019 (COVID-19), which is caused by the infection of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), broke out in December 2019. The World Health
Organization designated COVID-19 as a global pandemic in March of 2020. Since then, multiple
variants have emerged, spread globally, and continue to hit the health, life, and economy of people
worldwide even with the advent of various vaccines designed to provide immunity against the virus.
Intensive research efforts have revealed that morbidity, severity, and mortality from COVID-19
are strongly associated with various cardiovascular comorbidities (1). Since COVID-19 infection
of lung epithelium could directly signal toward an increased risk for cardiovascular diseases (2),
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reducing productive infection of these cells becomes an
important strategy to not only counter acute infection but
prevent progression to cardiovascular diseases. Acute infections
of viruses such as influenza virus (3), HIV (4), and SARS-CoV-2
(5) have been shown to have a direct impact on cardiovascular
health and act as the initial insult that increases the incidence
of cardiovascular disease in these patients. However, due to
the massive number of patients globally infected by the virus,
increase in cardiovascular disease prevalence due to infection
with SARS-CoV-2 virus could severely burden the cardiovascular
healthcare system in the future. Therefore, repurposing FDA
approved drugs to contain SARS-CoV-2 infection can be an
effective strategy to limit the risk of developing cardiovascular
diseases in these patients.

The first step of SARS-CoV-2 invasion into human host cells
is implemented by the SARS-CoV-2 spike protein binding to a
host cell receptor, angiotensin-converting enzyme 2 (ACE2) (6).
Inhibiting the spike protein and ACE2 interaction is, therefore,
one of the promising drug targets for combating COVID-19 (7).
Most current studies aim to inhibit the interaction by drugs that
binds to the spike protein or ACE2 protein (7, 8).

In case drug targets are known, target-based drug discovery,
in which a specific drug target that associates a target disease is
identified and then hit compounds that interact with the target
are searched for, is a proven strategy to generate new drugs
(9). Conventional drug screening methods used in this strategy
such as high-throughput screening (HTS), however, search for a
limited number of small molecules that directly interact with the
target protein. Moreover, this process can be slow, cumbersome
and has driven the need for developing new drug screening
approaches to counter rapidly emerging diseases like COVID-19.

The Connectivity Map (CMap) is a database of gene
expression profiles induced by exposing a variety of cell types
to various perturbagens including small molecules and has been
expanded to have over one million gene expression profiles using
over 20,000 small molecules through the introduction of L1000
assay technology (10, 11). L1000-based CMap has been widely
used for rapid drug repurposing and the core idea is to identify
small molecules that induce a gene expression profile canceling
or mimicking the differential gene expression caused by diseases
(12, 13). This approach is a kind of phenotypic screening, which
is a counter approach to the target-based drug discovery and
identifies small molecules that provide nice phenotypes (e.g.,
gene expression) to cells or animals first and then investigates
the mechanism. Phenotypic screening has attracted attention
recently because it was shown to be the most successful approach
for first-in-class drugs (9, 14). As described above, although the
conventional L1000-based CMap approach is an attractive way
to find drugs that the conventional methods could overlook, it
hardly has been applied to target-based drug discovery because
this approach requires decreased and/or increased gene set, not a
single target gene.

In this study, we propose a pipeline for drug repurposing that
applies the L1000-based CMap to a single gene target, ACE2
which is the entry receptor for the SARS-CoV-2 virus. Using
gene expression profiles from 5 different lung epithelial cell
lines which act as the primary site of SARS-CoV-2 infection, we

computationally identify small molecules that were predicted to
decrease ACE2 expression. We further perform a streamlined
validation in the normal human epithelial cell line BEAS-2B
to identify the potential of these compounds to decrease ACE2
surface expression as well as profile cell health and viability upon
drug treatment. This proposed pipeline combining in silico drug
compound identification and in vitro expression and viability
characterization in relevant cell types can aid in the repurposing
of FDA-approved drugs to combat rapidly emerging diseases.

MATERIALS AND METHODS

L1000-Based CMap Dataset
Level 5 gene expression profiles of L1000-based CMap were
downloaded from GSE92742 and GSE70138. This dataset has
the gene expression profiles in a total of 591,697 conditions
consisting of various combinations of perturbagens, cell types,
doses, and time points. The profile values mean mRNA
expression levels compared to control (the background of the
plate). Each gene expression profile comprises 12,328 genes, 978
of which are measured directly (called landmark genes). Of the
remaining genes, 9,196 are well-inferred genes the expression
levels of which correlate to the actual measured levels with p-
values ≤0.05, and the other 2,154 less-well inferred genes. ACE2
is in the well-inferred genes.

Cell Culture and Reagents
BEAS-2B normal human epithelial cell line was purchased
from ATCC (Catalog number: CRL-9609) and cultured
according to vendor instructions using BEGM kit from
LONZA (Catalog number: CC-3170). Cells were cultured
on 96-well black µ-plate from ibidi (Catalog Number:
89626) for imaging studies. Tanespimycin (abcam ab141433),
Acetylcysteine (Cayman, 20261), Amifostine (Cayman 14398),
Bortezomib (Ayman 10008822), FK-866 (Cayman 13287),
Gemcitabine (Cayman 11690), Idarubicin (Cayman 14176),
NVP-AUY922 (Cayman 10012698), NVP-BEZ235 (Cayman
10565), PIK-75 (Cayman 10009210), SN-38 (Cayman 15362),
Tretinoin (Cayman 11017), YM-155 (Cayman 11490), Ingenol
(Cayman 14031), Sulforaphane (LKT S8044), CD-437 (Sigma
C5865), and Parbendazole (Sigma 1498706) were dissolved in
DMSO. 1000x concentration working solution was used for
downstream experimentation.

Immuno-Fluorescent Staining With High
Content Imaging (HCI) for Quantifying
ACE2 Expression
BEAS-2B cells were treated overnight with indicated drugs at
indicated doses. Cells were then washed twice with PBS and
fixed in 4% Paraformaldehyde for 15min at room temperature.
Cells were then stained with primary anti-human ACE2 antibody
(Abcam ab239924) or isotype control for 1 h at 4◦C with gentle
shaking. Cells were then washed thrice with PBS and stained
using AF555 labeled secondary antibody. Hoescht 33342 was
used as nuclear counterstain.

Sixteen images were captured per well using 20x objective of
an Image Express Pico (Molecular Devices) and analyzed using 2
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color cell scoring system. Isotype control stained well was used to
identify threshold for detecting ACE2 positivity in cells.

Cell Viability Measurement
BEAS-2B cells were plated in 96 well plates at 70% confluency
and treated for 48 h with each drug at indicated doses. Cell
mitochondrial activity was profiled using CyQuant MTT Cell
Viability Assay (Thermo Fisher, Catalog Number V13154)
following manufacturer instructions. The absorbance at 590 nm
was quantified using Spectramax i3 (Molecular Devices).
Cytotoxicity was quantified using CyQuant LDH Cytotoxicity
Assay (Thermo Fisher Catalog Number C20301) following
manufacturer instructions. Briefly, 50 µl of media supernatant
from each well was used to quantify cell toxicity and was
normalized to cells lysed with 10x cell lysis buffer as 100%
cell death. Absorbance was measured at 490 nm and 680 nm
with the 680 nm absorbance used to determine background
plate absorbance. Mitochondrial Super Oxide production was
quantified using MitoSOXTM Red Mitochondrial Superoxide
Indicator (Thermo Fisher Catalog Number M36008) using
manufacturer instructions. Hoescht 33342 was used as a nuclear
counterstain. Sixteen images were captured per well using 20x
objective of the Image Express Pico and analyzed using 2
color cell scoring system to determine average Mitochondrial
Superoxide Intensity per cell.

FACS Staining
BEAS-2B cells were treated with indicated doses of drugs
overnight and cells detached using accutase. Cells were
resuspended in Stain Buffer with FBS (BD Biosciences) and
stained with Fixed Viability Stain (FVS-780 BD Biosciences)
followed by staining with ACE2-AF647 antibody (Biolegend).
Cells stained with isotype AF647 antibody (BD Biosciences) were
used to draw gates for ACE2 positivity. Cells were acquired on
Cytek Aurora and data analyzed using Flowjo 10.8.

Statistical Methods
ACE2 expression and cell viability data were analyzed using a
Python library, SciPy. FACS data was analyzed using Graphpad
Prism 9.0. Student’s t-test with Welch’s correction was used to
compare the effect of each treatment to control (vehicle) treated
samples. Comparisons between the effects of each candidates
were not performed.

RESULTS

Preprocessing for Drug Screening
The following filters were applied to the L1000-based CMap
dataset to identify small molecules that are effective to COVID-19
therapy before searching for small molecules that decrease ACE2
expression (Figure 1).

Perturbagen Selection
A perturbagen is a reagent used to treat cells and measure the
resulting biological response includes CRISPR/Cas9 constructs,
short hairpin RNA (shRNA), open reading frames (ORFs),
biological agents, small molecules, and so forth. The goal
of this study was to identify small molecules suitable for

rapid drug repurposing. Drug Repurposing Hub is a curated
and annotated collection of FDA-approved drugs, clinical trial
drugs, and pre-clinical tool compounds with a companion
information resource, and the mechanisms of action of 6,232
drugs are explicitly stated in it (drug information version:
3/24/2020) (15). L1000-based CMap dataset contains 20,547
small molecules, and 2,760 small molecules out of them
overlap with these 6,232 drugs. We therefore extracted the gene
expression profiles in conditions treated with these 2,760 small
molecules, resulting 160,003 profiles induced by exposing 82 cell
types to 2,760 small molecules with up to 177.6µM for 3, 6,
24, or 48 h.

Dose Selection
Each small molecule was measured at various dosages within
the database. To compare these dosages and to increase ease of
handling, doses from a similar range were converted to a single
value as indicated in Supplementary Table 1. Among available
dosages, 0.0001–100µM, the most used dosage was 10µM and
the profiles using over 1µM dosage dominate 68.5% of the total.
These dosages over 1µMwere eliminated due to concerns about
cytotoxicity and the need to identify drugs that would work at
low doses and minimal side-effects to reduce gene expression
of ACE2.

Time-Point Selection
Drugs for COVID-19 need to work within hours to reduce
ACE2 expression since that would be the ideal window for drug
intervention of a patient testing positive for SARS-CoV-2. The
available time-points were 3, 6, and 24 h after the dose selection.
We removed the timepoints over 24 h to identify fast-acting drug
candidates. This step provided 5,411 profiles induced by exposing
67 cell types to 300 small molecules with 0.0003–0.3162µM
for 3 or 6 h.

Cell Type Selection
After the time-point selection, 67 cell types derived from 14
organs such as large intestine, lung, breast, etc. were available.
Each cell type shows a different gene expression profile even
though the same small molecule is applied. It is advisable to use
the gene expression profiles in a specific cell type of interest.
However, human lung epithelial cells such as BEAS-2B that are
suitable for model host cells in COVID-19 study are not included
in L1000-based CMap. We thus selected 5 cell types (A549,
CORL23, H1299, NCIH596, and SKLU1) derived from lung in
the dataset. Of note, all five cell types were from lung epithelial
cell lines derived from various tumors. The gene expression
profiles in conditions using these 5 cell types were extracted,
resulting 588 profiles induced by exposing 5 cell types to 80 small
molecules with 0.0003–0.3162µM for 6 h.

The 588 profiles came from 485 unique conditions. Finally, the
gene expression levels were averaged over the same conditions,
resulting the preprocessed dataset that has 485 profiles induced
by exposing 5 cell types to 80 small molecules with 0.0003–
0.3162µM for 6 h.
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FIGURE 1 | Drug screening process in L1000-based CMap.

Identification of Small Molecules That
Decrease ACE2 Expression
We focused on the expression levels of ACE2 and extracted
the combinations of the small molecules and their dosages
that decrease ACE2 expression (i.e., show the negative ACE2
expression levels) in each cell type. As for A549, since 214
combinations were identified, the top 10 combinations with the
lower ACE2 expression levels were selected. In the other 4 cell
types, 4, 4, 6, and 5 combinations were identified in CORL23,
H1299, NCIH596, and SKLU1, respectively. Out of these 29, 19
combinations were unique. We removed 0.0032µM veliparib
which was commercially unavailable and 0.01µM idarubicin,
while keeping the larger dose, 0.1µM idarubicin. As a result, 17
small molecules and their optimal dosages in 6 h were obtained
as the drug repurposing candidates. The ACE2 expression levels
in each cell type treated with these 17 small molecules with their
optimal dosages are shown in Table 1.

NVP-AUY922 and tanespimycin are heat shock protein (HSP)
inhibitors. NVP-BEZ235 and PIK-75 are PI3K inhibitors. CD-
437 and tretinoin are retinoid receptor agonists. SN-38 and
idarubicin are topoisomerase inhibitors. The other 9 small
molecules have different mechanisms of action. The candidates
cover a wide variety of mechanisms of action. On the other
hand,most small molecules have been developed for cancer drugs
except for acetylcysteine, ingenol, and sulforaphane.

For 9 among 17 small molecules, ACE2 expression levels were
available in all 5 cell types (Table 1). The ACE2 expression levels
were quite different in each cell even though the same small
molecules are applied with the same doses, suggesting the other
8 small molecules whose ACE2 levels were available only in A549
also have different ACE2 expression levels depending on the cell
types. On the other hand, these small molecules show negative
ACE2 expression levels in at least 1 cell type, suggesting that these

small molecules have a potential to decrease ACE2 expression in
human lung epithelial cells.

For 13 among 17 small molecules, ACE2 expression levels at 6
dose points in A549 were available in the preprocessed dataset.
The dose-response of ACE2 expression levels in each small
molecule are shown in Figure 2. The top 6 small molecules with
lower ACE2 levels in A549 in Table 1 (acetylcysteine, CD-437,
NVP-BEZ235, amifostine, ingenol, andNVP-AUY922) decreased
ACE2 expression almost dose-dependently within the ranges
up to their optimal doses. These small molecules are expected
to decrease ACE2 expression in A549, human adenocarcinoma
alveolar basal epithelial cells.

In-vitro Pipeline for Evaluation of Predicted
Drug Repurposing Candidates That
Reduce ACE2 Expression in Human Lung
Epithelial Cells
Evaluation of Cytotoxicity Profile of Drug

Repurposing Candidates in Normal Human

Immortalized Bronchial Epithelial Cells
The first in vitro step in our drug repurposing validation pipeline
was to evaluate the effect of the various predicted small molecules
in impacting cellular health and viability. As listed in Table 1,
these compounds have a wide range of mechanisms of action.
Stringent characterization of the effect of a treating relevant cell
type with these compounds was therefore performed.

The five lung epithelial cell lines utilized in the L1000
were tumor-derived lung epithelial cell lines. Evaluating the
effectiveness of these predicted drug repurposing candidates
in reducing ACE2 expression in COVID-19 infected patients,
however, required analysis in a non-tumor lung epithelial cell

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 March 2022 | Volume 9 | Article 842641513

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Asano et al. ACE2-Targeted Drug Repurposing Using L1000

TABLE 1 | The identified 17 small molecules, their optimal doses, mechanisms of action, and ACE2 expression levels in each cell type.

Drug name (uM) Mechanism of action Cell type

A549 CORL23 H1299 NCIH596 SKLU1

Acetylcysteine (0.01) Mucolytic agent −2.29

CD-437 (0.1) Retinoid receptor agonist −1.74

NVP-BEZ235 (0.0316) mTOR inhibitor, PI3K inhibitor −1.47

Amifostine (0.3162) Reducing agent −1.47

Ingenol (0.01) PKC activator −1.45 No data

NVP-AUY922 (0.1) HSP inhibitor −1.41

Tretinoin (0.3162) Retinoid receptor agonist,

retinoid receptor ligand

−1.40

Sulforaphane (0.001) Anticancer agent, aryl

hydrocarbon receptor antagonist

−1.32

Bortezomib (0.0316) NFkB pathway inhibitor,

proteasome inhibitor

−0.54 0.13 0.13 −0.80 −0.96

Parbendazole (0.3162) Tubulin polymerization inhibitor −0.53 0.01 0.80 −0.80 −0.09

Idarubicin (0.1) Topoisomerase inhibitor −0.47 0.70 −1.44 0.00 0.46

Tanespimycin (0.3162) HSP inhibitor −0.23 0.00 0.09 0.39 0.07

SN-38 (0.3162) Topoisomerase inhibitor −0.19 −0.37 −0.55 −0.38 0.20

FK-866 (0.1) Niacinamide

phosphoribosyltransferase

inhibitor

0.06 −0.79 0.41 −0.50 0.10

Gemcitabine (0.1) Ribonucleotide reductase

inhibitor

0.09 0.63 0.94 0.50 −1.28

YM-155 (0.3162) Survivin inhibitor 0.36 0.00 −0.82 −0.57 −0.17

PIK-75 (0.1) DNA protein kinase inhibitor,

PI3K inhibitor

2.32 0.45 −1.04 0.54 −0.37

The small molecules are sorted based on the ACE2 expression levels in A549. The numbers in brackets beside drug names are their optimal dosages (µM). Gray area means no data

in the preprocessed dataset.

FIGURE 2 | Dose-response of ACE2 expression levels in each small molecule in A549. Gray vertical bars mean the optimal dosages in each small molecule indicated

in Table 1. ACE2 expression levels in CORL23, H1299, NCIH596, and SKLU1 are also shown in Bortezomib, Idarubicin, Tanespimycin, SN-38, and Gemcitabine.
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FIGURE 3 | Cell toxicity assay in BEAS-2B treated with each of 17 small molecules and the control. (A) Cell viability measured by MTT assay (n = 4 in samples and n

= 12 in control), (B) Mitochondrial Super Oxide production measured by MitoSOX assay (n = 4 in samples and n = 16 in control), and (C) Cytotoxicity measured by

LDH assay (n = 4). Error bars mean 95% confidence interval. *p < 0.05, **p < 0.01.

setting. BEAS-2B is a normal human immortalized bronchial
epithelial cell line, which has been extensively used to study
cellular and molecular mechanisms involved in lung. This study
therefore used BEAS-2B as a host cell model that could be
infected by SARS-CoV-2.

For cell toxicity studies, the BEAS-2B cells were treated with
indicated amounts of each drug repurposing candidate, and
cell health was evaluated using multiple orthogonal measures.
MTT assay measured the amount viable cells in each well by
quantifying the amount of MTT converted to formazan crystals.
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The average absorbance in cells receiving vehicle were used
to normalize the effect of each drug repurposing candidate.
Therefore, a ratio <1.0 indicates treatments which exerted a
negative effect on cell viability when compared to control cells.
In this analysis, all compounds other than CD-437, Idarubicin
and Ingenol had a ratio <1.0 (Figure 3A). Comparison of cell
viability using Student’s t-test (p < 0.05) showed that 10 out of 17
drug repurposing candidates had a statistically significant lower
viability as indicated by MTT assay.

To further characterize whether mitochondrial stress
was present upon treatment with these drug re-purposing
candidates, we evaluated mitochondrial specific superoxide
species production using MitoSOX. We used an HCI strategy to
quantify the intensity of mitochondrial superoxide species and
compared the average intensity of mitochondrial superoxide per
cell in each treatment. A ratio >1.0, therefore, indicated higher
levels of mitochondrial reactive oxygen species production upon
treatment with the respective drug-repurposing candidates
as described in Figure 3B. NVP-BEZ235, Tanespimycin and
Tretinoin were the three compounds with ratio <1.0. All
other compounds had elevated mitochondrial superoxide
species when compared to control treatment. Comparison of
MitoSOX intensity using Student’s t-test (p < 0.05) showed
that 12 out of 17 drug repurposing candidates had a statistically
significant increase in mitochondrial stress as indicated by
MitoSOX staining.

Finally, we used a third method to characterize the effect
of these drug repurposing candidates in cell cytotoxicity using
Lactate Dehydrogenase (LDH) assay. This assay measures the
amount of LDH released out into the supernatant from dead
cells with leaky plasma membrane. All readouts were normalized
to wells where 100% of cells were lysed using a cell lysis
buffer. Compared to this number, the average percentage of
dead cells in each well was calculated. Again, percent cell death
was normalized to control wells receiving vehicle treatment
(Figure 3C). Therefore, a ratio >1.0 indicates elevated levels of
cytotoxicity. All drug repurposing candidates showcased a ratio
>1.0 indicated increased cell death upon treatment. Comparison
of cell death using Student’s t-test (p < 0.05) showed that 10 out
of 17 drug repurposing candidates had a statistically significant
increased cell death as indicated by LDH cytotoxicity assay.

Consensus Ranking of Cytotoxicity in Normal Human

Lung Epithelial Cell Lines
To compile the three formats used to evaluate cytotoxicity in
BEAS-2B cells treated with our drug repurposing candidates, we
built a consensus ranking table comprising of MTT, MitoSOX
and LDH cytotoxicity assays. Table 2 depicts the consensus
ranking based on these three assays and ranks small molecules
based on low cytotoxicity across all three formats. In this
consensus ranking analysis, the following seven candidates,
Ingenol, Sulforaphane, Tanespimycin, Idarubicin, CD-437, PIK-
75, and Gemcitabine showed a consistently low cytotoxic
profile at indicated doses in BEAS-2B lung epithelial cells. This
identification of small molecules with favorable safety profile in
target cell type is required for our drug repurposing pipeline
in order to find suitable candidates for treatment where low

TABLE 2 | Consensus ranking comprising of MTT, MitoSOX, and LDH cytotoxicity

assay.

Drug name Cyto toxicity ranking

MTT MitoSOX LDH Ave.

Control 4 4 1 3.0

Ingenol 1 7 6 4.7

Sulforaphane 7 5 7 6.3

Tanespimycin 8 1 10 6.3

Idarubicin 3 15 5 7.7

CD-437 2 9 15 8.7

PIK-75 11 11 4 8.7

Gemcitabine 9 14 3 8.7

Acetylcysteine 5 6 16 9.0

Tretinoin 6 3 18 9.0

Bortezomib 10 10 8 9.3

NVP-BEZ235 15 2 13 10.0

SN-38 14 16 2 10.7

NVP-AUY922 16 12 9 12.3

Parbendazole 13 13 11 12.3

Amifostine 18 8 14 13.3

YM-155 12 17 12 13.7

FK-866 17 18 17 17.3

Each value means ranking of low toxicity (i.e., high number means high toxicity). Drugs

are sorted based on the average ranking over 3 assays.

cytotoxic side effects are crucial for applicability of identified
small molecules.

Evaluation of ACE2 Surface Expression in Human

Lung Epithelial Cells With Predicted Candidates for

Drug Repurposing
The next step in our drug repurposing pipeline was to determine
the effect of these predicted drug repurposing candidates to
reduce surface expression of ACE2. For this study, ACE2 surface
expression serves as the most important determinant since we
were evaluating the capacity of these small molecules to reduce
the prevalence of surface receptors to which the SARS-CoV-2
spike protein can bind to and subsequently infect target cells.
We thus used immuno-fluorescent staining to quantify surface
expression of human ACE2 expression using HCI followed by
a cell scoring system using red staining intensity for ACE2
and cell calling using Hoescht 33342 nuclear counterstain. A
representative image for ACE2 staining in BEAS-2B is shown
in Figure 4A. Thresholds for determining ACE2 expression
were established using cells stained with isotype primary
antibody followed by secondary antibody staining. Cell calling
was performed using nuclear counter stain and establishing
appropriate cell diameter to detect all cells within 4 different
fields of view. Using these parameters, we observed cells that were
high for ACE2 expression and others that expressed ACE2 at low
levels (Figure 4B). Of note, even when looking with the normal
immortalized cell line, we observed heterogeneity in ACE2
expression across cells. Using this categorization strategy, we will
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FIGURE 4 | (A) Representative image showing ACE2 staining in BEAS-2B. ACE2-high expressed (ACE2 positive) cells are detected and then ACE2 positive ratio is

calculated. (B) Representative cell scoring masks indicating ACE2 expressing cells (Green) and ACE2 negative cells (Red). (C) ACE2 positive ratios in each drug

treatment compared to the control (n = 8 in samples and n = 23 in control). Error bars mean 95% confidence interval. *p < 0.05, **p < 0.01.

FIGURE 5 | Correlation between ACE2 positive ratio vs. cell toxicity. Correlation between ACE2 positive ratio and (A) cell viability measured by MTT assay, (B)

MitoSOX Assay, and (C) LDH assay. The locations of the top 7 small molecules with reduced cytotoxicity in Table 2 are labeled.

use the nomenclature of ACE2 high- or low-expressed cells to
determine the effect of our various treatments inmodifying ACE2
expression in a lung epithelial cell population. The number ratios
of high-expressed cells in the total cell number were calculated
as ACE2 positive ratios in each small molecule treatment and
were normalized with the ACE2 positive ratio of the control
(no treatment).

The ACE2 positive ratios after our candidate treatments are
shown in Figure 4C. Using Student’s t-test (p < 0.05) to compare
to control treated BEAS-2B cells, 13 out of 17 treatments showed
a statistically significant reduction in surface ACE2 expression. In
this regard, the top 3 small molecules with the higher decreasing
level of ACE2 positive ratio are CD-437, SN-38, and NVP-
AUY922.

Integration of ACE2 Expression and Cell Viability

Data to Identify Top Drug Repurposing Candidates
This pipeline follows the L1000 powered identification of small
molecule candidates for drug repurposing by evaluating the
effect of these compounds in affecting both cell health and
surface ACE2 expression. Therefore, correlation analysis was
performed in order to narrow down the candidates and identify
small molecules that could be used to reduce ACE2 expression
without inducing high levels of cell death specifically in our target
cell type BEAS-2B (Figure 5). Three correlation matrices were
constructed to compare the effect of each candidate in affecting
cell health as well as the potency with which they reduced ACE2
expression. Using this matrix, Ingenol, CD-437, Tanespimycin,
PIK-75, and Gemcitabine were five compounds that consistently
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FIGURE 6 | ACE2 expression measure by FACS in BEAS-2B treated with the 5 repurposing candidates. (A) mean ACE2 expression (n = 5). (B) ACE2 positive ratio.

Error bar means standard deviation (n = 5). *p < 0.05, **p < 0.01, ****p < 0.0001. (C) Representative scatter plot showing percent positive ACE2 surface expression

in BEAS-2B cells.

showed low cytotoxicity and effective downregulation of surface
ACE2 expression. This data suggests that these five candidates
identified using our novel drug repurposing pipeline can be
evaluated for large scale studies in preventing SARS-CoV-2
infection by targeting ACE2 expression levels.

Validation of Identified Top Candidates Combining

Viability and ACE2 Expression
The top five candidates with low toxicity and potent decrease
in ACE2 expression were further validated using an orthogonal
platform, Fluorescence Assisted Cell Sorting. This platform
allows for the quantification of surface ACE2 expression in viable,
living cells. Furthermore, quantitative analysis can be performed

in an unbiased fashion in a large number of cells. BEAS-2B cells
were treated with indicated doses of drugs and then percent
positive cells for surface ACE2 were determined using control
cells treated with isotype antibody (Supplementary Figure 1).
All five candidates produced statistically significant reductions
in both the overall amount of surface ACE2 receptors and
the mean fluorescent intensity of ACE2 staining in viable
BEAS-2B cells (Figure 6A). Furthermore, the fraction of cells
determined to be positive for ACE2 expression (Figures 6B,C)
also showed statistically significant reductions with all five
compounds identified using our pipeline. Taken together, our
data suggest that intervention with these five small molecule
compounds can decrease the number of viable cells susceptible
to SARS-CoV-2 infection by altering surface ACE2 expression.
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DISCUSSION

We identified 17 candidate small molecules that possibly decrease
ACE2 expression by processing the L1000-based CMap dataset
with focusing on the drug repurposing for COVID-19 (Table 1
and Figure 1). These candidates decreased ACE2 mRNA levels
within 6 h in the lung epithelial cell lines in the preprocessed
dataset (Table 1 and Figure 2). This suggests that the decrease in
ACE2mRNA levels likely led to reduced ACE2 surface expression
in the target cells BEAS-2B derived from the same organ. Indeed,
most candidates decreased ACE2 expression on the surface of
BEAS-2B (Figure 4). These results indicate that our L1000-
powered drug screening effectively identifies small molecules that
modulate a single drug target. Further investigation, however,
is required to address the mechanism of action for ACE2
suppression by these compounds as well as the effects on ACE2
expression in other cell types.

On the other hand, the identified small molecules were
mostly drugs that have been developed for cancer treatment,
therefore, their cytotoxic effects in BEAS-2B were evaluated
using MTT, MitoSOX, and LDH assays. Over half candidates
showed significant cytotoxicity or cell viability reduction in each
assay (Figure 3). To identify small molecules that consistently
show a low cytotoxic profile, we built a consensus ranking table
(Table 2). The top 2 small molecules with the lowest toxicity were
Ingenol and Sulforaphane. Ingenol is an FDA-approved drug for
keratosis. Sulforaphane is a naturally occurring isothiocyanate
found in cruciferous vegetables such as broccoli. These facts
support the validity of this table.

Our goal was to obtain the drug repurposing candidates
that could be used to reduce surface ACE2 expression without
inducing high cell toxicity. Therefore, correlation analysis was
performed to narrow down the candidates (Figure 5). In this
correlation matrix, Ingenol, CD-437, Tanespimycin, PIK-75, and
Gemcitabine consistently showed low cytotoxicity and effective
downregulation of surface ACE2 expression. These were five
compounds, out of the top 7 with low toxicity in Table 2,
that show significant ACE2 reduction in Figure 4. Moreover,
additional validation experiments demonstrated that all these
five candidates decreased the surface ACE2 expression in

living BEAS-2B (Figure 6). These results suggest that these five
candidates can be evaluated for large scale studies in preventing
SARS-CoV-2 infection by targeting ACE2 expression levels.

Our proposed pipeline consists of L1000-powered drug
screening and the further narrowing of the drug repurposing
candidates based on their cytotoxic effect. As described above,
the L1000 screening can be applied to a single target, allowing
us to apply this method to target-based drug discovery which is
a gold standard strategy. The small molecules identified by this
method are different from those by conventional screenings like
HTS because our approach focuses on the target gene mRNA
level instead of the target protein. In addition, conventional
L1000-CMap approaches have no applicability to target-based
drug discovery because it requires a gene set rather than a single
gene. Furthermore, our pipeline can be adapted to a wide range
of cell types including endothelial cells and monocytes. This is
of interest since viruses including HIV and SARS-CoV-2 have

been shown to specifically induce pulmonary endothelial cell
activation (16, 17). Our cell types of interest in the present study
were epithelial cells. We thus used the identified compounds
in this cell type to perform a series of assays to evaluate cell
health and stress. COVID-19, however, affects other cell types.
Application of our pipeline to other cell types could include
various additional functional assays depending on the cell type of
interest, for example, angiogenesis assays in endothelial cells, or
measuring pro-inflammatory chemokine secretion inmonocytes.
Thus, our pipeline provides a novel screening method that
is different from both HTS and conventional L1000-CMap
approaches, contributing to the repurposing of FDA approved
drugs to combat rapidly emerging diseases as well as other
diseases like vascular calcification that conventional approaches
have yet found the therapeutic options.
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1Division of Cardiology, Columbia University, New York, NY, United States, 2 Biostatistics Center, Massachusetts General
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Background: Studies examining outcomes among individuals with COronaVIrus

Disease 2019 (COVID-19) have consistently demonstrated that men have worse

outcomes than women, with a higher incidence of myocardial injury, respiratory failure,

and death. However, mechanisms of higher morbidity and mortality among men remain

poorly understood. We aimed to identify mediators of the relationship between sex and

COVID-19-associated mortality.

Methods: Patients hospitalized at two quaternary care facilities, New York Presbyterian

Hospital (CUIMC/NYPH) and Massachusetts General Hospital (MGH), for SARS-CoV-2

infection between February and May 2020 were included. Five independent biomarkers

were identified as mediators of sex effects, including high-sensitivity cardiac troponin T

(hs-cTNT), high sensitivity C-reactive protein (hs-CRP), ferritin, D-dimer, and creatinine.

Results: In the CUIMC/NYPH cohort (n= 2,626, 43% female), male sex was associated

with significantly greater mortality (26 vs. 21%, p = 0.0146) and higher peak hs-cTNT,

hs-CRP, ferritin, D-dimer, and creatinine (p< 0.001). The effect of male sex on the primary

outcome of death was partially mediated by peak values of all five biomarkers, suggesting

that each pathophysiological pathway may contribute to increased risk of death in men.

Hs-cTnT, creatinine, and hs-CRP were the strongest mediators. Findings were highly

consistent in the MGH cohort with the exception of D-dimer.

Conclusions: This study suggests that the effect of sex on COVID-19 outcomes is

mediated by cardiac and kidney injury, as well as underlying differences in inflammation

and iron metabolism. Exploration of these specific pathways may facilitate sex-directed

diagnostic and therapeutic strategies for patients with COVID-19 and provides a

framework for the study of sex differences in other complex diseases.
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INTRODUCTION

Across numerous studies of COronaVIrus Disease 2019
(COVID-19), men have had consistently worse rates of severe
outcomes than women, with higher rates of cardiac injury,
respiratory failure, shock, intensive care unit (ICU) admission,
and death (1–3). This sex-related difference in outcomes has
been confirmed in cohorts from China (4), Italy (5), and
the United States (2, 6). There are multiple mechanisms
hypothesized to contribute to this sex difference in COVID-19
outcomes – for example, sex-related factors that affect disease
susceptibility, including differences in smoking and drinking
habits, rates of handwashing, and social obligations (7). Men
are also known to have higher rates of baseline co-morbidities,
including hypertension and cardiovascular disease (8), and they
may be more susceptible to the effects of age and co-morbidities
than women (9). However, prior studies have demonstrated
that the sex-related difference in outcomes is not entirely
accounted for by a difference in baseline co-morbidities (10).
Hormonal and genetic factors are also thought to play a role
in disease pathogenesis. Sex hormones have been shown to
modify inflammatory pathways and affect the regulation of
angiotensin converting enzyme 2 (ACE2), which mediates Severe
Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2)
entry into cells (11–13). Genes conferring immunity are located
on the X chromosome, some of which escape X-inactivation
leading to a dose-related difference in the gene effect between
men and women (11, 12). There are likely other important
pathophysiological determinants of sex differences that are
incompletely understood.

Downstream of social, clinical, hormonal and genetic
processes, there are multiple biological pathways driving
COVID-19 outcomes that may be mechanistically important
and therapeutically tractable in the described sex differences.
Several studies have demonstrated a sex difference in the
relationship between various biomarkers and COVID-19
outcomes. Candidate biomarkers are implicated in immune
response, inflammatory pathways, and coagulation pathways,
as well as end organ dysfunction (9, 11, 14, 15). Specifically,
men have been shown to have higher incidence of myocardial

injury, as measured by troponin elevation (3). However, to
date there has been no systematic examination of biomarkers
of these pathophysiological processes and their relative effects
as mediators of the sex difference in COVID-19 outcomes.
Mediation analysis, our novel focus in this paper, aims to inform
whether a biomarker (of a pathologic process) is in the causal
pathway between an exposure (e.g., sex) and outcome (e.g.,
death) whereas the assessment of modification, a focus of prior
studies (15–17), examines whether the exposure interacts with a
biomarker in its association with the outcome.

In this study, we investigated potential pathophysiological
biomarker mediators of the effect of sex on COVID-19 outcomes,
to better understand the potential mechanisms and therapeutic
implications for increased risk of poor outcomes in men. We
evaluated 15 candidate blood biomarkers of biological pathways
perturbed in COVID-19 as potential mediators of sex differences
in COVID-19 outcomes, including markers of cardiac injury,

inflammation, iron metabolism and coagulation, as well as renal
and liver injury.

METHODS

Study Populations
The study population included a total of 4,017 patients
hospitalized for SARS-CoV-2 infection between February and
May 2020 at two independent quaternary care facilities,
Columbia University Irving Medical Center/New York
Presbyterian Hospital (CUIMC/NYPH) and Massachusetts
General Hospital (MGH).

CUIMC/NYPH COVID-19 Cohort
The CUIMC/NYPH COVID-19 cohort includes 2,626 adult
patients (≥18 years of age) who were hospitalized at CUIMC
and the Allen Hospital sites of NYPH between February 1 and
May 12, 2020, with positive SARS-CoV-2 reverse transcriptase-
polymerase chain reaction testing of nasopharyngeal or
oropharyngeal specimens (18). Patients who were admitted for
<24 h were excluded from the analysis. Patients were followed
until discharge, death, or the end of study follow-up on June
11, 2020. Patient data were identified in the electronic health

record (EHR) by using the institution’s clinical data warehouse,
which included information on individuals who receive care at
CUIMC/NYPH. Analysis was based on index hospitalization.
Clinical comorbidities including hypertension, diabetes,
coronary artery disease (CAD), heart failure, stroke or transient
ischemic attack, atrial arrhythmias (atrial fibrillation, atrial
flutter, and supraventricular tachycardia), chronic lung disease,
chronic kidney disease, and chronic liver disease, were identified
using ICD-10 medical billing codes (Supplementary Table S1).
Cancer was defined by an automated search of the EHR for
the terms “cancer,” “carcinoma,” “malignancy,” “malignant,”
“neoplasm,” “-noma,” or “blastoma,” excluding those with the
terms “screen” or “hypertension.” Obesity was defined as body
mass index (BMI) ≥30 at the time of index hospitalization. The
primary outcome was in-hospital mortality within 30 days of
admission. Peak biomarker values were defined over the duration
of hospitalization.

MGH COVID-19 Patient Registry
A replication analysis was performed using retrospective data on
1,391 individuals from theMGHCOVID-19 Patient Registry (19,
20). All patients were hospitalized between March 11, 2020 and
May 31, 2020 and tested positive for SARS-CoV2. Demographic
information, comorbid conditions, medications, laboratory tests,
and clinical outcomes at index hospitalization were manually
extracted from electronic health records. The primary outcome
was death within 28 days of presentation to care, defined as first
contact with a health care provider due to COVID-19-related
symptoms. Peak biomarker values were defined over the duration
of hospitalization within 28 days of index date.

Statistical Methods
Baseline characteristics were summarized for the overall cohort
and stratified by sex for both the CUIMC/NYP and MGH
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FIGURE 1 | Causal mediation model. This study assessed the degree to which peak serum biomarkers mediated the association between male sex and death due to

SARS-CoV-2 infection in hospitalized patients. Of the fifteen biomarkers tested, five were significant mediators of the association between male sex and 30-day

mortality, with varying proportion mediated as represented by the arrow thickness. Potential confounders accounted for in the primary analysis included age, sex,

race/ethnicity, and number of biomarker measurements. The proportion mediated is given by the Natural Indirect Effect (NIE) divided by the Total Effect [NIE + Natural

Direct Effect (NDE)].

registries. Unadjusted two-sided tests of proportions (or means)
were used to compare baseline characteristics for male and
female patients.

In the CUIMC/NYPH data, we evaluated 15 biomarkers of
pathways perturbed in COVID-19 as potential mediators of sex
differences in COVID-19 outcomes. Of these, two (IL-6, lactate)
were excluded because of>50%missing data, and four (albumin,
ALC, ESR, platelets) were excluded because their peak values
were not associated with sex. Although associated with sex, WBC
and automated lymphocytes were not reported as main findings
because they were correlated and redundant with hs-CRP,
which had stronger mediation effects (Supplementary Table S2).
Hepatic injury markers (AST and ALT) were excluded because
of race/ethnicity interactions in their association with death,
limiting statistical power for race/ethnicity-specific mediation
effects (Supplementary Table S2). Details on all additional
biomarkers that were screened but not presented as primary
findings are given in Supplementary Table S2. Thus, five
biomarkers representing distinct biological pathways – hs-cTNT,
hs-CRP, ferritin, creatinine, and D-dimer – were analyzed and
presented here for their mediation of sex effects on death
during index hospitalization. Each of these had peak values
that were significantly associated with sex, had observed data in
>50% of individuals, and represented distinct pathophysiological
processes. Peak biomarker values were natural log transformed
and standardized prior to inclusion in models.

We applied the causal mediation analysis approach described

by Imai et al. (21) and as we applied in Foulkes et al. (22) which

uses the results of three models to determine the proportion of
the association between sex and severe outcomes that is mediated
by the biomarker: (1) A Total Effect Model using a logit link with
death (Y) as the outcome and sex (T) as a predictor variable,
where the biomarker (M) is not included in the model; (2) A
Mediator Model using an identify link with peak biomarker as
the outcome and sex as a predictor; and (3) An Outcome Model
using a logit link with death as the outcome and both sex and
peak biomarker as predictor variables. All models were initially
conditioned on age, sex, obesity, race/ethnicity and number of
biomarker measurements. The reported odds ratios (ORs) are
computed in the same way as using standard statistical model
fitting procedures.

The average proportion mediated and corresponding p-value
were reported for each biomarker. Models were fitted overall
based on data from adult patients (≥18 years of age) using
the peak biomarker value for each patient. Analysis used a
complete case analysis for each biomarker separately assuming
data were missing completely at random. Summary level data
on characteristics of patients with and without missing data
are provided (Supplementary Table S3). Primary analysis was
based on data derived from the CUIMC/NYP cohort. Replication
analysis was based on the MGH cohort. To explore mediation
effects that might differ by menopausal status in women, we
performed secondary analyses of age strata (≥ 50 vs. <50
years of age) designed as a surrogate for pre- and post-
menopausal status in women. Additional sensitivity analyses

in the CUIMC/NYP cohort were performed to check the
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consistency of our conclusions when (1) adjusting for additional
potential confounders (coronary artery disease, chronic kidney
disease, lung disease, hypertension, type 2 diabetes mellitus,
cancer, heart failure, and stroke) in the multivariable models, (2)
restricting to individuals with complete data for all variables (N =

1,688). Analyses were completed using R version 3.5.0. Mediation
analysis was performed using the R package “mediation.”

Human Subjects and IRB Approvals
The CUIMC IRB approved this study (#AAAS9835) and waived
the requirement for obtaining informed consent. The Partners
HealthCare Institutional Review Board (IRB) (#2020P000829)
approved collection of curated data based on comprehensive
manual chart reviews and data extractions fromEHRs on patients
who receive care through the Mass General Brigham (MGB,
formerly Partners) system.

RESULTS

Baseline Characteristics of the
CUIMC/NYP COVID-19 Cohort
Baseline clinical, demographic, and laboratory findings, overall
and stratified by sex, are shown in Table 1. Median age was 66
(IQR 54, 77) years. Women accounted for 43% of the study
cohort, and women were older (69 [57, 80] vs. 64 [53, 75], p
< 0.001) and more obese (BMI 29.0 [24.9, 34.1] vs. 27.5 [24.4,
31.5], p < 0.001) than men. There were no significant differences
in baseline statin and angiotensin-converting enzyme inhibitors
(ACEi) or angiotensin receptor blocker (ARB) use between men
and women. Men had a trend toward higher rates of baseline
CAD, though this was not statistically significant, and women
had significantly higher rates of hypertension (58 vs. 52%, p =

0.0047) and lung disease (23 vs. 14%, p < 0.001). There were
no sex differences in the baseline proportions of patients with
diabetes mellitus, chronic kidney disease (CKD), cancer, heart
failure or stroke (Table 1). On admission, compared to women,
men had significantly higher hs-CRP, creatinine, hs-cTnT levels
and especially ferritin. There was no sex difference in D-dimer
levels at the time of admission (Table 1).

Unadjusted Analyses of Biomarkers and
Outcome by Sex in the CUIMC/NYP
COVID-19 Cohort
Peak values for all five biomarkers were significantly higher in

men than in women, as shown in Table 2. The most notable sex
difference was in median peak ferritin level, which was 1184.5
(IQR 621, 2,269) in men as compared to 615.5 (IQR 295, 1,307)
in women. Mortality at 30 days was significantly higher in men
than in women (26 vs. 21%, p= 0.0146, Table 2).

Mediation Effects in the CUIMC/NYP
COVID-19 Cohort
In adjusted models, male sex was a significant predictor of death
at 30 days (OR∼2.0 depending on the specific sample of patients
with available biomarker data, p < 0.001, Table 3). Male sex was
also a significant predictor of the peak hs-CRP, ferritin, D-dimer,

hs-cTnT, and creatinine (p < 0.001, Table 3). The effect of sex
on the primary outcome of death was partially attenuated after
adjustment for each of the five peak biomarker values, suggesting
a potential mediation effect for each. The proportion mediated
was significantly different than 0 for all of the biomarkers. The
estimated proportion mediated was greatest for hs-cTnT (0.45,
p < 0.001), hs-CRP (0.42, p < 0.001), and creatinine (0.35, p
< 0.001) and lowest for D-dimer (0.22, p < 0.001, Table 3,
Figure 1).

There were interaction effects with biomarkers in the outcome
model for hs-CRP and ferritin with obesity and for D-dimer
with age, and therefore stratified analyses are included in these
cases. In the obesity (BMI >30) stratified analyses for hs-
CRP, the estimated proportion mediated remained the same
for obese and non-obese patients (0.42, p < 0.001 for each).
While ferritin remained a significant mediator of the effect
of sex on COVID-19 outcomes after stratifying by obesity,
the estimated proportion mediated was larger among obese
patients (0.51, p = 0.010) as compared to non-obese patients
(0.24, p < 0.001). For D-dimer, the estimated proportion
mediated was slightly lower in the older strata (0.18 for
>65 years vs. 0.25 for age <65 years, Table 3). In secondary
age-stratified analyses (≥ or < age 50), a surrogate for
menopausal status in women, the mediation effects of each
biomarker were largely consistent across younger vs. older
age categories. However, hs-CRP had a greater proportion
mediated for age <50 years (0.59) as compared to those with
age ≥ 50 years (0.35), and ferritin had a trend toward a
greater proportion mediated in those aged <50 (0.57 vs. 0.42,
Supplementary Table S4).

Replication Analyses in the MGH COVID-19
Patient Registry
Replication analysis was performed in the MGH registry.
The clinical characteristics, laboratory values, and outcomes
overall and by sex in the MGH cohort are shown in
Supplementary Tables S5, S6. Similar to the CUIMC/NYP
cohort, women were more obese than men (BMI 29.8 [25.6,
35.0] vs. 28.6 [25.2, 32.9], p = 0.016) and had significantly more
lung disease (33 vs. 27%, p = 0.030). While in the CUIMC/NYP
cohort men had a trend toward higher rates of CAD, in the
MGH cohort men had significantly more CAD and were also
more likely to be smokers. In unadjusted analysis, peak values
for all five biomarkers were significantly higher in men than
in women, consistent with the CUIMC/NYP cohort. Also in
unadjusted analysis and similar to the CUIMC/NYP cohort, men
in the MGH cohort had significantly higher rates of the primary
endpoint of death.

The results of the mediation analysis of the five candidate
biomarkers in the MGH cohort are shown in Table 4. CRP,
ferritin, creatinine, and hs-cTnT were all significant mediators
of the effect of sex on COVID-19-related mortality. Stratified
analyses by obesity for CRP and ferritin had similar patterns
to the CUIMC/NYP cohort with no difference in proportion
mediated between obese and non-obese for CRP but a greater
proportion mediated for obese with ferritin (0.51 vs. 0.24). While
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TABLE 1 | Clinical characteristics and admission labs overall and by sex in the CUIMC/NYP COVID-19 cohort.

Overall (N = 2,626) Male (N = 1,497) Female (N = 1,129) P-value*

Presentation to care

Age in years (median [IQR]) 66 (54, 77) 64 (53, 75) 69 (57, 80) <0.001

Age ≥65 years 1,420/2,626 (0.54) 748/1,497 (0.50) 672/1,129 (0.60) <0.001

White/non-Hispanic 237/2,626 (0.09) 139/1,497 (0.09) 98/1,129 (0.09) 0.6406

Black/non-Hispanic 320/2,626 (0.12) 180/1,497 (0.12) 140/1,129 (0.12) 0.8169

Hispanic 1,314/2,626 (0.50) 747/1,497 (0.50) 567/1,129 (0.50) 0.9015

Other 755/2,626 (0.29) 431/1,497 (0.29) 324/1,129 (0.29) 0.9932

Fever 604/2,624 (0.23) 371/1,497 (0.25) 233/1,127 (0.21) 0.0152

Body mass index (Median [IQR]) 28.02 (24.60, 32.66) 27.46 (24.36, 31.46) 28.96 (24.89, 34.13) <0.001

On statins 951/2,626 (0.36) 519/1,497 (0.35) 432/1,129 (0.38) 0.0634

On ACEi or ARBs
†

442/2,626 (0.17) 238/1,497 (0.16) 204/1,129 (0.18) 0.1559

Co-morbidities

Obesity
‡

794/2,113 (0.38) 393/1,219 (0.32) 401/894 (0.45) <0.001

Coronary artery disease 329/2,626 (0.13) 204/1,497 (0.14) 125/1,129 (0.11) 0.0576

Hypertension 1,430/2,626 (0.54) 779/1,497 (0.52) 651/1,129 (0.58) 0.0047

Diabetes mellitus type 2 968/2,626 (0.37) 553/1,497 (0.37) 415/1,129 (0.37) 0.9561

Chronic kidney disease 370/2,626 (0.14) 219/1,497 (0.15) 151/1,129 (0.13) 0.3908

Lung disease 463/2,626 (0.18) 207/1,497 (0.14) 256/1,129 (0.23) <0.001

Cancer 261/2,626 (0.10) 155/1,497 (0.10) 106/1,129 (0.09) 0.4517

Heart failure 275/2,626 (0.10) 149/1,497 (0.10) 126/1,129 (0.11) 0.3494

Stroke 225/2,626 (0.09) 130/1,497 (0.09) 95/1,129 (0.08) 0.8620

Admission labs (median [IQR])§

hs-CRP (mg/L; n = 2,414) 118.46 (56.79, 205.18) 130.48 (63.66, 215.36) 105.79 (45.40, 184.04) <0.001

D-Dimer (ng/mL; n = 2,179) 1,510 (830, 3,290) 1,490 (800, 3,440) 1,520 (873, 3,170) 0.6767

Ferritin (ng/mL; n = 2,391) 702.6 (345.40, 1,293) 870.4 (457.80, 1584.50) 479.4 (238.80, 929.60) <0.001

Creatinine (mg/dL; n = 2,609) 1.07 (0.81, 1.64) 1.17 (0.91, 1.75) 0.92 (0.70, 1.48) <0.001

hs-cTnT (ng/L; n = 2,402) 17 (8, 42) 19 (9, 43) 16 (8, 39) 0.0028

*P-values correspond to a two-sample test of proportions (for categorical variables) or Wilcoxon rank sum tests (for numeric variables) comparing corresponding characteristics of male

vs. female patients;
†
ACEi, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers;

‡
Obesity is defined as BMI ≥30 and is missing for 513 patients; §Admission

labs - recorded within +/-3 days of hospital admission.

IQR, interquartile range; hs-CRP, high sensitivity C-reactive protein; hs-cTNT, high sensitivity cardiac Troponin T.

TABLE 2 | Peak laboratory values and outcomes overall and by sex in the CUIMC/NYP COVID-19 cohort.

Overall (N = 2,626) Male (N = 1,497) Female (N = 1,129) P-value*

Peak labs (median [IQR])
†

hs-CRP (mg/L; n = 2,416) 167.12 (83.80, 281.45) 185.11 (101.11, 293.01) 143.99 (65.80, 261.38) <0.001

D-Dimer (ng/ml; n = 2,180) 2,565 (1060, 9805) 2,790 (1060, 12260) 2,230 (1050, 7463) 0.0016

Ferritin (ng/ml; n = 2,393) 931.40 (437.90, 1,934) 1,184.5 (620.70, 2,269) 615.5 (295.40, 1,307) <0.001

Creatinine (mg/dL; n = 2,609) 1.34 (0.92, 2.71) 1.49 (1.05, 3.07) 1.11 (0.80, 2.28) <0.001

hs-cTnT (ng/L; n = 2,402) 26 (10, 79) 29 (11, 84) 24 (9, 67) <0.001

Follow-up (30 day) outcomes

Ventilator or death 908/2,626 (0.35) 555/1,497 (0.37) 353/1,129 (0.31) 0.0022

Ventilator‡ 559/2,626 (0.21) 365/1,497 (0.24) 194/1,129 (0.17) <0.001

Death 623/2,626 (0.24) 382/1,497 (0.26) 241/1,129 (0.21) 0.0146

*P-values correspond to a two-sample test of proportions (for categorical variables) or Wilcoxon rank sum tests (for numeric variables) comparing corresponding characteristics of male

vs. female patients;
†
Peak labs – high sensitivity C-reactive protein (hs-CRP), high sensitivity cardiac Troponin T (hs-cTnT)

‡
349 patients died without being on ventilator.

IQR, interquartile range; hs-CRP, high sensitivity C-reactive protein; hs-cTNT, high sensitivity cardiac Troponin T.
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TABLE 3 | Primary mediation analyses of peak values* of biomarkers in CUIMC/NYP COVID-19 cohort.

Total effect model
†

outcome: death

Mediator model
†

outcome:

biomarker

Outcome model
†
outcome: death Proportion

mediated

OR (sex) Estimate (sex) OR (sex) OR (biomarker)

hs-CRP

All (n = 1,978) 2.00 (p < 0.001) 0.285 (p < 0.001) 1.71 (p < 0.001) - 0.42 (p < 0.001)

Obese (n = 748) 2.00 (p = 0.001) 0.204 (p = 0.002) 1.87 (p = 0.005) 8.24 (p < 0.001) 0.42 (p < 0.001)

Non-obese (n = 1,230) 2.00 (p < 0.001) 0.329 (p < 0.001) 1.62 (p = 0.003) 2.80 (p < 0.001) 0.42 (p < 0.001)

Ferritin

All (n = 1,070) 2.33 (p < 0.001) 0.474 (p < 0.001) 2.04 ( p = 0.002) -‡ 0.33 (p < 0.001)

Obese (n = 483) 1.96 (p = 0.046) 0.510 (p < 0.001) 1.57 ( p = 0.204) 2.62 (p < 0.001) 0.51 ( p = 0.010)

Non-obese (n = 587) 2.64 (p = 0.001) 0.456 (p < 0.001) 2.47 ( p = 0.003) 1.92 (p < 0.001) 0.24 (p < 0.001)

D-dimer

All (n = 1,814) 2.03 (p < 0.001) 0.207 (p < 0.001) 1.84 ( p < 0.001) -‡ 0.22 (p < 0.001)

≥ 65 yrs (n = 945) 1.88 (p < 0.001) 0.165 (p = 0.010) 1.76 (p < 0.001) 2.13 (p < 0.001) 0.18 (p = 0.008)

< 65 yrs (n = 869) 2.44 (p = 0.001) 0.205 (p = 0.005) 2.17 (p = 0.007) 3.35 (p < 0.001) 0.25 (p = 0.006)

Creatinine

All (n = 2,106) 1.98 (p < 0.001) 0.430 (p < 0.001) 1.52 (p=0.001) 2.24 (p < 0.001) 0.45 (p < 0.001)

hs-Troponin T

All (n = 1,954) 2.05 (p < 0.001) 0.301 (p < 0.001) 1.70 ( p < 0.001) 2.55 (p < 0.001) 0.35 (p < 0.001)

*Peak biomarker level was determined based on all measurements. All values were natural log transformed and standardized for analysis;
†
All models included terms for sex and were

adjusted for age, obesity, race/ethnicity, and the number of biomarker measurements. The outcome model included both sex and the biomarker as predictor variables; ‡The outcome

model included a biomarker by obesity/age interaction and therefore the main effect of the biomarker was not reported here.

OR, odds ratio; hs-CRP, high sensitivity C-reactive protein; hs-Troponin T, high sensitivity cardiac Troponin T.

D-dimer was a significant mediator in the CUIMC/NYP cohort,
it was not a significant mediator in the MGH registry data.

Sensitivity Analyses
Additional analyses in the CUIMC/NYP COVID-19 Cohort
tested the robustness of findings. In mediation analyses that
adjusted for additional covariates and potential confounders
(CAD, CKD, lung disease, hypertension, type 2 diabetes
mellitus, cancer, heart failure, and stroke), the findings for each
biomarker were highly consistent with the primary findings
(Supplementary Table S7). Similarly, in models that restricted
data to patients that had complete data for all biomarkers and
covariates (N = 1,688), mediation findings were also consistent
with the main analyses (Supplementary Table S8).

DISCUSSION

In this study of 4,017 patients with COVID-19 at two tertiary care
centers, we confirm that compared to female sex, male sex was
associated with higher mortality at 30 days. Further, we report
the novel finding that specific biomarkers of pathophysiological
processes mediate the effect of sex on COVID-19 outcomes.
These include hs-cTnT, hs-CRP, D-dimer, ferritin and creatinine
– with proportion mediated estimated to be greatest for cardiac
injury (hs-cTnT), intermediate for inflammation (hs-CRP) and
kidney function (creatinine), and least for thrombosis (D-dimer).
Additional evaluated biomarkers were excluded because their

peak values were not associated with sex (albumin, ALC, ESR,
platelets), they were correlated and redundant with hs-CRP
(WBC and automated lymphocytes) or because of excess missing
data (IL-6 and lactate). Our findings suggest that biological
pathways of inflammation, iron metabolism, and coagulation, as
well as cardiac and kidney injury that may be downstream of
these pathways, are implicated in the strong sex-related difference
in COVID-19 outcomes.

Several prior small studies have looked at patterns of
biomarker elevation by sex in association with COVID-
19 outcomes, though none have performed rigorous
analyses of these biomarkers as mediators. A study of
776 patients hospitalized in New Orleans with COVID-
19 found that troponin and D-dimer were predictors of
worse outcomes in men, while ferritin was associated with
death only in women (16). In a retrospective review of 168
patients hospitalized with COVID-19 in Wuhan, China,
there were five biomarkers identified that were higher
among men who died than among women who died
(NLR, CRP, AST, LDH, and creatinine) (9). Importantly,
ours is the first study to report which biomarkers and
pathways are potential causal mediators of sex effects.
Our findings are robust even after adjusting for multiple
baseline comorbidities, and our work is rigorous in providing
replication of key findings at two independent major academic
medical centers with large numbers of complex and severe
COVID-19 cases.
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TABLE 4 | Replication mediation analyses of peak values* of biomarkers in MGH cohort.

Total effect model
†

outcome: death

Mediator model
†

outcome: biomarker

Outcome model
†
outcome: death Proportion

mediated

OR (sex) Estimate (sex) OR (sex) OR (biomarker)

hs-CRP

All (n = 1,088) 2.24 (p < 0.001) 0.102 (p = 0.058) 2.09 (p = 0.002) -‡ 0.20 (p = 0.048)

Obese (n = 491) 1.92 (p = 0.051) 0.080 (p = 0.277) 1.78 (p = 0.123) 9.07 (p<0.001) 0.22 (p = 0.284)

Non-obese (n = 597) 2.44 (p = 0.002) 0.144 (p = 0.065) 2.18 (p = 0.012) 4.64 (p < 0.001) 0.22 (p = 0.062)

Ferritin

All (n = 1,070) 2.33 (p < 0.001) 0.474 (p<0.001) 2.04 (p = 0.002) -‡ 0.33 (p < 0.001)

Obese (n = 483) 1.96 (p = 0.046) 0.510 (p < 0.001) 1.57 (p = 0.204) 2.62 (p<0.001) 0.51 (p = 0.010)

Non-obese (n = 587) 2.64 (p = 0.001) 0.456 (p<0.001) 2.47 (p = 0.003) 1.92 (p < 0.001) 0.24 (p < 0.001)

D-dimer

All (n = 1,050) 2.17 (p < 0.001) 0.022 (p = 0.676) 2.27 (p<0.001) -‡ 0.02 (p = 0.700)

≥ 65 yrs (n = 421) 2.00 (p = 0.005) 0.025 (p = 0.762) 2.13 (p = 0.003) 1.99 (p < 0.001) 0.02 (p = 0.732)

< 65 yrs (n = 629) 3.21 (p = 0.041) 0.025 (p = 0.718) 3.29 (p = 0.044) 2.97 (p < 0.001) 0.02 (p=0.710)

Creatinine

All (n = 1,084) 2.25 (p < 0.001) 0.568 (p < 0.001) 1.47 (p = 0.104) 2.44 (p < 0.001) 0.57 (p<0.001)

hs-Troponin T

All (n = 1,026) 2.25 (p < 0.001) 0.194 (p < 0.001) 1.99 (p = 0.003) 2.26 (p < 0.001) 0.19 (p = 0.002)

*Peak biomarker level was determined based on all measurements. All values were natural log transformed and standardized for analysis;
†
All models included terms for sex and were

adjusted for age, obesity, race/ethnicity, and the number of biomarker measurements. The outcome model included both sex and the biomarker as predictor variables; ‡The outcome

model included a biomarker by obesity interaction and therefore the main effect of the biomarker was not reported here.

OR, odds ratio; hs-CRP, high sensitivity C-reactive protein; hs-Troponin T, high sensitivity cardiac Troponin T.

Sex differences in inflammatory responses, as reflected by peak
hs-CRP and ferritin, may amplify sex differences in cardiac and
renal injury and thus contribute to our finding that biomarkers
of cardiac and kidney end-organ damage mediate a substantial
proportion of the effect of sex on COVID-19 outcomes. Although
previous studies have identified sex differences in the rate of
COVID-19-related myocardial injury (3) and an association
between acute cardiac injury and death in COVID-19 (23)
ours is the first to address cardiac injury as a mediator of
sex effects on COVID-19 outcomes. Similarly, prior studies
have demonstrated a sex difference in COVID-19-related kidney
disease and acute kidney injury (24), yet biomarkers of renal
function have never been tested as mediators. Further studies
are required to determine the extent to which the effects of
inflammation and cardiac and renal damage are independent
contributors to sex-mediation of poor COVID-19 outcomes.

Of several markers (including WBC and ESR, see
Supplementary Table S2), we focused on hs-CRP as
representative of systemic inflammation and broad activation
of innate and adaptive immunity in COVID-19. Prior studies,
including our own (22), have demonstrated an association
between elevated inflammatory markers and death or ICU
admission, with a stronger association in men as compared
to women (9, 15, 25). However, our study is the first to
suggest that inflammation directly mediates the effect of
sex on COVID-19-related mortality. This mediation could
be due to established sex differences in both the innate
and adaptive immune pathways (26). Many of the genes
involved in innate and adaptive immunity are located on the
X chromosome. Some of them may escape X inactivation,

leading to a more comprehensive immune response in women
as compared to men (26, 27). Men and women also differ
in the production of cytokines and chemokines by innate
immune cells. During inflammatory stress, men have higher
levels of pro-inflammatory cytokine production than females
(26, 28), which could lead to a more severe cytokine storm
associated with worse COVID-19 outcomes. Apart from
genetics, there may be hormonal factors contributing to sex
differences in the immune response to infection (29, 30).
Testosterone is known to have an immunosuppressive effect
(11, 26). At the same time, estradiol is thought to enhance
cell-mediated and humoral immune responses, and progesterone
has anti-inflammatory effects and may also contribute to
differences in T cell populations (26). In secondary analyses,
we found a trend toward a greater mediation effect of hs-CRP
in patients age <50 years, which might support a role for the
greater hormonal differences at pre-menopausal age in the
contribution to sex differences in the inflammatory milieu
and COVID-19.

Ferritin was a less potent mediator than hs-CRP of the effect
of sex on COVID-19 outcomes, though the mediation effect
was statistically significant and may be clinically important. In
studies of patients with COVID-19, ferritin has been shown to
correlate with disease severity in both men and women (31–
33). In one study and in contrast to our findings, ferritin levels
were found to be independently associated with death in women
but not in men (16). Our larger CUIMC/NYPH data is the
first to suggest that ferritin mediates the effect of male sex
on worse outcomes in COVID-19 and this finding was highly
consistent in the independent MGH registry. There are multiple
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possible explanations for the role of ferritin in mediating sex-
related outcomes. Ferritin synthesis may increase as a result of
the COVID-19 cytokine storm or inflammation may stimulate
leakage of intracellular ferritin (33). This would suggest that peak
ferritin levels, similar to hs-CRP, reflect systemic inflammation
in mediating the effect of sex on outcomes. Alternatively, ferritin
may play an independent causal role in the inflammatory cascade,
acting as a mediator of immune dysregulation (33). Given that
women of all ages have lower ferritin levels than men (34), lower
baseline levels of ferritin could in fact be protective in women.
Interestingly, when stratified by obesity, more of the effect of
male sex on the primary outcome of death was explained by peak
ferritin among obese patients as compared to non-obese patients.
This finding may relate to differences in significance of ferritin
levels in non-obese vs. obese patients. While in lean individuals
ferritin may predominantly be a marker of iron stores, in obesity
ferritin may correlate more with inflammation (35).

In the primary CUIMC/NYP cohort, we found that peak D-
dimer levels were also mediators of the effect of sex on COVID-
19 outcomes. In contrast, D-dimer levels were not found to
be a mediator of the association between sex and COVID-19
outcomes in the MGH cohort. One possible explanation is that
this might reflect differences in anticoagulation practice patterns
for patients with COVID-19 across institutions, particularly
early in the pandemic (36). Published work does suggest that
microvascular dysfunction and thrombosis play a role in the
pathogenesis of COVID-19, and studies have demonstrated an
increased risk of severe outcomes and death in patients with
elevated D-dimer (37). While there have been insufficient data
to demonstrate a sex difference in the association between D-
dimer and outcomes, sex differences in endothelial dysfunction
have been well-established (38). Increased coagulation disorders
may also cause more myocardial injury in men than in women,
leading to worse outcomes (3). Prior studies have suggested that
menopause is a risk factor for worse outcomes in women with
COVID-19 (13, 39). In our age-stratified secondary analyses
(≥ 50 vs. <50 years of age) designed as a surrogate for pre-
and post-menopausal status in women, the proportion mediated
by D-dimer was similar across younger vs. older age strata
suggesting that thromboembolic mechanisms that drive higher
risk in men are unlikely to reflect hormonal differences found
in pre- or post-menopausal women. Future studies will need to
focus more specifically on sex-related COVID-19 risks, including
thromboembolic, in pre- and post-menopausal women.

Methodological strengths of this work include the novel
application of mediation analysis to sex-related COVID-19
outcomes as well as a robust replication sample in which findings
were highly consistent. Additional strengths include the sample
size, the inclusion of a large percentage of under-represented
minorities and the evaluation of 15 distinct biomarkers as
potential mediators of sex effects on COVID-19 outcomes.
There are several limitations of our study. First, the study used
observational data extracted from the EHR in which missing
data and measurement error are inherent and can result in
biased findings (40). Second, the causal mediation framework
assumes no unmeasured confounding (21). Third, despite robust
replication across CUIMC/NYP and MGH cohorts, these two

studies have differences in design and regional clinical contexts.
Fourth, biomarkers are inherently limited as a markers of
causal mechanisms and in therapeutic targeting, as they are
surrogates for the underlying causal pathway. Indeed, serum
creatinine has significant limitations as a measure of kidney
function or as a surrogate for kidney injury, but data were
missing for calculation of more reliable measures of acute kidney
injury (e.g., using KDIGO recommendations) (41). Further,
all validated equations for eGFR incorporate sex rendering
invalid analyses of sex mediation through such a derived
biomarker. However, ease in clinical use of these biomarkers
means our findings are immediately translatable to clinical
practice. There are also redundancies between clinically available
biomarkers, e.g., we selected hsCRP over WBC and ESR
because hsCRP had stronger sex-mediation effects than the other
inflammatory markers (Supplementary Table S2). Moreover,
given the complex relationships among sex, mediators and
other factors in severe COVID-19 outcomes, future work on
additional pathophysiological pathways is needed. Our analyses
were limited to the 15 clinically available candidate blood
biomarkers selected for our study, and therefore we cannot
exclude other biomarkers and organs as mediators. Specifically,
our initial analyses suggest that larger sample sizes than ours
are required to study the effect of biomarkers of hepatic injury
within racial and ethnic strata. Finally, future studies are needed
to define optimal clinical translation including use of mediators
in clinical trials stratifying for high-risk patients.

In summary, we identified several distinct biomarkers of
pathophysiological processes, including cardiac injury, that
are reproducible mediators of the effect of sex on COVID-
19 outcomes. Each of these pathways is a downstream
manifestation of genetic, hormonal, and socio-demographic
differences between men and women. And each offers a unique
opportunity for better risk stratification, resource utilization,
and targeted clinical trials toward personalized interventions
and therapies for subgroups of patients at highest risk for poor
COVID-19 outcomes.
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Objectives: This cross-sectional study aims to investigate health-related behaviors

including tobacco consumption among patients with cardiovascular diseases (CVD),

during the first COVID-19-related lockdown.

Methods: After 5 weeks of COVID-19 lockdown, 220 patients with chronic

coronary syndromes (CCS) and 124 with congestive heart failure (CHF) answered a

phone questionnaire.

Results: Among these 344 patients, 43 (12.5%) were current smokers, and none had

quit during the lockdown. When compared with non-smokers, smokers were 15 years

younger, more often diabetic, more likely to live in an urban than a rural lockdown location,

and more often in the CCS cohort (p= 0.011). Smokers described greater psychological

impairment, but their rates of decrease in physical activity and of increase in screen

time were similar to non-smokers. More than one-third (13/43) increased their tobacco

consumption, which was mainly related to stress or boredom, but not driven by media

messages on a protective effect of nicotine.

Conclusions: During the first COVID-19 lockdown, we found a decrease in favorable

lifestyle behaviors among patients with CVD. Strikingly, one-third of smokers with CCS

or CHF increased their tobacco consumption. Given the major impact of persistent

smoking in patients with CVD, this highlights the need for targeted prevention strategies,

in particular during such periods.

Keywords: smoking, COVID-19, lockdown, chronic coronary syndrome, congestive heart failure (CHF)

INTRODUCTION

Cardiovascular disease (CVD), including congestive heart failure (CHF) and chronic coronary
syndrome (CCS), and smoking are among the factors that can dramatically worsen prognosis in
patients hospitalized for COVID-19 (1). Tobacco smoking is a major reversible risk factor for
CVD, and cessation is a major target for prevention. Unfortunately, patients often do not quit
smoking after an acute CVD event (2, 3). Although considered as less harmful than smoking, the
cardiovascular impact of vaping is still debated (1).
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Since the start of the current pandemic, the fear of severe acute
respiratory syndrome coronavirus-2 (SARS-CoV2) infection and
the strict lockdowns may have generated anxiety and stress,
delayed access to care, and favored unhealthy behaviors, such as
smoking increase, start or relapse. All of these factors can worsen
a CVD patient’s long-term prognosis (1, 3–5). On the other hand,
the pandemic-related lockdowns were particular situations that
may also have potentially favored smoking cessation through
fear of illness, the lifting of social barriers, and enabling patients
to focus on the health benefits of a healthier lifestyle (6, 7).
At the same time, some media outlets spread the unconfirmed
information that nicotine could confer a protective effect against
COVID-19, thus potentially encouraging patients to smoke
(6, 8). While the subject of smoking during the COVID-19
lockdowns has been addressed, investigations in CVD patients
are paradoxically very scarce. We hypothesized that smoking rate
and related health behaviors could have beenmodified in patients
with CVD during the 2020 lockdown.

METHODS

CLEO-CD (COVID-19 Lockdown Effect On Chronic Diseases)
is a cross-sectional study including more than 1200 outpatients
with chronic disease from our university hospital in Dijon,
France. Among them, 250 CCS subjects were randomly selected
from the RICO (observatoire des Infarctus du myocarde de
Côte d’Or) survey, which prospectively includes all patients
hospitalized for acute myocardial infarction (AMI) in the
coronary care unit of our hospital, as previously described (9).
Only patients hospitalized for AMI in 2018 and 2019 were
selected for inclusion. In addition, 150 CHF outpatients were
randomly selected from the Heart Failure Clinic (10). This
questionnaire was previously tested on 10 subjects (members of
our research unit) as an internal procedure in order to assess
compliance (understanding, coherence, reliability), leading to
changes in the questions regarding medications and tobacco
consumption. Then the questionnaire was tested by phone on
eight CCS outpatients and eight CHF outpatients, all non-
included in the randomly-selected patients and no changes
were found to be necessary. A translated version of the
questionnaire addressing tobacco consumption is available in
Supplementary File 1 - Questionnaire. A smoker and a vaper
were defined as a current tobacco smoker or electronic cigarette
user (daily or occasional) at the time of the interview, and an ex-
smoker and ex-vaper as having quit any time before the interview.
Psychological distress was assessed by the Kessler 6 (K6) score
(11). Residence during the lockdown was defined as rural when
patients were living in areas with <2,000 inhabitants, and urban
when in areas with 2,000 inhabitants or more, in agreement
with French demographical definition (https://www.insee.fr/
fr/metadonnees/definition/c1501) and as previously described
(9). Informed consent was obtained from all of individual
participants included in the study.

Because of the nature of the survey, patients were invited
to participate and had to give their oral consent before the
beginning of the interview.

TABLE 1 | Population characteristics according to cardiovascular disease.

CCS CHF P-value

Population 220 (64.0) 124 (36.0)

Female 66 (29.6) 49 (39.5) 0.08

Age (y) 67 (58–75) 70 (64–82) 0.01

Diagnosis ≥6 months 215 (97.7) 120 (96.8) 0.73

CCS

History of revascularisation 184 (83.6)

Medications Antiplatelets

agents

200 (91.7)

Betablockers 188 (87.0)

ACEI or ARB 181 (84.5)

Statins 188 (87.0)

CHF

Type of CHF HFrEF 87 (70.2)

HFmrEF 12 (9.7)

HFpEF 25 (20.2)

Etiology DCM 50 (40.3)

Ischemic 23 (18.5)

Others 51 (41.2)

NYHA Class I 39 (31.5)

II 48 (38.7)

III 28 (22.6)

IV 9 (7 .3)

CCS, chronic coronary syndrome; ACEI, angiotensin converting enzyme inhibitor; ARB,

angiotensin receptor blocker; CHF, congestive heart failure; IQR, interquartile range;

HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure with mildly-

reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; DCM,

dilated cardiomyopathy; NYHA, New York Heart Association.

n (%) or median (IQR).

The present study complied with the Declaration of Helsinki
and was approved by the Ethics Committee of the Dijon
University Hospital (NCT04390126).

Statistical Analysis
Continuous variables were expressed as medians and
interquartile ranges (IQR) and dichotomous variables as n
(%). Student t-tests or Mann-Whitney tests were used to
compare continuous variables, and Pearson’s Chi² or Fisher’s
tests to compare dichotomous data, as appropriate. Current
smokers were compared with non-smokers.

RESULTS

Among the 400 selected patients, 56 declined the interview
or were lost to follow-up and 344 questionnaires were finally
analyzed, including 220 CCS and 124 CHF; patients with CCS
were 3 years younger than those with CHF (p = 0.01). The
rate of smoking was high (n = 43, 12.5%), and smokers were
15 years younger than non-smokers (p < 0.001). Population
characteristics are summarized in Tables 1, 2. Prevalence of
smoking was higher in the CCS than in the CHF group (p
= 0.011). Smokers were more frequently diabetic, single or
divorced, and unemployed than non-smokers, and they were
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TABLE 2 | Patient characteristics according to smoking status.

Total Non-smoker Smoker P-value*

N = 344 N = 301 N = 43

Risk factors

Age, years 70 (59–78) 71 (62–79) 56 (52–65) <0.001

Men 229 (66.6) 197 (65.4) 32 (74.4) 0.243

Diabetes 81 (23.7) {342} 68 (22.7) {299} 13 (30.2) 0.028

BMI, kg/m² 27 (24-30) {319} 27 (24-30) {279} 28 (25-31) {40} 0.202

BMI ≥ 25 kg/m² 231 (72.4) {319} 200 (71.7) {279} 31 (77.5) {40} 0.442

BMI ≥ 30 kg/m² 86 (24.5) {319} 73 (26.2) 13 (32.5) 0.398

Type of CVD {344} {301} {43} 0.011

CCS 220 (64.0) 185 (61.5) 35 (81.4)

CHF 124 (36.0) 116 (38.5) 8 (18.6)

History of depression 54 (16.0) {338} 46 (15.5) {297} 8 (19.5) {41} 0.510

COVID-19 screening (RT-PCR) 11 (3.2) {342} 7 (2.3) {299} 4 (9.3) 0.037

Socio-economic status

Marital status {336} {296} {40} 0.004

Single 35 (10.4) 26 (8.8) 9 (22.5)

Divorced 28 (8.3) 22 (7.4) 6 (15.0)

Married 225 (67.0) 203 (68.6) 22 (55)

Widower 48 (14.3) 45 (15.2) 3 (7.5)

Professional activity {341} {299} {42} <0.001

Current 69 (20.2) 55 (18.4) 14 (33.3)

Retired 238 (69.8) 222 (74.2) 16 (38.1)

Unemployed 13 (3.8) 7 (2.3) 6 (14.3)

Other 21 (6.2) 15 (5.0) 6 (14.3)

Education {342} {300} {42} 0.112

≥High school diploma 106 (32.1) 97 (33.7) 9 (21.4) 0.133

Lockdown place

Residence area 0.066

Urban 163 (45.3) 137 (45.5) 26 (60.5)

Rural 181 (54.7) 164 (54.5) 17 (39.5)

Type of accommodation 0.086

Flat without terrace/garden 47 (12.4) 37 (12.4) 10 (23.3)

Flat with terrace/garden 66 (18.8) 56 (18.8) 10 (23.3)

House with garden 228 (68.8) 205 (68.8) 23 (63.5)

Alone in accommodation 83 (24.4) {340} 68 (22.9) {297} 15 (34.9) 0.087

Number of cohabitants {340} {297} {43}

Median (IQR) 1 (1–2) 1 (1–2) 1 (0–2) 0.864

Minimum/maximum 0/6 0/6 0/5

IQR, interquartile range; BMI, Body Mass Index; CVD, cardiovascular disease; CCS, chronic coronary syndrome; CHF, congestive heart failure; RT-PCR, nasal Reverse Transcriptase-

Polymerase Chain Reaction detection for SARS-CoV-2.

*p value comparison between smokers and non-smokers.

n (%) or median (IQR), {Number of answers}.

more often screened for COVID-19. In addition, smokers’ place
of residence during the lockdown tended to be more often
urban and they were more likely to be living alone. Feeling
and lifestyle behavior of patients according to their smoking
status is summarized in Table 3. Among psychological factors,
smokers were three times more likely to feel cramped and the
psychological distress level (K6≥ 8) tended to be higher. Among
the 43 current smokers, a high rate [n= 10 (30%)] increased their
tobacco consumption during the lockdown period. Moreover,

during this period, one started to smoke and two had relapsed.
Only six patients were vapers, and none was a dual user.
Among the ex-smokers, none had quitted since the beginning of
the lockdown.

Stress was the most commonly cited cause of smoking,
followed by boredom. Lifestyle changes, including physical
activity, alcohol consumption, and increase in screen time were
similar for the two groups. In contrast, smokers had a much
higher rate of weight variations, either for increase or for
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TABLE 3 | Patients feeling and behavior according to smoking status during lockdown.

Total Non-smoker Smoker P-value*

N = 344 N = 301 N = 43

Psychological factors

Lockdown rules compliance 335 [97.7) {343} 294 [98.0) {300} 41 [95.3) 0.264

Feeling cramped 19 [5.6) {337} 13 [4.4) {294} 6 [14) 0.023

Sleep quality/duration change 83 [24.3) {342} 68 [22.7) {300} 15 [35.7) {42} 0.158

Currently feeling: {342} {300} {42} 0.427

Bad 21 [6.1) 16 [5.3) 5 [11.9)

Fairly good 75 (21.9) 67 (22.3) 8 (19.0)

Well 175 (51.2) 154 (51.3) 21 (50.0)

Very well 71 (20.8) 63 (21.0) 8 (19)

Feeling less well (compared to before lockdown) 75 (21.9) {342} 65 (21.7) {300} 10 (32) {42} 0.743

Kessler score 2 (0–4) {337} 2 (0–4) {294} 2 (0–4) 0.633

K6 ≥ 8 37 (11.0) 29 (9.9) 8 (18.6) 0.079

Health behavior change

Physical activity {341} {298} 0.466

Same 171 (50.1) 153 (51.3) 18 (41.9)

Decreased 147 (43.1) 125 (41.9) 22 (51.2)

Increased 23 (6.7) 20 (6.7) 3 (7.0)

Alcohol intake 284 245 39 0.341

Same 242 (85.2) 210 (85.7) 32 (82.1)

Decreased 27 (9.5) 24 (9.8) 3 (7.7)

Increased 15 (6.7) 11 (4.5) 4 (10.3)

Screen time increase 155 (45.3) {342} 131 (43.7) {300} 24 (57.1) {42} 0.10

Weight {343} {301} {42} 0.01

Same 223 (65.0) 204 (67.8) 19 (45.2)

Decreased 43 (12.5) 33 (11.0) 10 (23.8)

Increased 77 (22.4) 64 (21.3) 13 (31)

Tobacco consumption

Same 21 (48.8)

Decreased 9 (20.9)

Increased (or started) 13 (30.2)

Cause of increase/start smoking {12}

Stress – – 7 (58.3)

Boredom – – 3 (25.0)

Other 2 (16.7)

Electronic cigarette 6 (1.8) {333} 6 (2.1) {290} 0 (0.0) 1

With nicotine 1 (20) {5} 1 (20) {5} 0

IQR, interquartile range.

*p-value comparison between smokers and non-smokers.

n (%) or median (IQR), {Number of answers}.

decrease, when compared with non-smokers. At the time of the
interview, 29 patients reported the use of telemedicine, 16 in the
CCS group (7.3%) and 13 in CHF group (10.5%); the difference
was non-significant (p = 0.317). As tobacco quitting may have
been encouraged during these sessions, we assume that such
advice may have been given in the same way in both groups.

Among the 344 patients, three patients developed conditions
highly suggesting a COVID-19 (anosmia and/or ageusia
associated with fever and cough) and underwent PCR testing
(unknown timing according to the symptoms), of whom only
one was positive. Eight other patients underwent PCR testing, of

whom all were negative. Among them, four had no symptoms,
neither contact with any COVID-19 patient.

Among the patients with CCS, 13 declared an increase of
symptoms of angina, of whom two were smokers. One of them
did not report a change in smoking behavior, the other declared
a reduction in tobacco consumption.

The subgroup analysis among smokers showed that the
decrease in physical activity and the increase in screen time
were more common in urban than in rural areas (61.5 vs.
35.3%, p = 0.092 and 69.2 vs. 37.5%, p = 0.044, respectively).
Although not significant, tobacco consumption increased less
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frequently among rural vs. urban patients (17.6 and 38.5%,
p= 0.187).

DISCUSSION

Smoking cessation is associated with major health benefits and
some studies even suggest a favorable effect on biological age
(12). Although smoking cessation is one of the key targets for
secondary prevention in CVD, we found a high rate of current
smokers (12.5%) among French CVD patients interviewed
during the first lockdown (March-May 2020), consistent with
smoking prevalence in CAD patients from contemporary
European surveys (2, 13).

Relations between tobacco smoking and COVID-19 are
controversial. Comorbidities including tobacco-induced diseases
are associated with severe forms of COVID-19 and smokers are
at higher risk of poor outcomes when infected (14, 15). Moreover,
tobacco smoking up-regulates angiotensin-converting enzyme
2 (ACE2), receptor, binding site of Sars-Cov2 on membrane,
promoting cell-invasion (16). The initial lower prevalence of
smokers among patients with COVID-19 in early publications
were not confirmed and could be related to selection bias,
inadequate tobacco smoking definition and other confounding
factors such as social habits (7, 16).

As expected, younger age and unemployment were more
prevalent among smokers, which could interfere with other
findings such as occupational characteristics.

Smokers also reported a higher rate of COVID-19 screening,
which could be a result of respiratory symptoms mimicking
COVID-19 symptoms, thus justifying the request for testing.
In our population, diabetes was more prevalent among
smokers than non-smokers, and the association of these
factors exacerbates CV risk. This underlines the importance of
implementing strategies for tobacco cessation in smokers with
comorbidities (7, 17).

Although the lockdown period provided a potential
opportunity for smoking cessation, none of our participants had
quit, a third of patients had increased their tobacco consumption,
one patient started smoking, and two patients relapsed (7).
Psychological distress induced by social isolation and fear of the
disease may have created conditions for smoking increase during
the lockdown (1, 4). In addition, weight variations were more
common among smokers than non-smokers. Whether it could
relate to the influence of lockdown on mental health or to other
factors such as variations in physical activity, or any confounding
factors including socio-economic status is only speculative (6).

In a web-survey conducted in US dual users, 28.3 and
24.9% decreased their smoking and vaping consumption, but
more subjects, 30.3 and 29.1%, respectively, had increased
consumption since the beginning of the COVID-19 outbreak,
and there was a positive correlation between the two products
(18). In England, an analysis of monthly cross-sectional surveys
demonstrated the stability of smoking prevalence and found
an increase quitting since the lockdown, but they could not
exclude an increase in uptake or relapse (19). In a german survey,
almost 10% of smokers quit and 50% increased their tobacco

consumption. The increase was associated with COVID-19-
related stress and living alone (20). To the best of our knowledge,
our work is the first to specifically address smoking in CVD
outpatients, who constitute a high-risk population.

In France during the first COVID-19-related lockdown,
a nationwide web-based survey was conducted in 1,454
respondents aged 25–64 years, including some with CVD (21).
When compared with our findings, they found a similar rate
of smokers who decreased their tobacco consumption (22.6 vs.
20.9% respectively), but a higher rate of increased consumption
(40.4 vs. 30.2%, respectively). A cross-sectional study in smokers
from the general French population covering the same lockdown
period yielded similar variations, including decreased tobacco
consumption in 18.6% of and increased consumption in 26.7%
(6). In this online survey, smoking increase was closely related
with anxiety and overcrowded housing.

A large nationwide cross-sectional survey was conducted in
USA smokers and e-cigarettes users during 2020 August; 21%
of smokers had decreased their tobacco consumption in the 6
last months. Although they were aware of the amplified risk
of COVID-19 related to tobacco smoking, 33% of smokers had
increased their consumption; one the main reasons was stress;
results were similar between only cigarettes users and dual-users.
Moreover, 15% of the subjects who had quitted during the last
6 months relapsed. Conversely, 23% of vapers increased their e-
cigarette consumption. However, 26% of smokers reported trying
to quit, and this was associated with an increase risk perception
of COVID-19 related to tobacco smoking (22). In California,
an online survey did not find an increase in the number of
smokers but tobacco consumption was higher among smokers
likely related to a shift in time spent in smoke free places toward
time spent at home (20). In an on-line survey in Pennsylvania,
stress, more time to smoke and boredom were the main reasons
to smoking increase (23).

A link between stress and unhealthy behaviors has been found
in Australian subjects, of whom more than 50% suffered from
chronic disease, mostly driven by a decrease in physical activity
(almost 50%) (24).

In Netherlands, Van der Werf et al. observed some change in
lifestyle behaviors among 1,004 adults who answered an online
questionnaire after the first 3 months of COVID-19 pandemics,
of whom 153 (15.2%) were smokers (25). A greater number of
subjects declared healthier than unhealthier lifestyle behaviors
(19.3 vs. 12.2%, respectively). Unhealthier lifestyle was associated
to stress and was similar among smokers and non-smokers.
Most of smokers did not change their tobacco consumption;
however, 8.3% declared a decrease in tobacco consumption and
only 3.7% an increase which is very different from findings
from other surveys including our present study (18–24, 26). In
Netherlands the lockdown rules were much less strict than in
other countries including France, thus potentially influencing
such findings.

Altogether, these data suggest that tobacco-smoking patterns
evolution during lockdown were quite similar whatever CV
health status. Although smoking has been associated with
increased COVID-19 severity, studies have suggested that
nicotine could be protective against SARS-COv2 infection (1, 8,
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19). Our data suggest that smoking increase was not related to
medical or media messages.

Smoking during lockdown was characterized by living alone,
feeling cramped and urban environment. Both living alone
and overcrowded housing have been associated with increased
smoking, even if other socio-economic factors can interfere (6,
20). Living in a rural location during lockdown was associated
with less tobacco use when compared with an urban area. Green
spaces have been associated with better CV health, through
reduced stress, and increased physical activity (27). However,
socioeconomic factors may also influence these findings by
selecting subjects with a psychological profile more prone to
healthy lifestyle. An Irish study reported that increasing smoking
was associated with increased alcohol intake and stress, but was
not influenced by the type of residence (28). In a recent French
survey, a rural residence was protective against increased screen
time but not smoking (29).

Unfortunately, we did not evaluate the motivation of our
patients to reduce their tobacco consumption or to quit. Among
the patients with CCS, 13 declared an increase of symptoms
of angina of whom two were smokers. One of them did
not report a change in smoking behavior, the other declared
a reduction of tobacco consumption; unfortunately, we did
not assess if this reduction was related to worsening angina.
These motivations have been studied among 659 smokers living
in Hong-Kong. In this phone-call survey performed during
the COVID-19 pandemic (while no stay-at-home orders were
displayed), perceived susceptibility to COVID-19 and perceived
severity of COVID-19 due to smoking were associated with
likelihood of quit attempts; the authors suggested that the lower
rate of perceived susceptibility than severity could be explained
by medias misinformation (30, 31). Data addressing patients
are however very scarce. Although not detailing their health
conditions, Rigotti et al. conducted a survey enrolling post-
hospitalized smokers wishing to quit; among these patients, 32%
have increased their tobacco consumption since the beginning of
the pandemic (mainly because of stress) and 31% have decreased
or stopped; these latter behaviors were associated with increase in
perceived risk of COVID-19 or developing severe infections (32).
Interestingly, Gold et al. have evaluated motivations to reduce
or quit smoking through an online survey. Among the 103 daily
smokers, 88.3% declared one or more comorbidities - including
cardiovascular diseases, known to be associated with severe
COVID-19 patterns. The main reasons of reducing their tobacco
consumption (68.9% of the subjects) were health concerns (33).

We acknowledge some limitations in our study. Our study
was conducted at the beginning of the pandemic and thus
the design was only exploratory and hypothesis-free, given
the uniqueness and the previously unknown magnitude of the
subsequent lockdown. However, given the consistency of our
data, in agreement with current literature, we think our works
provide contributory findings on this high health impact topic.

The present data were obtained by self-reporting, so we
cannot exclude a reporting bias for the declaration of behaviors
such as smoking and alcohol consumption, screentime, physical
activity or weight. Some randomly-selected patients could
not be included because they declined to participate in the
study, could not be reached by phone or because of language

barriers. However, the participation rate was high (86%) and
the characteristics of the study population, consistent with
contemporary data (13) suggest the representativeness of the
study population.

Because of the small sample of smokers in our cohort,
an extrapolation of our results to other population is only
speculative. However, our findings are consistent with larger
French general populations covering the same lockdown period,
thus strongly suggesting the representativeness of our study
population (6, 21).

As cardiovascular risk gradually increases with daily tobacco
consumption even for one cigarette, we did not perform a
quantitative evaluation of cigarette consumption (34).

Our study did not assess cardiovascular outcomes, which was
out of our scope, thus we were not able to analyse the prognosis
in subjects who increased their tobacco consumption.

In conclusion, CVD patients had a high rate of smoking
during the 1st COVID-19 related lockdown; their behaviors
were characterized by a triad of factors: psychological, socio-
demographic and living environment. Moreover, the frequent
increase in smoking (30%), mainly driven by stress, was
particularly alarming in patients with diabetes, suggesting that
more aggressive lifestyle management is needed. A longitudinal
extension of this cross-sectional survey could provide relevant
information regarding the duration of the behaviors described
herein and their longer-term health consequences. If confirmed
by large sample or experiment design, our findings may help to
target tailored preventive strategies in this high-risk population.
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Acute myocarditis is a rare but serious complication associated with mRNA-based

coronavirus disease 2019 (COVID-19) vaccination. In this article, four COVID-19 mRNA

vaccination induced myocarditis cases managed at our tertiary Medical Center have

been discussed. Three patients had typical myocarditis. One patient suffered from

atrioventricular block and heart failure, which required more intensive treatment, but

eventually improved. Additionally, a review of cardiac magnetic resonance imaging

(MRI) features related to the diagnosis of myocarditis showed that COVID-19 mRNA

vaccine-associated myocarditis tend to have more late-gadolinium enhancement (LGE)

accumulation in the inferior lateral wall direction. According to a report by the U.S.

Centers for Disease Control and Prevention (CDC), the diagnosis of COVID-19 mRNA

vaccine-associated myocarditis is based on clinical symptoms, altered myocardial

enzymes, cardiac MRI finding, or histopathology. Cardiac MRI is relatively less invasive

than myocardial biopsy and plays an important role in the diagnosis of myocarditis. This

review may aid in the diagnosis of COVID-19 mRNA vaccine-associated myocarditis.

Keywords: cardiac MRI, COVID-19, mRNA vaccination, myocarditis, case series, review, case report

INTRODUCTION

The Ministry of Health, Labor and Welfare Japan approved a range of coronavirus disease 2019
(COVID-19) vaccines in February 2021, and vaccination has been since then widely promoted
by the government through various health education campaigns and initiatives. By the end of
November 2021, 79.2% of the Japanese population had received their first dose of the COVID-19
vaccine, and 77.3% had received their second dose (1).
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As the younger population started receiving vaccines, adverse
events different from those commonly seen in older adults began
to occur, including myocarditis. In general, myopericarditis is a
very rare adverse event associated with vaccination and has been
reported particularly after administration of the smallpox vaccine
(2, 3). To the best of our knowledge, in the case of COVID-19,
as this is the first time that mRNA vaccines have been used
clinically, the current occurrence of post-vaccinationmyocarditis
is of particular concern.

In this study, several cases of myocarditis that were suspected
to be associated with mRNA-based COVID-19 vaccination were
reviewed, and a literature review has been presented regarding
the efficacy and utility of late-gadolinium enhancement (LGE)
on cardiac magnetic resonance imaging (cMRI) in the diagnosis
of myocarditis.

CASE PRESENTATION

From February to October 2021, four patients with COVID-
19 mRNA vaccine-associated myocarditis were admitted to our
hospital (Table 1). The diagnosis was based on the definition
reported by the U.S. Centers for Disease Control and Prevention
(CDC) (4). All patients fulfilled the Lake Louise Criteria (LLC)
(5), which is considered as a diagnostic criterion for myocarditis
on cMRI.

The study was approved by the institutional review board
of the Japanese Red Cross Musashino Hospital and was
conducted in accordance with the ethical principles of the
Declaration of Helsinki as well as with the Japanese Ethical
Guidelines for Medical and Health Research Involving Human
Subjects. All participants provided their written informed
consent for the anonymized publication of these findings and
were provided information disclosure documents on our website.
The participants were free to opt out of participation at any time
without any adverse consequences or the loss of benefits to which
they were otherwise entitled.

Case 1, Case 2, and Case 3
These three cases are relatively similar. Male patients under
30 years of age had developed myocarditis after their second
dose of vaccination. They experienced some kind of chest
symptoms such as chest pain and chest pressure within a few
days after vaccine administration. Electrocardiography changes
(ST elevation) were observed only in Case2. Particularly, negative
T waves appeared after ST elevation; these negative T waves
improved over time. High-sensitivity troponin-I levels were
elevated in all cases, and creatine kinase-myocardial band (CK-
MB) was also elevated to above the reference level in Case 1 and
Case 2. There was no elevation of white blood cell (WBC) and
B-type natriuretic peptide (BNP), but C-reactive protein (CRP)
levels were elevated in all patients. Cardiac MRI was performed
in all patients. LGE was observed in each case with varying
localization, and was more common in the sub-epicardial wall.
In Cases 1 and Case 3, T2 high signal intensity and LGE were
observed simultaneously in the same segment. In Case 2, an
examination performed 6 days after vaccination showed only T2
high signal intensity at the sub-epicardial wall of the basal inferior

left ventricle. However, an examination performed 47 days
later showed LGE in the same area and likewise demonstrated
that the T2 high signal intensity had disappeared. Ibuprofen
was administered to all patients due to its anti-inflammatory
effects. An angiotensin-converting enzyme inhibitor (ACE-I) was
administered as well to prevent remodeling.

Case 4
Case 4 had a relatively different course compared to the previous
three cases. The patient developed fever the day after first
dose vaccination, and was referred to the hospital 5 days
after vaccination with syncope as the chief complaint. An
electrocardiogram revealed paroxysmal atrioventricular block,
which was thought to be the cause of syncope. Although a
pacemaker lead had to be temporarily inserted for AV block,
the paroxysmal AV block resolved 2 days after admission.
On echocardiography, marked myocardial hypertrophy
and decreased left ventricular contractility were observed.
Improvements in hypertrophy and contraction were observed on
subsequent echocardiography. In laboratory findings, compared
to the previous three cases, BNP levels were elevated, and
high-sensitivity troponin-I and CK-MB levels were relatively
high. On cardiac MRI, T2 high signal intensity and LGE were
observed simultaneously in the mid-wall of basal inferior
and sub-epicardial wall of mid-septum and infero-septum
left ventricular. Only this patient had an accumulation of
LGE and high T2 signal on the left ventricular septum side
(Figure 1). Catecholamines (i.e., dobutamine) and diuretics
were administered during hospitalization as a treatment for
heart failure. Diuretic, ibuprofen, and ACE-I were discontinued
following confirmation of negative troponin levels in the
outpatient clinic, with no apparent adverse events.

DISCUSSION

COVID-19 mRNA Vaccination-Associated
Myocarditis
The CDC has recently reported diagnostic criteria for post-
vaccination myocarditis (4). The criteria for diagnosis include
specific clinical symptoms following vaccination, as well as cMRI
findings consistent with myocarditis in the presence of troponin
levels above the upper limit of normal and/or histopathologic
confirmation of myocarditis. The diagnosis of myocarditis on
cMRI is based on the implementation of either the original or
the revised LLC (5, 6). We note that cMRI is less invasive than
myocardial biopsy and is considered an important diagnostic tool
for evaluating vaccine-associated myocarditis.

In this case series, cMRI was performed in all the cases.
In Cases 1, 3, and 4, T2 high signals and LGE were observed
simultaneously in the same segment, which was considered to
fulfill the LLC. In Case 2, T2 high signal intensity was seen
on initial examination. Later examination demonstrated the
appearance of LGE in the same region. The initial examination
showed inflammatory findings, and the LGE observed on the
second examination was thought to be the result of fibrosis
occurring due to these inflammatory findings. During the
observation period, there were cases in which the MRI showed
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TABLE 1 | Patient demographic and medicals characteristics and associated health outcomes.

Case 1 Case 2 Case 3 Case 4

Definition Confirmed Confirmed Confirmed Confirmed

Age, y 19 20 29 48

Sex Male Male Male Male

Race/ethnicity Caucasian Again Again Again

Vaccine type

Types of mRNA vaccines mRNA-1273-Moderna mRNA-1273-Moderna mRNA-1273-Moderna BNT162b2

mRNA-Pfizer-BioNTech

Number of vaccinations 2 2 2 1

History of previous

COVID-19 infection

Denied/ negative

antigen

Denied/ negative antigen Denied/ negative PCR Denied/ negative PCR

Symptoms

Day 1 post-vaccination Chest discomfort Fever Fever No symptom

Day 2 post-vaccination Chest pain, pain with

breathing, hospital

admission

Chest pressure, nausea Chest pain, hospital

admission

Fever, tiredness, diarrhea

Day 3 post-vaccination Hospital admission Tiredness

Day 4 post-vaccination Tiredness

Day 5 post-vaccination Syncope, tiredness, hospital

admission

Vital signs at presentation

Temperature, ◦C 36.9 39.1 36.2 35.4

Heart rate, bpm 100 106 73 80

Blood pressure, mm Hg 109/58 120/57 117/69 85/57

Respirations, per min 18 20 18 20

Chest x-ray findings No acute pulmonary

disease

No acute pulmonary disease No acute pulmonary

disease

enlarged cardiac shadow

Cardiothoracic ratio (CTR) 48.4% 48.4% 43.4% 54.5%

ECG findings

ST changes No ST elevation in V3–6 No Negative T wave in V4–6

Rhythm Normal sinus rhythm Normal sinus rhythm Normal sinus rhythm Paroxysmal atrioventricular

block

Echocardiogram

Number of days after

vaccination

3 days 5 days 3 days 5 days

LV ejection fraction 52 62 58 30

LV end-diastolic internal

dimension

48 51 40 47

LV end-systolic internal

dimension

35 36 28 36

Intraventricular septal

diastolic thickness

9 10 9 14

LV posterior wall thickness 12 10 12 15

E/A 2.09 1.7 1.13 0.63

E/e’ 3.68 7.15 4.65 9.02

Regional wall motion abnor-

malities

None None Non Diffuse hypokinesis

Diastolic function Normal Normal Normal

Cardiac magnetic resonance imaging (cMRI)

Number of days between

last vaccination and cMRI

5 days 6 days (first time) 45 days (second

time)

12 days 12 days

LGE Sub-epicardial wall of

basal-mid infero-lateral

LV

Na mid wall of basal

inferior LV

mid wall of anterior, and

inferior LV

Mid-wall of basal inferior,

Sub-epicardial wall of mid- and

infero-septum LV

(Continued)
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TABLE 1 | Continued

Case 1 Case 2 Case 3 Case 4

Definition Confirmed Confirmed Confirmed Confirmed

T2WBB high signal Sub-epicardial wall of

basal-mid infero-lateral

LV

mid wall of basal

inferior LV

Na mid wall of anterior, and

inferior LV

Mid-wall of basal inferior,

Sub-epicardial wall of mid- and

infero-septum LV

Laboratory findings

Cardiac troponin I pg/mL

Presentation 1,801.7 1,885.6 4,419.6 17,888.7

Peak 5,321.9 5,749 4,419.6 17,888.7

Postdischarge <10 <10 <10 15.5

CK U/L peak 415 324 154 765

CK-MB U/L peak 30.8 15.3 9 64

WBC 6,500 5,900 6,100 5,000

BNP, pg/mL 9.1 12.1 9 111

CRP, mg/dL 5.63 8.78 1.16 11.32

Coronary angiography

findings

ND MRI negative CCT negative CAG no stenosis

Clinical course

Hospitalization duration 5 8 5 11

Treatment(s) Ibuprofen, ACE-I Ibuprofen, ACE-I Ibuprofen, ACE-I dobutamine, Diuretic,

Ibuprofen, ACE-I

BNP, B-type natriuretic peptide; COVID-19, coronavirus disease 2019; CRP, C-reactive protein; E/A, transmitral Doppler early (E-wave) to late (A-wave) ventricular filling velocities; E/e’,

E-wave to tissue Doppler early diastolic mitral annular velocity; LGE, late gadolinium enhancement; LV, left ventricular; T2WBB, T2 Weighed black blood; WBC, white blood cell.

only LGE and no T2 findings, so the LLC could not be fulfilled,
and the diagnosis could not be confirmed. More specifically,
though these cases had clinical presentations consistent with
myocarditis, there are two reasons they were not classified as
confirmed cases. First, the quality of MRI was a limiting factor.
Namely, the quality of cMRI at our hospital was unacceptable;
specifically, the myocardial early gadolinium enhancement ratio
could not be evaluated and used parametric mapping techniques
with the currently available technology. Thus, findings of
sufficient quality might not have been obtained; and may thus,
have failed to confirm truemyocarditis cases. The second limiting
factor is the accuracy of the LLC. Though the LLC present
a widely used diagnostic classification system for myocarditis,
previous studies have reported that the sensitivity of diagnosing
myocarditis when two out of the three main criteria were fulfilled
was only ∼78% (7). Thus, the accuracy of these criteria alone
may not be sufficient to accurately diagnose myocarditis with
acceptable sensitivity and specificity. However, studies to date
indicate that the modified version of the LLC may provide more
accuracy if parametric mapping techniques can be applied (6).

Cardiac MRI for Myocarditis
Numerous cases of COVID-19 mRNA vaccine-associated
myocarditis have been reported till date. cMRI plays an
important role in the diagnosis of any form of myocarditis. The
American Heart Association (AHA) scientific statement on the
management of myocarditis (8) as well as the current European
Society of Cardiology (ESC) position statement (9) consider
cMRI useful for the evaluation of suspectedmyocarditis. Japanese

guidelines likewise suggest its usefulness (10). More specifically,
cMRI provides a non-invasive, biopsy-like approach in order
to verify the pathognomonic imaging features associated with
and plays a role in the exclusion of myocardial inflammation.
The current ESC guidelines on acute and chronic heart failure
include a Class I indication for the efficacy of cMRI in
the assessment of myocarditis (11). cMRI characteristics of
myocardial inflammation may not only aid in the diagnosis
of myocarditis but may also provide important and accurate
information on prognoses. In acute cases, myocardial edema
presenting without LGE on cMRI has been associated with
improved recovery and outcomes (12). The relationship between
the localization of LGE on cMRI and mortality in myocarditis
has been reported as well (13). Thus, cMRI has evolved
to become a key evaluation tool in patients with suspected
myocardial inflammation.

Significance of LGE in Myocarditis
LGE is not an essential finding in the original or revised LLC
for the diagnosis of myocarditis. However, LGE is the most
established technique for detecting myocardial damage (14).
The presence of LGE seems to be a good predictor of adverse
outcomes in patients with biopsy-proven myocarditis, and has
been shown to be superior to other variables in this regard
(15). Some recent reports suggest that the location, pattern,
extent, and distribution of LGE can stratify the risk for patients
with suspected myocarditis. For example, Gräni et al. reported
that septal and mid-wall LGE were most strongly associated
with major cardiovascular events, including all-cause mortality,
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FIGURE 1 | Cardiac magnetic resonance imaging (MRI) of all profiled cases. Case 1: T2 high signal intensity and late-gadolinium enhancement (LGE) were observed

at the sub-epicardial wall of the basal-mid inferolateral left ventricular (LV). Case 2: T2 high signal intensity and LGE were observed at the mid wall of the basal inferior

LV. Case 3: T2 high signal intensity and LGE were observed at the mid wall of the anterior, and at the inferior LV. Case 4: T2 high signal intensity and LGE were

observed at the mid-wall of basal inferior, and at the sub-epicardial wall of the mid- and inferoseptum LV.

worsening heart failure, heart transplantation, and ventricular
arrhythmias (16). Aquaro et al. showed that patients with
anteroseptal LGE have a worse prognosis than those with LGE
at other sites (17). Greulich et al. demonstrated that the presence
of mid-wall LGE in the septal segments was associated with a

higher long-term mortality rate as compared with the absence
of LGE or other LGE patterns in patients with biopsy-proven
viral myocarditis (13). One reported mechanism potentially
mediating these effects is that the septal LGE might involve the
conduction system, thus yielding the substrate for malignant
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TABLE 2 | Published case reports and case series regarding COVID-19 vaccine-associated myocarditis that describe LGE on cardiac magnetic resonance imaging (MRI).

Age Sex Vaccine

types

Number of

vaccinations

Time from last

vaccination to

cardiac MRI

LGE: layer LGE: segment

Marshall et al. Case 1 16 Male Pfizer 2nd NA Subepicardia Apical and midchamber lateral

wall

Case 2 19 Male Pfizer 2nd NA Mid wall Basal inferolateral wall

Case 3 17 Male Pfizer 2nd NA Subepicardial Basal anterolateral segment,

basal to midventricular

inferolateral segments

Case 5 17 Male Pfizer 2nd NA Epicardia Anterior and lateral LV

Case 7 14 Male Pfizer 2nd 5 days Subepicardial Mid and apical left ventricle free

wall

Rosner et al. Case 2 39 Male Pfizer 2nd 11 days Subepicardial Along the anterior and lateral

walls

Case 3 39 Male Modelna 2nd 5 days Subepicardial and

midmyocardial

Anterior wall

Case 4 24 Male Pfizer 1st 7 days Midmyocardial Septal and inferior walls

Male Subepicardial Anterior, lateral, and inferior walls

Case 5 19 Male Pfizer 2nd 3 days Multifocal patchy

subepicardial and

midmyocardial

Lateral and inferolateral walls

Case 6 20 Male Pfizer 2nd 6 days Subepicardial Lateral, inferolateral, anterolateral

walls, apex

Case 7 23 Male Pfizer 2nd 3 days Mid wall Basal anteroseptal

Mouch et al. Case 1 24 Male Pfizer 2nd NA Subepicardial Basal septum

Mid myocardial Inferolateral

Case 2 20 Male Pfizer 2nd NA Subepicardial Basal and middle anterolateral

and inferolateral walls

Case 3 29 Male Pfizer 2nd NA Diffuse Basal, inferolateral, anterolateral

and anteroseptal walls

Case 4 45 Male Pfizer 1st NA Subepicardial Middle anterolateral, inferolateral

and apical anterior walls

Case 5 16 Male Pfizer 2nd NA Midmyocardial Basal inferolateral

Male Subepicardial Middle anterolateral

Case 6 17 Male Pfizer 2nd NA Subepicardial Basal inferolateral, middle

inferolateral and infero-septal

and apical lateral, anterior and

inferior walls

Mid-myocardial Middle inferolateral and

anterolateral and apical anterior

and lateral walls

Kim et al. Case 1 36 Male Moderna 2nd 3 days Epicardial Apical lateral

Case 4 24 Male Pfizer 2nd 3 days Epicardial, patchy Lateral

Ammirati et al. 56 Male Pfizer 2nd NA Subepicardial-

intramyocardial

regions

Basal and apical segments of the

infero-lateral wall

Angelo et al. 30 Male Pfizer 2nd 6 days Subepicardial Sparing of the basal and

mid-septal segments

Albert et al. 24 Male Moderna 2nd 5 days Mid-myocardial and

epicardial

Lateral, anterolateral and

inferolateral segments

Muthukumar et al. 52 Male Moderna 2nd 6 days Midmyocardial and

subepicardial

Infero-septal, inferolateral,

anterolateral, and apical walls

Subepicardial Inferior basal and mesocardial

midventricular region

Minocha et al. 17 Male Pfizer 2nd NA Subepicardial Mid-lateral and apical

(Continued)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 April 2022 | Volume 9 | Article 844626544

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Watanabe et al. Cardiac MRI in COVID-19 Vaccination Myocarditis

TABLE 2 | Continued

Age Sex Vaccine

types

Number of

vaccinations

Time from last

vaccination to

cardiac MRI

LGE: layer LGE: segment

Mansour et al. Case 1 25 Male Moderna 2nd 6 days Subepicardial Anterolateral wall of the mid and

apical left ventricle

Case 2 21 Female Moderna 2nd 4 days Subepicardial Inferolateral wall at the base

Habib et al. 37 Male Pfizer 2nd NA Subepicardial Basal lateral wall

Cereda et al. 21 Male Pfizer 2nd NA Patchy epicardial The posterior, anterior, inferior,

and lateral walls

Vidula et al. Case 1 19 Male Pfizer 2nd NA Subepicardial Basal to mid lateral wall

Case 2 18 Male Moderna 2nd NA Subepicardial Mid lateral wall

Williams et al. 34 Male Moderna 2nd 7 days Subepicardial Anterolateral and inferolateral

segments

Isaak et al. 15 Male Pfizer 2nd NA Subepicardial Inferolateral wall

Hasnie et al. 22 Male Moderna 1st NA Subepicardial Lateral wall and inferior

segments at the midventricular

and apical LV

Patrignani et al. 56 Male Pfizer 1st 11 days Sub-epicardial Basal and middle segments of

the infero-lateral wall

Kim et al. 24 Male Pfizer 2nd NA Sub-epicardial Basal inferior and inferolateral

segment

Ehrlich et al. 40 Male Pfizer 1st 12 days Diffuse Basal and mid anteroseptal and

inferoseptal segments as well as

in the apical septal segment

Patel et al. Case 1 22 Male Pfizer 1st NA Subepicardial Basal inferior, basal inferolateral,

and apical lateral

Case 2 19 Male Pfizer 2nd NA Subepicardial Basal inferolateral

Case 3 25 Male Moderna 2nd NA Subepicardial Lateral

Case 4 37 Male Pfizer 2nd NA Subepicardial Basal anteroseptal segment

Case 5 20 Male Pfizer 2nd NA Subepicardial and

mid-myocardial

Basal, mid, and apical lateral

segments

Tailor et al. 44 Male Moderna 2nd 5 days Mid-myocardial Mid-septum, infero-septum, and

inferior walls at the base to

midventricle

Sub-epicardial and

mid-myocardial

Lateral wall at the mid-ventricle

and apical lateral wall

Nguyen et al. 20 Male Moderna 1st NA Subepicardial Mid and basal inferolateral

segments

Onderko et al. Case 2 28 Male Pfizer 2nd NA Epicardium Apical lateral wall,

midanterolateral segments

Case 3 36 Male Moderna 2nd NA Epicardial Mid- to distal inferolateral and

lateral walls

Shiyovich et al. Case 1 41 Male Pfizer 2nd 107 days Mid-wall Inferolateral (basal)

Case 2 24 Male Pfizer 2nd 103 days Mid-wall and epicardia Inferolateral (basal)

Case 3 17 Male Pfizer 2nd 7 days Epicardial Inferolateral, anterolateral, (basal

to apical)

Case 4 37 Male Pfizer 1st 48 days Epicardial Inferolateral (basal, mid)

Case 5 39 Male Pfizer 2nd 8 days Mid-wall and epicardia Inferoseptal, anteroseptal (basal),

inferolateral, anterolateral (basal),

Inferolateral (med), septum,

lateral (apical)

Case 7 19 Male Pfizer 2nd 43 days Mid-wall Inferior (apicalbasal), Inferolateral

(mid, basal), anterior (basal, mid),

septum, lateral (apical)

Case 8 28 Male Pfizer 2nd 139 days Mid-wall Inferolateral, anterolateral (basal)

(Continued)
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TABLE 2 | Continued

Age Sex Vaccine

types

Number of

vaccinations

Time from last

vaccination to

cardiac MRI

LGE: layer LGE: segment

Case 10 17 Male Pfizer 2nd 17 days Epicardial Inferior, inferolateral (basal),

inferior, inferoseptal, inferolateral

(mid)

Case 11 36 Male Pfizer 1st 63 days Mid-wall Lateral (apical)

Case 12 27 Male Pfizer 2nd 105 days Epicardial Inferolateral (basal)

Case 13 42 Male Pfizer 1st 53 days Epicardial Inferolateral (apical, basal),

anterolateral (basal)

Case 14 76 Male Pfizer 2nd 117 days Mid-wall Inferolateral (basal)

Case 15 32 Male Pfizer 2nd 83 days Mid-wall Inferior (basal), inferolateral

(basal)

Our Cases Case 1 19 Male Moderna 2nd 5 days Sub-epicardial Infero-lateral (basal-mid)

Case 2 20 Male Moderna 2nd 45 days Mid-wall Inferior (basal)

Case 3 29 Male Moderna 2nd 12 days mid-wall Anterior, inferior wall

Case 4 48 Male Pfizer 1st 12 days Mid-wall Inferior walls at the base to

midventricle

Subepicardial Mid-septum, and infero-septum

of left ventricular Wall

LGE, late-gadolinium enhancement; LV, left ventricular.

arrhythmias (13). Among the cases presented in this report, only
Case 4 revealed LGE in the septal segment. Specifically, Case 4
showed paroxysmal atrioventricular block as a disturbance of the
conduction system; this case presentation was relatively severe as
compared to the other three cases and thus necessitated intensive
treatment. The importance of attaining a greater comprehension
of LGE characteristics on cMRI of patients with myocarditis has
been emphasized.

LGE in COVID-19 mRNA
Vaccination-Associated Myocarditis
There have been numerous reports of COVID-19 mRNA
vaccination-associated myocarditis in recent months; however,
adverse reactions are relatively rare and comprehensive reports
are limited. Shiyovich et al. reported 15 cases of vaccine-
associated myocarditis; and, to the best of our knowledge, it is the
largest case series published till date (18). In that report, LGE was
observed in 13/15 patients with vaccine-associated myocarditis,
and was more common in the inferolateral region.

“PubMed” was mainly accessed and reports were extracted
using the keywords “myocarditis,” “mRNA vaccination,” and
“COVID-19.” Cases, articles, and review articles without detailed
MRI descriptions were excluded. Finally, numerous cases of
COVID-19 mRNA vaccination-associated myocarditis presented
within 24 publications were reviewed, all of which described the
localization of LGE. A total of 62 cases (four cases evaluated
by the study authors in the current report, and 58 cases
evaluated within previously published case reports and case
series) were reviewed in terms of diagnostic imaging, with a
focus on LGE findings of cMRI (18–41). The localization was
classified as anterior, anterolateral, lateral, inferolateral, inferior,
inferoseptal, mid-septal, and anteroseptal. The layers of the

myocardium were classified as epicardial or sub-epicardial, mid,
and endocardial or sub-endocardial wall. Vertical localization
(basal, mid, apical) was not described in many of the cases
(i.e., only transverse localization was evaluated). In the present
review, the examined cases comprised 61 males and one female
with an average age of 29 (±12.4) years. Forty-one patients
(66.1%) were under the age of 30 years. Forty-six patients
(74.2%) had been vaccinated with the Pfizer mRNA-based
vaccine and 16 patients (25.8%) had been vaccinated with
Moderna mRNA-based vaccine. Table 2 and Figure 2 summarize
the LGE features within cMRI. We found that LGE occurred
more frequently on the free wall side (i.e., mainly in the
inferolateral region) and occurred relatively less frequently on the
septal side. LGE was mostly detected on the epicardia or sub-
epicardia; no case with LGE on the left ventricular endocardia
was identified.

Generally, myocarditic infiltrations due to viral infection
occur in a peculiar pattern (i.e., predominantly in the lateral free
wall, originating from the epicardial quartile of the ventricular
wall in myocarditis patients) (42). The patterns of LGE occurring
in general viral myocarditis as well as in COVID-19 mRNA
vaccination-associated myocarditis appear to be similar.

Possible Mechanism of COVID-19 mRNA
Vaccination-Associated Myocarditis
The mechanisms mediating COVID-19 mRNA vaccination-
associated myocarditis have not been elucidated in
detail till date. We suspect that the mechanisms
mediating COVID-19 mRNA vaccination-associated
myocarditis may be similar to those underlying viral
myocarditis. Viral myocarditis is mainly due to direct
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FIGURE 2 | A summary of results regarding late-gadolinium enhancement (LGE) on cardiac magnetic resonance imaging (MRI) for the diagnosis of myocarditis in

published cases reports and case series. The localizations were classified as anterior, anterolateral, lateral, inferolateral, inferior, inferoseptal, mid-septal, and

anteroseptal. The layers of the myocardium were classified as epicardial or sub-epicardial, mid, and endocardial or sub-endocardial wall.
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viral damage and the subsequent IL-6-mediated immune
response (43).

The mRNA vaccine mainly elicits a local immune response
after being injected intramuscularly. However, this immune
response is also present systematically, including in the
liver, pancreas, and lymph nodes. In experiments among
animal models, lipid nanoparticle-modified mRNA influenza
vaccines were distributed mainly in the above mentioned
organs, but were also detected to a lesser extent in the
heart (44). mRNA vaccines do not cause COVID-19, as the
mRNA breaks down rapidly in the cell and the vaccine
encodes only a portion of the complete virion. Due to the
structural design of the mRNA vaccine, it is uncertain whether
distribution of vaccine components to the heart could cause
direct damage.

The possibility of immunological mechanisms mediating
the development of myocarditis following mRNA vaccination
needs to be considered. For example, naive T lymphocytes
may be primed by autologous proteins released from damaged
cardiomyocytes via antigen-presenting cells. In rare cases,
it has been reported that this can cause the migration of
primed T lymphocytes into cardiovascular tissue, as well
as cell-mediated cytotoxicity and lymphocytic myocarditis
(45). Pro-inflammatory cytokines are released, increasing
T lymphocyte activation and contributing to myocardial
damage (46). In various published cases of vaccine-associated
myocarditis, myocarditis was found to develop after the
second vaccination. We suspect that T lymphocytes primed
by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) proteins primed by the first vaccination may cause
myocarditis. We note that the mRNA-based COVID-19 vaccine
is a new vaccine that has not been used previously. More
comprehensive elucidation of its pathogenesis is desirable to
ensure its safety.

Report From the Ministry of Health, Labour
and Welfare, Japan
In Japan, suspected myocarditis-associated events, including
myocarditis and pericarditis, have been reported more frequently
among males in the age groups of 10–19 and 20–29 years
(3.69 and 9.62 cases per million, respectively, for combined
first and second vaccinations for the Pfizer mRNA-based
vaccine; and 28.83 and 25.65 cases per million, respectively,
for combined first and second vaccinations for the Moderna
mRNA- based vaccine) (47). Based on reports of suspected
adverse drug reactions in Japan and overseas, the Japanese
Ministry of Health, Labour andWelfare had decided to revise the
medical package inserts for mRNA vaccines. More specifically,
the Ministry considered issuing an alert in light of the high
frequency of myocarditis-associated events in young males. The
recommendation of the Pfizer-BioNTech mRNA-based vaccine
is being considered for males in their teens and twenties, as
the frequency of reports of suspected myocarditis-associated
adverse events following vaccination with the Moderna mRNA-
based vaccine were clearly higher than the frequency of events
following vaccination with the Pfizer-BioNTech mRNA-based

vaccine. Those who had received the Modena vaccine in the
past would be able to choose the Pfizer-BioNTech vaccine
later on.

Clinical Perspective
COVID-19 vaccine-associated cardiomyopathy is frequently
reported to develop within 2–3 days following vaccination
and presents as chest pain symptomology (44). Elevated
myocardial devitalizing enzymes are found in all cases,
whereas changes on electrocardiography as well as decreased
contraction (left ventricular ejection fraction <50%) on
echocardiography have been reported in only 87 and
15% of patients, respectively (44). If chest symptoms are
observed following vaccination, it is advisable to consider
the possibility of myocarditis and to perform appropriate
blood tests and cMRI scans. In the aforementioned CDC
report, myocardial biopsy is included as one of the diagnostic
criteria for vaccine-associated myocarditis. However, there
are few reports regarding relevant pathology findings, likely
because the infiltration of inflammatory cells is reduced
compared with that in ordinary acute myocarditis; hence,
these findings may not lead directly to a definitive diagnosis.
There have been many reports on the characteristics of
cardiac MRI in evaluating COVID-19 myocarditis, including
the current report, and these reports may be more useful
and informative in guiding diagnostics and effective
clinical decision-making.

In this review, LGE on cardiac MRI was found to be
more common on the inferior lateral wall of the left ventricle
and relatively less common on the septal side. This finding
is similar to existing reports on viral acute myocarditis (14).
In viral myocarditis, cases of LGE on the septal side are
considered to have a poor prognosis because of its effect on the
conduction system of stimulation to the myocardium. In the
current review, Case 4, with LGE on the septal side, showed
affected atrioventricular conduction and required relatively
intensive treatment, and may have the same tendency in
COVID-19 vaccine-associated cardiomyopathy. Hence, cardiac
MRI may be useful not only for the diagnosis itself, but
also with respect to risk stratification. Although most cases
occur in young males and the severity of vaccine-associated
myocarditis is relatively low in these age groups, cases of
cardiac failure have been reported. Thus, based on existing
reports, risk stratification should be performed, hospitalization
should be considered in some cases, and careful follow-up is
always necessary.

CONCLUSIONS

Herein, a report on the detailed features of COVID-19
vaccine-associated myocarditis has been presented. It
was found that cMRI is minimally invasive and may aid
in the diagnosis of myocarditis. LGE on cMRI tends to
occur more frequently on the free wall side and relatively
less frequently on the septal side, as in viral myocarditis.
These findings can guide future epidemiologic research
on this topic of immediate public health importance,
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directly inform medical guidelines, and help in effective
clinical decision-making.
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Introduction: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) disease
(COVID-19) has emerged as a major cause of morbidity and mortality worldwide, placing
unprecedented pressure on healthcare. Cardiomyopathy is described in patients with
severe COVID-19 and increasing evidence suggests that cardiovascular involvement
portends a high mortality. To facilitate fast development of antiviral interventions, drugs
initially developed to treat other diseases are currently being repurposed as COVID-
19 treatments. While it has been shown that SARS-CoV-2 invades cells through
the angiotensin-converting enzyme 2 receptor (ACE2), the effect of drugs currently
repurposed to treat COVID-19 on the heart requires further investigation.

Methods: Human induced pluripotent stem cell-derived cardiac myocytes (hiPSC-
CMs) were treated with five repurposed drugs (remdesivir, lopinavir/ritonavir,
lopinavir/ritonavir/interferon beta (INF-β), hydroxychloroquine, and chloroquine) and
compared with DMSO controls. Transcriptional profiling was performed to identify global
changes in gene expression programs.

Results: RNA sequencing of hiPSC-CMs revealed significant changes in gene
programs related to calcium handling and the endoplasmic reticulum stress response,
most prominently for lopinavir/ritonavir and lopinavir/ritonavir/interferon-beta. The results
of the differential gene expression analysis are available for interactive access at
https://covid19drugs.jakobilab.org.

Conclusion: Transcriptional profiling in hiPSC-CMs treated with COVID-19 drugs
identified unfavorable changes with lopinavir/ritonavir and lopinavir/ritonavir/INF-β in key
cardiac gene programs that may negatively affect heart function.

Keywords: COVID-19, SARS-CoV-2, chloroquine, hydroxychloroquine, remdesevir, ritonavir, lopinavir, cardiac
myocytes
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INTRODUCTION

The current COVID-19 pandemic has resulted in more than
271 million confirmed cases as of December 2021 with more
than five million deaths reported to be directly linked to the
SARS-CoV-2 infection (1). To address the need of treatment
options for COVID-19, several different drugs are currently being
investigated as possible options. Remdesivir (Rem) is a broad-
spectrum antiviral drug initially developed to treat hepatitis
C infections. While Rem did not yield the expected results
against hepatitis C, it was later tested as treatment option for
the Ebola virus (2). Although less efficient against Ebola than
monoclonal antibody-based treatments, further trials during an
Ebola outbreak from 2013 to 2016 were able to demonstrate its
safety (3). With the rise of COVID-19 infections in early 2020, a
new study showed effectiveness against severe acute respiratory
syndrome (SARS) and Middle East respiratory syndrome
(MERS) in animal models (4), thus making it a promising
treatment option against SARS-CoV-2. Lopinavir/ritonavir (LR),
a combination of lopinavir and ritonavir was specifically
developed to treat and prevent the human immunodeficiency
virus infection and acquired immune deficiency syndrome
(HIV/AIDS) (5). Since in vitro studies with SARS and MERS
yielded promising results (6, 7), the treatment is being studied
either in its original combination LR or as LRI, with the addition
of interferon-β (INF-β), since LR and INF-β were earlier shown to
improve outcome in a non-human primate model of MERS (8).
Chloroquine (CQ) has immunomodulatory effects and is widely
used to treat several forms of malaria (9). Hydroxychloroquine
(HCQ) was found to be less toxic compared to CQ (10) and is
also commonly used for prevention and treatment of malaria as
well as other conditions such as lupus or post-Lyme arthritis. Its
immunomodulatory effect was proposed to be valuable during
the cytokine storm in severely ill patients (9) and recent studies
found in vivo antiviral activity against SARS-CoV-2 (9, 11).

While the investigations of the repurposed drugs provide
rapid insights into current clinical questions, knowledge of how
specific cell types react to treatment with the candidate drugs
is still scarce. The infection with SARS-CoV-2 is facilitated by
binding to the human angiotensin-converting enzyme 2 (ACE2)
using the viral surface proteins (12). While ACE2 receptors are
highly abundant in lung cells, the receptor is also expressed
in the heart (13). Moreover, cardiomyopathy is described in
patients with severe COVID-19, and increasing evidence suggests
that cardiovascular involvement portends a high mortality (14,
15). Emerging evidence suggests that patients with COVID-19
present with cardiac abnormalities, including new myocardial
infarction, myocarditis, and takotsubo cardiomyopathy (16).
Moreover, a recent prospective study suggests that even after
recovery from a COVID-19 infection, 60% of the patients
suffer from ongoing myocardial inflammation independent of
preexisting conditions (17), indicating yet-unknown long-term
effects of COVID-19 on the cardiovascular system. In this novel
global, unbiased study, we integrated molecular, biomedical, and
bioinformatics approaches to examine the effects of candidate
COVID-19 treatments on human induced pluripotent stem
cell-derived cardiac myocytes (hiPSC-CMs). Our findings shed

light on the effects of new candidate treatments on molecular
pathways and help to assess potential effects and side effects
of the treatments.

MATERIALS AND METHODS

Maintenance of Human Induced
Pluripotent Stem Cells
Experiments were performed using the human induced
pluripotent stem cell (hiPSC) line UMGi014-C clone 14
(isWT1.14) provided by LC (Stem Cell Unit, University Medical
Center Göttingen). The iPSC generation and characterization
for pluripotency and genomic stability was described previously
(18). The line was reprogrammed from somatic cells of a healthy
35-year-old Caucasian male individual. Human iPSC cultures
were maintained in Stem MACS iPS Brew XF Medium (Miltenyi
Biotec; #130-104-368) in 17 µg/cm2 Growth Factor Reduced
Matrigel-coated (Corning; #354230) 6-well dishes in a humidified
normoxic incubator (37◦C, 5% CO2). Cultures were routinely
passaged in colonies at a ratio of 1:16 every 4–5 days after
dissociation using Versene Solution [0.48 mM ethylenediamine
tetraacetic acid (EDTA)] (Thermo Fisher; #15040033). Cells were
plated in Stem MACS iPS Brew XF Medium and 1 µl/ml of 2 mM
Thiazovivin (Millipore; #420220) in DMSO (final concentration
2 µM) for the first 24 h. The culture medium was changed daily
with 2 ml per well Stem MACS iPS Brew XF Medium.

Directed Differentiation of Human
Induced Pluripotent Stem Cells Into
Ventricular Cardiac Myocytes
HiPSCs were differentiated along the ventricular lineage via
the modulation of the WNT signaling pathway as previously
described (19). Briefly, single cells were harvested using Versene
Solution and plated on 6-well dishes at 120,000–160,000 per
well into a final volume of 2 ml per well. Differentiation was
started when the hiPSC cultures reached a confluency of 80–
95% using 3 ml per well Cardio Differentiation Medium [RPMI
1640 (with GlutaMAX and HEPES) (Thermo Fisher; #72400021)
supplemented with 0.2 mg/ml L-ascorbic acid 2-phosphate
(Sigma; #A8960) and 0.5 mg/ml human recombinant albumin
(Sigma; A9731)] and freshly added 4 µM CHIR99021 (Millipore;
#361559; 0.4 µl/ml of 10 mM stock solution in DMSO).
After 24 h, medium was exchanged to Cardio Differentiation
Medium. On day 2, medium was changed to 3 ml Cardio
Differentiation Medium supplemented with freshly added 5 µM
IWP2 (Millipore; #681671; 1 µl/ml of 5 mM stock solution in
DMSO) for 2 days and afterward medium was changed to 3 ml
Cardio Differentiation Medium for another 2 days and then again
medium was changed to 3 ml Cardio Differentiation Medium for
another 2 days. From day 8 onward, medium was changed to 2
or 3 ml of Cardio Culture Medium RPMI 1640 (with GlutaMAX
and HEPES) supplemented with the final concentration of 1× B-
27 Supplement (from 50×; Thermo Fisher; #17504044) per well
every 2 or 3 days, respectively. On day 15, cells were detached
using 0.25% trypsin-EDTA solution (Thermo Fisher; #25200056)
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and re-plated in 2 ml Cardio Culture Medium supplemented
with 20% fetal bovine serum (Thermo Fisher; #10270106, Lot no:
2243865, South American FBS) and 2 µM Thiazovivin at 1× 106

cells per well in 6-well dishes and medium was changed to Cardio
Culture Medium the following day and again on day 18. On day
20, cardiac myocyte selection (20) was performed by changing
medium to 2 ml Cardio Selection Medium RPMI 1640 (without
glucose and HEPES) with 0.2 mg/ml L-ascorbic acid 2-phosphate
and 0.5 mg/ml human recombinant albumin, as well as a final
concentration of 4 mM lactate/HEPES (1:250 from 1 M stock)
for 2 days. On day 23, medium was replaced with 2 ml Cardio
Selection Medium. Starting on day 25, cultures were maintained
in Cardio Culture Medium, with regular media changes every
2–3 days. Cells were re-plated after day 30 at 750,000 cells per
well in 6-well dishes or at 160,000 cells per well in 24-well dishes
for MTT. Experiments were performed on 60-day differentiated
cells (hiPSC-CMs).

Drug Treatment of Human Induced
Pluripotent Stem Cell-Derived Cardiac
Myocytes
Cultures were treated with or without 5 µM chloroquine (Sigma;
#C6628) (21), 5 µM hydroxychloroquine (Sigma; # H0915),
5 µM remdesivir (Biosynth Carbosynth; AG170167), 25 µM
lopinavir/ritonavir (Sigma; #SML1222-10MG, #SML0491-
10MG), and lopinavir/ritonavir/8 U interferon-β (Sigma;
#IF014) for 24 h. After treatment, cells were analyzed as
described below. Drug concentrations chosen are based on
literature data and are below the 50% cytotoxic concentrations
(22, 23). Incubation of cardiac myocytes with drugs for 24 h
under normal culture conditions did not result in cytotoxicity.

MTT Assay
Cell viability was determined using the MTT assay, which
measures the reduction of thiazolyl blue tetrazolium bromide
(MTT) into an insoluble formazan product by the mitochondria
of viable cells. In brief, hiPSC-CMs were seeded into 24-well
plates at a density of 160,000 cells per well. The cells were treated
with various concentrations of drugs or DMSO as a vehicle
control. After 24 h incubation, 50 µl 0.5 mg/ml MTT solution
(Sigma-Aldrich; Merck KGaA) was added to each well, followed
by further incubation for 4 h. The medium was then removed,
and the formazan crystals were dissolved in 500 µl solubilization
buffer (10% SDS in 0.01 M HCl). The absorbance was measured at
570 nm on a plate reader (Perkin Elmer, EnSpire Multimode Plate
Reader). The relative cell viability was expressed as a percentage
of the control group.

RNA Sequencing
Total RNA was isolated from cultured cells by using QIAzol
Lysis Reagent (Qiagen; #79306) according to manufacturer’s
instructions. RNA sequencing (RNA-seq) was carried out
via a commercially available long non-coding RNA service
(BGI, Shenzhen, China). Briefly, total RNA was fragmented
into short fragments and ribosomal RNA was removed.
The cDNA synthesis was performed using random priming.
Double-stranded cDNA was purified and enriched by PCR

amplification, after which the library products were sequenced
using BGISEQ-500.

Quantitative Real-Time PCR
Total RNA was isolated from cultured cells by using QIAzol
Lysis Reagent (Qiagen; #79306) according to manufacturer’s
instructions, and reverse-transcribed into complementary DNA
(cDNA) by using iScript cDNA Reverse Transcription Kit
(Biorad; #1708891). Quantitative real-time PCR was performed
using iTAQ SYBR Green PCR Kit (Biorad; #1725124) according
to the manufacturer’s instructions.

Bioinformatics Analysis
Paired-end rRNA-depleted sequencing data were analyzed in
detail. After initial quality assessment, low quality regions and
adapter sequences were removed with Flexbar (24) (version
3.5). Residual rRNA reads were removed using Bowtie2 with
an rRNA sequence-based index (25). Principal read mapping
against the ENSEMBL human reference genome build 100
(hg38) was performed with the STAR RNA-seq aligner (26)
(version 2.7.5a). Mapped reads were assigned to genes using the
Rsubread package (27) (version 2.2.6). Quality of sequencing
data and mapping results was assessed with MultiQC (28)
(version 1.9). Differential gene expression was analyzed with
edgeR (29) (version 3.30.3). Gene Ontology (GO) analyses were
performed using topGO version 2.40.0 with all genes having
an RPKM ≥ 1 throughout all samples acting as background
list. Pathway analyses were performed using the PathVisio
software (30) (version 3.3.0) and individual pathways provided
by WikiPathways (31). Heatmaps were generated using the
ComplexHeatmap package (32) (version 2.5.4). All downstream
analyses were performed with R version 3.6.3.

Statistical Analysis
Cell culture experiments were performed in at least three
independent experiments with at least three biological replicates
per experiment. Statistical analysis was performed using
GraphPad Prism 7.0 (Graphpad Software Inc.1) or R. Data values
are mean ± standard error of the mean (SEM). For statistical
analyses, when only two conditions where compared, unpaired
two tailed t-test was used.

RESULTS

Human Induced Pluripotent Stem
Cell-Derived Cardiac Myocytes Treated
With COVID-19 Candidate Treatments
Show Distinct Gene Expression Patterns
Incubation of 60-day differentiated hiPSC-CMs with a range
of concentrations of the drugs chosen based on literature
data for 24 h under normal culture conditions did not result
in cytotoxicity as assessed by MTT assay (Figure 1A). Next,
hiPSC-CMs were treated with the drugs at selected, relevant
experimental doses, which are most commonly used. Total RNA

1www.graphpad.com
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was isolated using QIAzol Lysis Reagent and RNA samples (RNA
integrity number [RIN]≥ 9.6) were subjected to deep sequencing
library preparation and RNA sequencing. Principal component
analysis of RNA-seq data showed a clear clustering of samples
by treatments (Figure 1B). Specifically, samples treated with
LR, LRI, and Rem cluster far apart from each other as well as
the control samples. Investigation of the differentially expressed
genes in each candidate treatment versus vehicle control yielded
noticeable differences in the number of differentially expressed
genes (Figure 1C). The numbers of differentially expressed genes
in CQ and HCQ treatments were comparable with 350–400
genes (FDR ≤ 0.05, |log2 fold change| ≥ 0.5) differentially
expressed with CQ or HCQ compared to vehicle control.
The number of differentially expressed genes was higher by
one order of magnitude for LR, LRI, and Rem treatment
compared to control; moreover, the number of upregulated and
downregulated genes was balanced. We continued to specifically
investigate differentially expressed genes shared between LR, LRI,
and Rem. On the one hand, overall, nearly 900 genes were shared
between the three treatments (Figure 1D). On the other hand,
LR and LRI share more than 3,700 genes, with 2,054 differentially
regulated genes that were specific to the LRI treatment. The
number of genes specific to LR was one order of magnitude less,
while around 1,000 differentially expressed genes were specific to
Rem. Further inspection of the top differentially expressed genes
for LR and LRI showed a strong downregulation of Caveolin-3
(CAV3) that has been implicated in the biogenesis of t-tubules
(33) and moreover been shown to be associated with cardiac
hypertrophy and heart failure when expression is decreased (34)
(Figures 1E,F). On the other side of the spectrum, LR treatment
showed a strong upregulation of the transcript of calcitonin
gene-related peptide (CALCA), a protein that is secreted from
the heart during ischemia or simulated ischemia (35, 36). LRI
treatment yielded in upregulation of two genes of the 2′,5′-
oligo(A) synthetase family, OAS1 and OAS2 (Figure 1F), which
are known to be interferon-inducible (37) and thus is in line
with the treatment. Interestingly, one of the top upregulated
transcripts after Rem treatment is MIR4430 (Figure 1G), a
hardly characterized microRNA that however was recently
associated with other repurposed drugs to combat COVID-19
in an in silico study (38). A comprehensive list of significantly
differentially expressed genes for each comparison is provided
in Supplementary Table 1. Moreover, we set up an interactive
web portal for visualization of differential gene expression results,
which can be accessed via https://covid19drugs.jakobilab.org.

To gain insights into the biological basis for the differences
in gene expression, we performed GO-Term enrichment analyses
for each of the differential gene expression experiments and
identified key pathways. While the number of differentially
expressed genes is lower in CQ and HCQ when compared to LR,
LRI, and Rem, pathway analyses showed significant enrichment
and upregulation of GO categories of cholesterol biosynthesis,
cholesterol homeostasis, and tricarboxylic acid cycle. In contrast,
genes in GO categories for sarcomere organization, muscle
filament sliding, and cardiac conduction were downregulated
with HCQ and in part with CQ treatment (Figures 2A,B).
Decrease of gene products in these categories may underlie

reduced contractile function. Strikingly, for LR we identified a
strong upregulation of the endoplasmic reticulum (ER) unfolded
protein response (Figure 2C). During LRI treatment we observed
an overall downregulation throughout all enriched GO molecular
process categories. Specifically, cardiac muscle cell development
and homophilic cell adhesion were strongly downregulated
(Figure 2D). However, for both, LR and LRI the enriched GO
categories showed both, up and downregulation to comparable
extents, while for Rem we observed a more global trend to
downregulation in the enriched GO categories, with the notable
exception of the PERK-mediated branch of the unfolded protein
response, which was strongly upregulated (Figure 2E).

Next, we performed hierarchical clustering based on the RNA-
seq data from LR, LRI, and Rem treatments, mapped genes
involved in these key pathways onto the heatmap, and observed
a clear grouping based on treatments (Figure 3). Compellingly,
we identified a compact cluster of around 400 genes upregulated
in LRI (Figure 3), many of which are associated with type
I interferon signaling and thus clearly differentiating between
the LR and LRI treatments. Furthermore, we recognized an
enrichment for upregulated genes involved in the ER stress
response for LR and LRI treatments compared to control. In
contrast to the ER stress response genes upregulated with LR
and LRI treatments, several other key pathways showed large-
scale downregulation of genes such as cardiac muscle contraction,
regulation of heart contraction, sarcomere organization, and
heart development (Figure 3). While downregulation of genes
involved in these pathways was most pronounced with LRI
treatment, LR treatment showed a similar trend, although
with lower log2 fold changes. In comparison to LR and LRI,
only few genes of these pathways show downregulation with
Rem treatment. Moreover, the log2 fold changes of those
genes are lower compared to LR and LRI, thus indicating a
less significant contribution of Rem treatment to potentially
unfavorable changes in these gene programs.

Dysregulation of Endoplasmic Reticulum
Stress and Key Cardiac Function
Pathways in LR and LRI-Treated Human
Induced Pluripotent Stem Cell-Derived
Cardiac Myocytes
To obtain further insights into the details of the altered
pathways, we combined differential gene expression results and
pathway structures. We performed the pathway analysis using
KEGG/wikipathway due to the ability to directly integrate not
only the gene names into pathways, but also directly map
expression values into the graphical pathway. This way, we were
able provide more information within the representative pathway
as a Reactome pathway analysis could have provided. We
selected a panel of 11 key ER stress response genes and profiled
their expression after LR, LRI, and Rem treatment (Figure 4A,
FDR ≤ 0.05, log2 fold change ≥ 0.5). We observed a strong
upregulation of the ER stress response genes for LR and LRI
that was less pronounced in Rem-treated samples. Specifically,
mesencephalic astrocyte-derived neurotrophic factor (MANF)
and heat shock protein family A (Hsp70) member 5 (HSPA5)
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FIGURE 1 | Differences in the response of cardiac myocytes to drug treatments assessed by RNA-seq. (A) Various concentrations of each drug were added to
hiPSC-CMs for 24 h, and cell viability was determined using the MTT assay. Absorbance at 570 nm was measured using a plate reader. All the cell viability assays
were performed at least three times. L/R/I: 25 µm L/R + 0.17, 1.7, or 17U interferon. Two-group comparisons were performed using Student’s two-tailed t-test.
Data are represented as mean with all error bars indicating ± s.e.m. ***P ≤ 0.001 compared to DMSO control. (B) Principal component analysis of RNA-seq data
from hiPSC-CMs treated with the five drugs and control samples. CQ (blue): chloroquine; HCQ (light purple): hydroxychloroquine; LR (dark blue): lopinavir/ritonavir;
LRI (pink): lopinavir/ritonavir + interferon-β; Rem (yellow): remdesivir. (C) Absolute numbers of differentially expressed genes downregulated (green: Log2 fold
change ≤ 0.5) and upregulated (red: Log2 fold change ≥ 0.5) after treatments compared to control. (D) Shared differentially expressed genes between LR, LRI, and
Rem. (E,F) Differential expression of genes shown in volcano plots in panel (E), LR vs. control, in panel (F), LRI vs. control, and in panel (G), Rem vs. control. Blue:
significantly downregulated, red: significantly upregulated, gray: not significantly expressed, FDR ≤ 0.05.
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FIGURE 2 | Gene Ontology (GO) functional enrichments for candidate COVID-19 treatments. (A) CQ vs. control. (B) HCQ vs. control. (C) LR vs. control. (D) LRI vs.
control. (E) Rem vs. control. FDR ≤ 0.05. CQ: chloroquine; HCQ: hydroxychloroquine; LR: lopinavir/ritonavir; LRI: lopinavir/ritonavir + interferon-β; Rem: remdesivir.

show significant downregulation after Rem treatment but are
upregulated after LR and LRI treatment. To validate our findings,
we performed qRT-PCR on a set of eight ER stress response
genes and found, in line with the RNA-seq data, upregulation of

nodal ER stress response regulators, such as C/EBP homologous
protein (CHOP), activating transcription factor 4 (ATF4), X-box
binding protein 1 (XBP1), and endoplasmic reticulum to nucleus
signaling 1 (ERN1) in LR and LRI compared to control
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FIGURE 3 | Global map of Gene Ontology (GO) functional enrichments after LR, LRI, and Rem treatment. Heatmap based on TPM-normalized RNA-seq data
(orange: high expression, purple: low expression) for differentially expressed genes between control and LR, LRI, or Rem (FDR ≤ 0.05, | Log2 fold change ≥ 0.5|).
Below, black lines indicate genes associated with the respective GO category. TPM: Transcripts Per Kilobase Million. LR: lopinavir/ritonavir; LRI: lopinavir/ritonavir +
interferon-β; Rem: remdesivir.

samples (Figure 4B). With Rem treatment, only CHOP, ATF4,
and XBP1 showed upregulation, while HSPA5 and MANF
were downregulated, which is in line with the RNA-seq data.
Furthermore, we overlaid gene expression data with a pathway
representation of the ER stress pathway and observed an
upregulation of ER stress response genes at several key positions
in the pathway, such as XBP1, CHOP, HSPA5, ERN1, ATF6, and
PERK (Figure 4C). These results demonstrate dysregulation of
the ER stress response with LR and LRI treatments.

Our initial global pathway analysis (Figure 3) showed
downregulated genes in LR and LRI treated samples that were
associated with cardiac muscle contraction, regulation of heart
contraction, and sarcomere organization. Based on these GO
term associations, we curated a list of 100 genes, profiled
their expression in detail (Figure 5A, FDR ≤ 0.05, |log2 fold
change| ≥ 0.5), and observed that 80% of these genes show
decreased expression after treatment with LR and LRI, while
only 20% show increased expression. In contrast, only 14 of the
100 selected genes show overall significant differential expression
with Rem treatment, including the upregulated troponin T1,
slow skeletal type (TNNT1), ATPase sarcoplasmic/endoplasmic
reticulum Ca2+ transporting 1 (ATP2A1), and Myozenin-1
(MYOZ1). We validated the RNA-seq data by performing qRT-
PCR for two sets of genes, comprising heavy and light myosin
chains (Figure 5B). We observed a strong decrease in myosin
heavy and light chain transcripts for LR and LRI, whereas the
heavy chain transcripts were more strikingly downregulated
than the light chain transcripts in LR (Figure 5B). In LRI-
treated cells, we observed a strong decrease in expression of both
types of myosin chains. In contrast, Rem treatment significantly
decreased MYL3 and MYL4, while MYL2 and MYH7 were
only slightly, but significantly decreased, and MYH6 levels were
unchanged compared to control (Figure 5B).

We subsequently examined a transcript panel of troponins,
tropomyosins, and cardiac muscle alpha actin and found a
general downregulation after LR and LRI treatment with a
striking effect on cardiac actin (ACTC1, Figure 5C). In contrast,

Rem treatment resulted in upregulation of tropomyosin 1
and 2 (TPM1, TPM2), while TNNC1 (troponin C1, slow
skeletal and cardiac type) and TNNT2 (troponin T2, cardiac
type) were slightly but significantly downregulated and ACTC1
and troponin I3, cardiac type (TNNI3) were significantly
downregulated compared to vehicle control. These findings
suggest significant negative effects of LR and LRI on contractile
components of cardiac myocytes.

DISCUSSION

In this study we evaluated the effects of the five drugs repurposed
to treat COVID-19 on hiPSC-CMs. Currently, little is known
about the effect of the treatments on different tissues and
cells, including cardiac cells. Although there have been studies
addressing the effects of treatment with CQ (39), HCQ (40), and
LR (41, 42) in vitro in different cell lines, to the best of our
knowledge no assessment of the effects of CQ, HCQ, LR, LRI,
and Rem on cardiac cells has been performed. Here, we provide
a detailed analysis of the transcriptional changes in hiPSC-CMs
after treatment with the five treatments compared to controls.

Chloroquine and Hydroxychloroquine
Treatments
The anti-malarial activity of CQ is mainly attributed to the
diffusion of CQ into lysosomes, which neutralizes the pH and
becomes trapped in lysosomes by protonation, thus resulting
in the inhibition of normal autophagy activity (43). Moreover,
CQ is also used as adjuvant in several cancer therapy trials
which employ the autophagy inhibiting properties of CQ. In this
context, a recent study revealed a role for cholesterol biosynthesis
in maintaining lysosomal integrity under stress; since inhibiting
autophagy interferes with processing extracellularly derived
cholesterol esters, thus making cells dependent on the cholesterol
biosynthesis pathway (44). Moreover, lysosomal membrane
cholesterol decreases permeability to water and ions which
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FIGURE 4 | Expression of ER stress associated genes with LR, LRI, and Rem treatment. (A) Clustered heatmap of a panel of selected ER stress associated genes
showing the calculated Log2 fold change after LR, LRI, and Rem treatment compared to control (FDR ≤ 0.05, | Log2 fold change| ≥ 0.5). LR: lopinavir/ritonavir; LRI:
lopinavir/ritonavir + interferon-β; Rem: remdesivir. (B) Gene expression was determined by qRT-PCR using RNA from hiPSC-CMs plated at 1 × 106 cells/well on
6-well culture dishes and treated for 24 h with LR, LRI, Rem, or vehicle control (DMSO). (C) Mapping of differential gene expression data onto a representation of the
ER stress response pathway. Each box contains a color-coded representation of the Log2 fold change of the gene in the following sample order: CQ, HCQ, LR, LRI,
Rem. CQ: chloroquine; HCQ: hydroxychloroquine. Two-group comparisons were performed using Student’s two-tailed t-test. Data are represented as mean with all
error bars indicating ± s.e.m. **P ≤ 0.01 and ***P ≤ 0.001 compared to DMSO control.

suppresses swelling and destabilization under osmotic stress.
Intriguingly, in our study, we observed that with CQ and HCQ
treatment, most of the enriched pathways are downregulated,
except for the regulation of the cholesterol biosynthetic process,
where CQ- and HCQ-treated samples show strong upregulation
for key genes. We found key enzymes for cholesterol synthesis,
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR),
hydroxymethylglutaryl-CoA synthase (HMGC1), farnesyl
pyrophosphate synthase (FDPS), and farnesyl-diphosphate
farnesyltransferase 1 (FDFT1) robustly upregulated with CQ
and HCQ treatment. Thus, in line with a previous report (44),

our findings may indicate that CQ-treated cells upregulate the
cholesterol biosynthesis in order to compensate for reduced
processing of cholesterol esters and to counteract CQ-toxicity
by adapting the cholesterol biosynthesis pathway. Nevertheless,
CQ or HCQ may lead to lower levels of cholesterol, as HCQ
was recently found to lower total cholesterol in a large study
of patients with systemic lupus erythematosus and rheumatoid
arthritis, where CQ and HCQ are common treatment options
(45). In contrast, low cholesterol concentrations in COVID-19
patients have recently been linked to more severe outcomes
(46, 47). However, due to the short duration of treatment of
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FIGURE 5 | Calcium handling-associated genes and genes associated with sarcomere organization with LR, LRI, and Rem treatment. (A) Clustered heatmap of a
panel of 100 selected genes associated with calcium handling and sarcomere organization showing the calculated Log2 fold change after LR, LRI, and Rem
treatment compared to control (FDR ≤ 0.05, |Log2 fold change| ≥ 0.5). LR: lopinavir/ritonavir; LRI: lopinavir/ritonavir + interferon-β; Rem: remdesivir. (B) Expression
of myosin light and heavy chains was determined by qRT-PCR using total RNA from hiPSC-CMs plated at 1 × 106 cells/well on 6-well culture dishes and treated for
24 h with LR, LRI, or Rem. (C) Expression of selected troponin, tropomyosin, and actin genes was determined by qRT-PCR using total RNA from hiPSC-CMs plated
at 1 × 106 cells/well on 6-well culture dishes and treated for 24 h with LR, LRI, or Rem. Two-group comparisons were performed using Student’s two-tailed t-test.
Data are represented as mean with all error bars indicating ± s.e.m. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 compared to DMSO control.

acute COVID-19 patients compared to long term patients
with rheumatoid arthritis treated with CQ or HCQ, the
cholesterol-lowering effects might not play a role in progression
of COVID-19 in these patients.

The autophagy-inhibiting properties of CQ were found to
affect several cellular processes such as bioenergetics (48).
Experiments in primary rat cortical neurons showed that the
inhibition of autophagy by CQ increased mitochondrial DNA
damage and at the same time decreased bioenergetics (48).
CQ was found to reduce glycolysis activity, as well as decrease
intermediate products of the tricarboxylic acid (TCA) cycle and
key components of glutaminolysis (48). In our study, we observed
an upregulation of genes enriched for TCA activity with CQ
treatment. Indeed, this upregulation may be consistent with an
upregulation of glutaminolysis itself as it was previously found
that succinate, fumarate, and malate were not affected by CQ-
treatment, thus hinting at adaptive changes of the TCA cycle
(48). Therefore, our study may contribute to uncovering the

transcriptional changes of the TCA cycle components upon
treatment with autophagy inhibitors such as CQ or HCQ.

LR and LRI Treatments
Treatment of hiPSC-CMs with LR or LRI showed significant
changes in key cardiac gene programs such as Ca2+ handling and
sarcomere organization. The downregulation of several key genes
encoding subunits of cardiac ion channels we observed such as
KCNQ1, KCNH2, and CACNA1C, is in line with findings that
show QT prolongation and torsade de pointes in patients treated
with protease inhibitors (PI) (49), such as lopinavir and ritonavir.
Moreover, the strict downregulation of other key categories of
cardiac function such as cardiac muscle cell development with
LR and LRI is coordinate with a recent study describing risks
of bradycardia with LR treatment for COVID-19 patients (50).
Similarly, we observed perturbations in the regulation of PP1,
a critical regulator of cardiac function that mediates restoration
of contractility to basal levels after beta-adrenergic stimulation.
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Dysregulation of PP1, in turn, has been suggested to contribute to
impaired function of the heart (51), thus highlighting unfavorable
effects of LR and LRI treatment on hiPSC-CMs.

Recent guidelines recommend the use of low- to moderate-
dose statins for patients with one or more CVD risk factor
as preemptive measure (52). However, treatment with statins
together with LR or LRI, should be implemented with selected
statins such as pitavastatin or pravastatin due to known drug-
drug interactions between statins and antiviral PIs (53), thus
requiring special attention for COVID-19 patients on statins.

When comparing LR and LRI, we observed specific
effects of INF-β as sharply defined enrichment of genes
specifically associated in the type I interferon response for
LRI. The interferon response employs double-stranded RNA-
activated protein kinase (PKR) to reduce viral replication via
phosphorylation of eIF2α and subsequent reduction of protein
synthesis (54). Interestingly, genes induced by INF-β were shown
to be associated with ER stress (55) and while in general we
observed that the addition of INF-β increased the effects of LR
treatment on gene expression, this was especially pronounced
for key genes of the ER stress response, such as CHOP, which
has been shown to play a role at the interface between ER stress
and CVD (56). While the ER stress response exerts an initial
protective effect, the strength and duration of activation of the
ER stress response will determine if the response will eventually
switch to the proapoptotic phase and yield to cell death (56).
Alterations in protein folding demand, such as those that occur
during cardiac ischemia, hypertrophy, and remodeling, result
in homeostatic imbalance in ER, causing activation of the ER
stress response and thus induction of translation inhibition and
gene expression tailored to stress conditions in the ER (57). We
and others have shown that in cardiovascular disease, stresses
such as oxidative stress or hypoxia can perturb ER homeostasis
and activate the ER stress response, which induces expression
of proteins that can function to protect the myocardium (58).
Both, the interferon response and ER stress response are known
to be activated during viral infection and are linked by the
phosphorylation of the α subunit of translation initiation factor
eIF-2 (eIF2α) (59, 60), which results in inhibition of synthesis of
viral proteins. The upregulation of the ER stress response genes
in LR-treated cells, in addition to the ER stress response the viral
infection itself, may negatively affect the replication of the virus.
This effect might further be enhanced by IFN-β treatment as part
of the LRI regime, adding the burden of the activation of the
interferon response to the already activated ER stress response.
Taken together, our results show elevated expression of key ER
stress response genes in LR and even more pronounced in LRI
that might result in cell death depending on the duration of
LR/LRI treatment.

The activation of the ER stress response caused by PIs was
studied in the context of the HIV/AIDS, where PIs are routinely
employed as treatment option. While long-term studies for HIV
treatment and prevention with LR report general long-term
safety (61), cardio-metabolic side effects in the heart have been
reported (62). Specifically, lopinavir, which has been shown to
induce the highest levels of ER stress amongst PIs (41), may
cause adverse effects that have been observed in macrophages

(63) and hepatocytes (64). Moreover, clinical studies linked ER
stress-associated diseases like metabolic syndrome to patients
administered PIs over longer terms (41). Thus, the combination
of potential adverse effects and unfavorable dysregulation of
key cardiac gene programs after LR and LRI treatment likely
outweigh negative effects of LR and LRI on viral infection. Besides
dysregulation of critical cardiac gene programs, we observed
significant dysregulation of several G protein-coupled receptor-
associated (GPCR) genes which in turn might lead to different
cardiovascular pathologies, such as hypertrophic and fibrotic
remodeling of left and right cardiac ventricles and systemic and
pulmonary hypertension (65).

Remdesivir Treatment
In hiPSC-CMs treated with Rem, we detected a slight, but
significant upregulation of some of the ER stress response genes,
specifically CHOP, ATF4, and XBP1. Interestingly, we found
MANF is significantly downregulated in Rem compared to
LR, LRI, and even vehicle-treated control, even though ATF6,
a known inducer of MANF (66) is significantly upregulated
after Rem treatment. Similarly, HSPA5, a key chaperon in
the ER stress response is also significantly downregulated in
Rem. Interestingly, HSPA5 which encodes the GRP78 protein,
has been identified as a potential target for the treatment
of Ebola virus (67) and is currently discussed as a potential
treatment for COVID-19 (68, 69). Thus, the downregulation of
HSPA5 might be one cause for the more promising results of
treating COVID-19 with Rem such as the Adaptive COVID-
19 Treatment Trial (ACTT-1) found that patients receiving
Rem treatment tend to profit from a significantly shorter
time to recovery compared to placebo (70). Available data
on the effect of Rem on the heart is limited to a single
study of 681 patients infected with the Ebola virus, where
one of the patients suffered hypotension and subsequent death
by cardiac arrest (71), which might be in line with our
observation that several genes associates with hypotension
show dysregulation, however, the effect of LR and LRI is
more pronounced.

CONCLUSION

In summary, the results of this study suggest that all tested
repurposed drugs show alterations of the transcriptional profiles
of hiPSC-CMs. While the changes to gene programs with CQ and
HCQ treatment are less pronounced, we identified widespread
unfavorable dysregulation of cardiac gene programs such as
calcium handling, sarcomere organization, hypotension and
GPCR activity specifically for LR and LRI. The induction of the
ER stress response may on the one hand be able to aid in slowing
down viral replication, but on the other hand also add adverse
effects to the dysregulated gene programs. While treatment of
hiPSC-CMs with Rem also induced changes in gene expression,
the effect on the cardiac gene programs affected by LR and LRI
is significantly more pronounced. Taken together, our results
suggest that only Rem displays a fair balance between negative

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 May 2022 | Volume 9 | Article 844441560

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-844441 May 18, 2022 Time: 15:15 # 11

Jakobi et al. COVID-19 Drugs in Cardiac Myocytes

effects on transcriptional profiles of hiPSC-CMs and potential
antiviral activity.
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Introduction: The impact of colchicine on hospitalized patients with Coronavirus
disease-19 (COVID-19) related cardiac injury is unknown.

Materials and Methods: In this multicenter randomized controlled open-label clinical
trial, we randomized hospitalized adult patients with documented COVID-19 and
evidence of cardiac injury in a 1:1 ratio to either colchicine 0.6 mg po twice daily
for 30 days plus standard of care or standard of care alone. Cardiac injury was
defined as elevated cardiac biomarkers, new arrhythmia, new/worsened left ventricular
dysfunction, or new pericardial effusion. The primary endpoint was the composite of
all-cause mortality, need for mechanical ventilation, or need for mechanical circulatory
support (MCS) at 90 days. Key secondary endpoints included the individual components
of the primary endpoint and change in and at least 2-grade reduction in the World
Health Organization (WHO) Ordinal Scale at 30 days. The trial is registered with
clinicaltrials.gov (NCT04355143).

Results: We enrolled 93 patients, 48 patients in the colchicine arm and 45 in the control
arm. There was no significant difference in the primary outcome between the colchicine
and control arms (19 vs. 15%, p = 0.78), nor in the individual components of all-cause
mortality (17 vs. 15%, p = 1.0) and need for mechanical ventilation (8 vs. 5%, p = 0.68);
no patients in either group required MCS. The change in (−1.8 ± 2.4 vs. −1.2 ± 2.0,
p = 0.12) and at least 2-grade reduction (75 vs. 75%, p = 1.0) in the WHO ordinal scale
was also similar between groups.

Conclusion: Patients hospitalized with COVID-19 and evidence of cardiac injury did not
benefit from colchicine therapy.
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INTRODUCTION

Coronavirus disease-19 (COVID-19), caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has
infected over 250 million patients and resulted in over
5 million deaths worldwide since December 2019. Cardiac
injury in the setting of COVID-19 as defined by elevated
cardiac biomarkers, arrhythmias, and/or structural abnormalities
including ventricular dysfunction or pericardial effusion is
common and has been reported in 16.1–62.3% of cases (1–
7). Among patients with elevated cardiac biomarkers, mortality
rates are approximately 30% in those without underlying
cardiovascular disease (CVD) and up to 70% in those with
underlying CVD (8–15). While several mechanisms have been
postulated for how SARS-CoV-2 may damage the heart, it is
plausible that the indirect injury from innate, cellular, or humoral
immune responses including “cytokine storm” may play a pivotal
role (16–20). To date, remdesivir has been approved by the
FDA for hospitalized patients with severe pneumonia and several
other agents have also been given Emergency Use Authorization.
However, there are no FDA approved therapies specifically for the
treatment of COVID-19 related cardiac injury (21).

Colchicine is a microtubule polymerization inhibitor and
an inhibitor of interleukins 1 and 6, granulocyte macrophage
colony stimulating factor (GM-CSF), and the nucleotide-binding
oligomerization leucine-rich repeat and pyrin domain (NLRP3)
inflammasome, making it a potent anti-inflammatory agent
(22, 23). Its benefit in other inflammatory-based cardiovascular
conditions has been established, including the treatment of
acute and recurrent pericarditis, prevention of post-cardiotomy
syndrome, and reduction of major adverse cardiovascular
events after acute myocardial infarction (24–28). Although
dose adjustments are required for certain comorbidities and
concomitant drugs, colchicine is safe, cost-effective, widely
available, and orally administered, making it an attractive
potential therapeutic option for patients with COVID-19
(29–31).

Considering the prevalence of cardiac injury in COVID-19
patients and the associated high mortality rate among these
patients, the need for effective treatment is critical, however, the
impact of colchicine specifically among hospitalized COVID-19
patients with evidence of cardiac injury has not been described.
In the present multicenter open-label RCT entitled Colchicine
for the Treatment of Cardiac Injury in Hospitalized Patients
with COVID-19 (COLHEART-19), we sought to determine
if colchicine improved clinical outcomes in this key high-
risk population.

MATERIALS AND METHODS

Study Design
In this pilot multicenter open-label RCT, hospitalized adult
patients with documented COVID-19 and evidence of cardiac
injury were randomized in a 1:1 ratio to either colchicine 0.6 mg
po twice daily for 30 days plus current standard of care or current
standard of care alone. An adaptive trial design allowed for

patients in either arm to be co-enrolled in other investigational
therapeutic trials for COVID-19. Standard of care was defined
as the current background treatment of COVID-19 at each
institution, allowing for dynamic changes in therapy based on
emerging research and experience during the rapidly evolving
pandemic. The primary trial site was the University of California,
Los Angeles (UCLA), with the Miami Cardiac and Vascular
Institute (MCVI) at Baptist Health South Florida serving as a
secondary site. The trial biostatistician (XW) was blinded to
patient-level data and provided the randomization sequence and
assignment using a permuted block design with varying block
sizes between 2, 4, and 6 (SAS Version 9.4). All patients provided
informed consent prior to enrollment. The trial protocol was
approved by the institutional review boards at UCLA and MCVI;
the trial was registered with clinicaltrials.gov (NCT04355143).

Study Population
Adult patients (≥18 years) hospitalized with SARS-CoV-2
infection were eligible for COLHEART-19 if they had any
of the following objective markers of cardiac injury: (1)
elevated troponin, (2) newly elevated B-type natriuretic peptide
(BNP), (3) new ischemic or arrhythmogenic changes on
electrocardiogram (ECG) or telemetry, or (4) new reduction
in left ventricular ejection fraction (LVEF) or new pericardial
effusion on transthoracic echocardiogram (TTE). Exclusion
criteria included severe hematologic or neuromuscular disorders,
severe renal impairment with concomitant hepatic impairment,
co-administration of CYP3A4 and P-glycoprotein transport
system inhibitors, concurrent use of strong CYP3A4 or
P-glycoprotein transport system inhibitors in patients with
renal or hepatic impairment, pregnancy, breastfeeding mothers,
or women of childbearing age unable to take adequate
contraception. Additionally, patients taking colchicine for other
indications (e.g., gout) or those already requiring mechanical
ventilation or mechanical circulatory support (MCS) were
ineligible for enrollment.

Study Procedures
All patients underwent laboratory testing for cardiac biomarkers
(troponin, BNP) and inflammatory biomarkers [C-reactive
protein (CRP) and D-Dimer] as well as ECG and TTE on
the day of enrollment if not already performed as part of
their clinical care. Serial cardiac and inflammatory biomarkers
were obtained on days 3 and 7 among those still hospitalized.
Of note, to accommodate hospital logistics and workflow, the
aforementioned tests were allowed to be collected within ±1 day
of the study-assigned collection day.

Patients in both arms of the trial received the current standard
of care treatment for COVID-19 per institutional protocols
generated by local infectious disease and pulmonary/critical
care medicine experts, though the final decision for treatment
strategy was at the discretion of the care team. Those patients
randomized to the colchicine arm received 0.6 mg twice daily
for 30 days. Dose adjustments were made for gastrointestinal
intolerance, co-morbidities such as chronic kidney disease, and
drug-drug interactions. Additionally, all patients were eligible
to be concurrently enrolled in other COVID-19 clinical trials.
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Telephone follow-up to evaluate symptoms was performed at
30 days, and telephone as well as electronic medical record
follow-up to assess clinical outcomes was completed at 90 days.

Endpoints
The primary endpoint was the composite of all-cause mortality,
need for mechanical ventilation, or need for MCS at 90 days.
Secondary endpoints included the individual components of
the primary endpoint, time to the primary endpoint, change
in the World Health Organization (WHO) R&D Blueprint
Ordinal Scale at 30 days, and at least 2-grade reduction (i.e.,
clinical improvement) in the WHO Ordinal Scale at 30 days, re-
hospitalization at 90 days, peak and maximum change (delta) in
cardiac and inflammatory biomarkers (i.e., troponin, BNP, CRP,
D-dimer), and length of hospital stay. Ordinal scales for clinical
improvement have been used in prior COVID-19 therapeutic
trials and consists of an 8-grade scale ranging from ambulatory
without limitation of activities to death (32).

Statistical Analysis
Descriptive statistics such as frequency and percentage
were summarized for baseline demographic and clinical
characteristics. For each study arm, the proportion of patients
achieving the primary composite endpoint at 90 days was
calculated, along with the 95% exact confidence interval (CI).
Risk difference and the corresponding 95% CI between study
arms were also estimated. Fisher’s exact test was used to compare
the proportion of patients achieving the composite event
between two study arms. Similar analyses were performed on
the individual components (secondary endpoints) of the primary
endpoint. For the secondary endpoint of time to the primary end
point, methodologies used for time-to-event data were adopted.
Log-rank test was used to compare the event curves between the
study arms. Hazard ratios (HR) and the corresponding 95% CIs
were obtained via a Cox proportional hazards regression model.
For each of the other secondary endpoints, summary statistics
such as mean, median, standard deviation, minimum, maximum
were calculated and reported. Wilcoxon rank rum test was used
to compare the two study arms. The analyses for the primary
endpoint and the secondary endpoints were performed on the
intent-to-treat (ITT) population. All analyses were run using
complete cases; in the rare event of missing data, patients were
excluded from analyses. All statistical tests were two-sided, with
an alpha level of 0.05 as the cut-off for statistical significance.
Statistical analyses were carried out using statistical software
SAS Version 9.4.

RESULTS

Baseline Characteristics
Between May 5, 2020 and March 11, 2021, 93 hospitalized
patients with COVID-19 were enrolled into the COLHEART-19
trial. The majority (85%) of patients were enrolled within the first
3 days of hospitalization and likely all were located on the hospital
floor/wards at the time of enrollment [data regarding enrollment
location—floor/wards vs. intensive care unit (ICU) was not

FIGURE 1 | Study design.

captured, though mechanical ventilation and MCS which require
ICU-level care were exclusion criteria]. Forty-eight patients were
randomly assigned to colchicine plus standard of care (colchicine
arm), while 45 patients were randomized to the standard of care
(control arm) (Figure 1).

Baseline characteristics are summarized in Table 1. Of note,
despite randomization, patients in the colchicine arm were more
likely to be male (81 vs. 53%, p = 0.007) and had higher rates of
hyperlipidemia (73 vs. 51%, p= 0.03) and chronic kidney disease
(38 vs. 18%, p = 0.03) compared with those in the control arm.
Otherwise, the two arms were largely balanced in their baseline
demographic and clinical characteristics as well as COVID-19
related medications (Table 1).

Colchicine Data
Among the colchicine arm, 28 (58%) patients received the
standard dose of 0.6 mg bid, while the remainder had
the initial dose adjusted based on comorbidities and/or
concomitant pharmacotherapy. Four (8%) patients underwent
dose adjustments during the study period. With respect to
adverse events related to colchicine, 7 (15%) patients experienced
side effects that were classified as mild per protocol; no moderate
or serious adverse events occurred. Of note, 4 of these patients
terminated their courses of colchicine early due to the side effects.
No patients in the control arm reported any side effects.

Outcomes
Primary Endpoint
Overall, 96% of patients completed 90-day follow-up (4 patients
in control arm and none in the colchicine arm were lost to follow-
up). The proportion of patients who met the primary composite
endpoint of all-cause mortality, need for mechanical ventilation,
or need for MCS at 90 days was similar between the colchicine
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TABLE 1 | Baseline patient characteristics*.

Colchicine
N = 48

Control
N = 45

P-value

Demographics

Age (years) 71.2 ± 17 71.5 ± 19.5 0.86

Sex (male) 39 (81) 24 (53) 0.01

Race 0.57

White 28 (58) 21 (47)

Black 2 (4) 4 (9)

Other 18 (37) 20 (45)

Clinical risk factors

Hypertension 39 (83) 34 (76) 0.35

Hyperlipidemia 35 (73) 23 (51) 0.03

Diabetes 19 (40) 16 (36) 0.69

Tobacco use (current or former) 14 (29) 19 (42) 0.41

Cerebrovascular disease 4 (8) 8 (18) 0.18

Chronic kidney disease 18 (38) 8 (18) 0.03

COPD† 5 (10) 5 (11) 0.91

Other lung disease 5 (10) 5 (11) 0.91

Body mass index 29.6 ± 6.9 28.4 ± 8.0 0.24

COVID-19††† therapeutics

Steroids 24 (56) 34 (72) 0.10

Remdesivir 36 (75) 29 (64) 0.37

Convalescent plasma 6 (13) 7 (16) 0.77

Hydroxychloroquine 1 (2) 0 (0) 1

Leronlimab 7 (15) 2 (4) 0.16

Gimsilumab 1 (2) 2 (4) 0.06

Anticoagulation 0.26

VTE† prophylaxis dose 26 (54) 32 (71)

Therapeutic dose 18 (38) 10 (22)

*Data are presented as mean ± standard deviation or numbers
(percentage) as appropriate.
†COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus
disease-19 (COVID-19); VTE, venous thromboembolism.

and standard of care arms (19 vs. 15%; p = 0.78) (Figure 2).
These data remained statistically non-significant in a sensitivity
analysis adjusting for the imbalance of gender, hyperlipidemia,
and chronic kidney disease between groups (Table 2).

Secondary Endpoints
There were no significant differences between the colchicine
and control arms with respect to the individual components of
the primary composite endpoint (Figure 2). Notably, the rate
of mechanical ventilation was low in both groups (8 vs. 5%),
and no patients in either group required MCS. The time to
primary endpoint was not significantly different between the 2
arms (HR = 1.52, 95% CI: 0.57–4.27, p = 0.42) (Figure 3).
Additionally, hospital length of stay (10.7 vs. 8.8 days, p = 0.20)
and re-hospitalization rates at 90 days (15 vs. 22%, p= 0.37) were
similar in the colchicine and control arms.

Patients in the colchicine arm had higher mean WHO ordinal
scale scores at baseline compared with those in the control
arm (4.2 ± 0.7 vs. 3.9 ± 0.8, p = 0.07). At 30 days, however,
the change/reduction from baseline was similar between the
colchicine and control arms (−1.8± 2.4 vs.−1.2± 2.0, p= 0.12),

and there was no between-group difference in at least 2-grade
reduction (75 vs. 75%, p= 1.0).

We also observed no significant difference in peak or delta
troponin and BNP levels between the colchicine and control arms
(Table 3). Patients in the colchicine arm did have significantly
higher peak CRP levels (13.6± 8.9 vs. 9.8± 7.8, p= 0.03), though
delta CRP as well as peak and delta D-dimer levels were similar
between the 2 arms (Table 3).

DISCUSSION

The principal finding of the multicenter randomized controlled
open-label COLHEART-19 clinical trial is that colchicine did
not reduce the primary endpoint of all-cause mortality, need
for mechanical ventilation, or need for MCS at 90 days in
hospitalized adult patients with COVID-19 and evidence of
cardiac injury. The lack of benefit of colchicine extended
across multiple key secondary endpoints including the individual
components of the composite primary endpoint, change in
and at least 2-grade reduction in the WHO Ordinal Scale
at 30 days, and re-hospitalization at 90 days. To the best of
our knowledge, COLHEART-19 is the first trial to specifically
evaluate the impact of colchicine in hospitalized COVID-19
patients with manifestations of cardiac injury, and in doing so,
adds to the growing body of evidence of its limited role in the
treatment of COVID-19.

Multiple studies have previously suggested that colchicine may
be an attractive therapeutic agent to treat patients presenting
with COVID-19 given its unique anti-inflammatory properties,
relative lack of serious side effects, and wide availability (30,
33–41). To date, several RCTs assessing the effect of colchicine
on outcomes have been conducted in varying COVID-19
populations. Among hospitalized patients with COVID-19,
the GRECCO-19 trial did not show a mortality benefit with
colchicine administration, although there was a statistically
significant decrease in 2-grade reduction in the WHO Ordinal
Scale (42). Similarly, the larger RECOVERY trial, which
randomized 11,162 hospitalized COVID-19 patients to colchicine
vs. standard of care, also did not show a difference in the
primary endpoint of 28-day mortality (risk ratio = 1.02, 95%
CI: 0.94–1.11, p = 0.63) (43). Of note, several meta-analyses
have suggested potential benefit for colchicine in hospitalized
patients with COVID-19 with signals toward lower mortality, but
these included mainly observational studies in addition to RCTs.
Among outpatients with COVID-19, the recent COLCORONA
trial randomized 4,488 patients to colchicine vs. placebo.
COLCORONA failed to demonstrate an improvement in the
primary endpoint of mortality or hospital admission (OR= 0.79,
95% CI: 0.61–1.03, p = 0.81). Interestingly, the authors made
the observation that if only PCR-confirmed COVID-19 patients
were included, there was a statistically significant improvement
in the primary endpoint (OR = 0.75, 95% CI: 0.57–0.99,
p= 0.042) (44).

In contrast to these prior RCTs, our COLHEART-19 trial
is unique in that we focused on hospitalized COVID-19
patients with evidence of cardiac injury, a high-risk subgroup
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FIGURE 2 | Impact of colchicine on the primary composite endpoint, and individual components of the primary composite endpoint including all-cause mortality and
need for mechanical ventilation.

that theoretically would benefit the most from colchicine
therapy. We hypothesized that treating these patients early
during their hospitalization with colchicine would blunt the
cytokine storm and improve short-term clinical outcomes.
However, our results mirror those of the negative GRECCO-19,
RECOVERY, and COLCORONA trials in that colchicine does
not appear to be provide a benefit across multiple clinical and
laboratory endpoints in hospitalized patients with COVID-19
and cardiac injury.

TABLE 2 | Adjusted primary and individual component secondary endpoint data*.

Colchicine
N = 48

Control
N = 45

Adjusted proportion
difference

Primary endpoint
(Composite of all-cause
mortality, need for
mechanical ventilation, or
need for MCS at 90 days)

9 (19) 6 (15) 0%, 95% CI:
−17%–18%, p = 0.96

All-cause mortality 8 (17) 6 (15) 1%, 95% CI:
−18%–16%, p = 0.91

Need for mechanical
ventilation

4 (8) 2 (5) 5%, 95% CI:
−10%–20%, p = 0.51

Need for MCS† 0 (0) 0 (0) 0%

*Data are presented as numbers (percentage).
†CI, confidence interval; MCS, mechanical circulatory support.

Our study had key limitations worth considering. First,
our sample size did not reach our pre-specified sample size
of 150 patients due to slower than expected enrollment at
our institutions and hence is underpowered and precluded
meaningful subgroup analyses. However, given the lack of a
positive trend in the colchicine arm, it seems unlikely that a larger
sample size would have changed the outcome of the trial. Second,
the study had an open-label design. This open-label structure
was specifically chosen to allow for co-enrollment into additional
COVID-19 based therapeutic clinical trials at our institutions.
Notably, the colchicine and control arms were balanced
with respect to other COVID-19 investigational therapies,
and we adjusted for this in our analyses. Third, the standard
of care therapy in the control arm had significant variability
owing to the rapidly evolving treatment of COVID-19 over the
course of the study period as new research data and experience
emerged; this introduces unmeasured confounding, though it
also reflects real-world practice during a dynamic pandemic.
Fourth, we elected for a short 30-day course of colchicine
to treat acute COVID-19, though a longer course may have
had a more appreciable impact on long-term outcomes. Fifth,
we did not obtain follow-up imaging data (echocardiography
or cardiac magnetic resonance imaging); although this would
have provided additional valuable information, logistical and
budgetary concerns precluded its inclusion in the protocol. Sixth,
although troponin is an objective marker of cardiac injury, its
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FIGURE 3 | Kaplan–Meier analysis for the primary endpoint. Kaplan–Meier analysis demonstrated similar rates of event-free survival (composite of all-cause mortality,
need for mechanical ventilation, or need for mechanical circulatory support) among patients in the colchicine and control arms.

heightened sensitivity may led to inclusion of patients without
clinically significant COVID-19 cardiac involvement. Finally, our
primary endpoint necessitated excluding hospitalized patients

TABLE 3 | Cardiac and inflammatory biomarkers*.

Colchicine Control p-value

Troponin (ng/mL)
Baseline 0.1 ± 0.1 0.10 ± 0.5 0.37
Peak 0.2 ± 0.4 0.1 ± 0.5 0.16
Delta† 0.1 ± 0.3 0 0.06

BNP‡ (pg/mL)
Baseline 503 ± 765 389 ± 798 0.42
Peak 611 ± 796 514 ± 817 0.42
Delta† 108 ± 218 134 ± 241 0.85

CRP‡ (mg/dL)
Baseline 9.9 ± 7.3 7.2 ± 5.7 0.09
Peak 13.6 ± 8.9 9.8 ± 7.8 0.03
Delta† 3.9 ± 7.2 2.6 ± 4.1 0.57

D-Dimer (µ g/mL)
Baseline 493 ± 854 669 ± 1101 0.92
Peak 639 ± 1112 861 ± 1564 0.95
Delta† 145 ± 353 212 ± 604 0.19

*Data are presented as mean ± standard deviation.
†Delta is defined as the difference between peak and baseline values.
‡BNP, B-type natriuretic peptide; CRP, C-reactive protein.

who immediately required intubation or MCS; however, we
hypothesized that colchicine would have less of an impact in these
critically ill patients whose inflammatory burden was already
exceedingly high.

CONCLUSION

In this multicenter open-label RCT, colchicine administration
in hospitalized adult patients with COVID-19 and evidence of
cardiac injury did not provide a benefit across multiple clinical
and laboratory endpoints compared with standard of care. These
findings are in agreement with other recent RCTs that similarly
have not shown benefit of colchicine in COVID-19.
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