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Editorial on the Research Topic

What do we know about COVID-19 implications for cardiovascular disease?

Public health emergencies caused by Coronavirus-19 (COVID-19) continue to exist across
the globe. Studies have shown that infection with COVID-19 is more severe in people with
preexisting cardiovascular disease (1, 2). Likewise, the findings of previous clinical studies
indicate that COVID-19 can lead to a wide range of cardiovascular complications (3). It has
been suggested that there may be a bidirectional cause-effect relationship between COVID-19
and cardiovascular disease. Over 2 years after the initial outbreak of SARS-CoV-2, there is strong
evidence that people with cardiovascular diseases are bothmore susceptible to severe COVID-19
and are more likely to experience post-acute sequelae (4). Given this, it’s significant and urgent
to the underlying mechanisms need to be clarified. The present Research Topic aims to present
some of themore recent acquisitions on the integration of clinical observations and experimental
findings linking COVID-19 and cardiovascular disease.

With regards to better diagnostic measures, Li et al. demonstrated the prognostic value of
echocardiographic parameters in COVID-19 infections with underlying cardiovascular disease;
Yu et al. found that the myoglobin level may help assess the prognosis and treatment response
of COVID-19 patients.

In terms of research methodology, human induced pluripotent stem cell-derived cardiac
myocytes (hiPSC-CMs) may be a practical research vehicle, Jakobi et al. evaluated the effects
of five drugs used to treat COVID-19 on hiPSC-CMs, which deepened our understanding
of the cardiomyocyte response to drugs. Meyer et al. then developed a systematic integrated
approach to summarize the detailed mechanisms of cardiovascular complications in COVID-
19. By integrating COVID-19 factors into the existing coronary heart disease (CHD) Model,
and evaluating the effects of different health factors and pharmacological interventions on
the severity of COVID-19, Meyer et al. explained in detail the mechanisms by which the
interactions between inflammation, endothelial cell injury, hypercoagulability, and hypoxia lead
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to patient death, elaborating the influence of each factor on the
severity of the disease, which has implications for understanding the
mechanisms of this disease and guiding the clinical management.
Structural biology and computer-assisted drug screening may be
an emerging research approach. Al-Moubarak et al. explored the
interaction between potential COVID-19 antiviral therapy and hERG
potassium channel pores through computer model simulations based
on the cryoelectron microscopic structure of hERG, explaining the
differences in the ability of different drugs to enter the lateral
binding pocket.

COVID-19 affects the cardiovascular system through various
mechanisms. The SARS-CoV-2 infection can cause myocardial injury
and associated with increased in-hospital mortality (5). Pathologists
performed cardiac tissue autopsies on patients with COVID-19,
thereby confirming the presence of myocarditis, and noted that
most patients exhibited increased cardiac interstitial macrophage
infiltration (6). Song et al. suggested that a high inflammatory burden
might be a potential cause of myocardial injury in critically ill
patients with COVID-19. In addition, COVID-19 also involves the
vascular endothelium. Jud et al. suggest that it may promote COVID-
19-related endothelial dysfunction and inflammatory vasculopathy
by affecting arterial stiffness, capillary morphology, homocysteine
metabolism, etc. Meanwhile, Jha et al. analyzed gene expression in
patients’ lung epithelial cells by transcriptomics and found alterations
in genes related to apoptosis, coagulation, and vascular function,
suggesting that these may be associated with the development
of cardiovascular complications. The human receptor angiotensin-
converting enzyme 2 (ACE2) dimer may be an important target for
mediating viral damage to the cardiovascular system and indeed the
systemic system by binding to the viral trimeric stinger protein (7).
A multicenter retrospective cohort study by Huang et al. showed
that angiotensin-converting enzyme inhibitors (ACEI) or angiotensin
receptor blockers (ARBs) may alleviate organ damage by reducing
pro-inflammatory cytokine levels, but simultaneously prolong viral
shedding, so antiviral therapy should be intensified concomitantly
and hemodynamic changes should be closely monitored. However,
Raisi-Estabragh et al. reviewed the status of 7,099 people on
UK Biobank and found that ACE/ARB use was not associated
with COVID-19 status. Activation of autoantibodies and systemic
inflammation in COVID-19 patients may also have cardiovascular
involvement (8). Lumish et al. noted that higher levels of high-
sensitivity cardiac troponin T (hs-cTNT), high-sensitivity C-reactive
protein (hs-CRP), and creatinine may be associated with higher
morbidity and mortality in men. Sun et al. noted that patients with
severe COVID-19 have lower levels of HDL-C and apoA-1, and
these may be promising predictors of severe disease and in-hospital
mortality in COVID-19 patients.

COVID-19 patients with combined cardiovascular complications
require particular attention in terms of treatment and prognosis.

Myocardial injury with elevated plasma troponin is seen in 8–12%
of COVID-19 patients (3). The studies performed by Rubattu et al.
have found the potential beneficial role of angiotensin receptor
II blocker - neprilysin inhibitor (ARNI) in heart failure patients
with COVID-19. Petersen-Uribe et al. found that heart failure
and pre-existing cardiovascular disease in COVID-19 patients are
associated with serious complications such as acute respiratory
distress syndrome (ARDS). Remaining in the field of cardiovascular
impairment treatment during COVID-19, Wang et al. validated
the key importance of anti-inflammatories to address the cardiac
implications of COVID-19, especially among severe cases and critical
cases. Given the large scale of the COVID-19 pandemic worldwide,
cardiovascular sequelae of COVID-19 are a significant concern to all
populations with worse short-term outcomes (9). Hence, physicians
must be aware of these diseases and establish treatment as early
as possible.

In summary, the present Research Topic indicates that
advances in clinical management and mechanistic basis achieved
recently with the interaction of SARS-CoV-2 infection and the
cardiovascular system. Additionally, the findings discussed herein
might promote awareness of these implications and stimulate
further research.
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INTRODUCTION

Since its outbreak in December 2019, Severe Acute Respiratory Syndrome CoronaVirus 2
(SARS-CoV-2) has spread worldwide and is considered a pandemic. Coronavirus disease
(COVID-19) can lead to acute respiratory distress syndrome (ARDS) or death. Many efforts
have been made to identify risk factors predisposing to a severe issue. In the first SARS-CoV
epidemic in 2002, hypertension was noted in 9/19 patients who died from SARS-CoV in Toronto
(1). In the two largest cohorts of SARS-CoV-2 published, hypertension is the most common
comorbidity in patients with severe disease or in those who died or were ventilated (2, 3).
Nevertheless, these data are not adjusted for age, although age appears to be a strong predictor of
adverse outcome (4) and hypertension is a very common finding in older patients. Finally, cohort
studies only show correlation, not causality. In this paper, we hypothesize that the reductions in
Angiotensin-Converting Enzyme 2 (ACE-2) observed in hypertension and obesity can explain
many abnormalities observed in SARS-CoV-2 and question the role of treatments interfering
with ACE2.

ACE2 IN THE CARDIOVASCULAR SYSTEM

Like SARS-CoV, SARS-CoV-2 fuses with human cells after the receptor-binding domain of its
S (Spike) protein binds with Angiotensin-Converting Enzyme 2 (ACE-2), an enzyme located
on membrane of lung alveolar epithelial cells, renal tubular epithelial cells, enterocytes of the
small intestine, and arterial and venous endothelial cells of the kidney (5–10). Cardiomyocytes,
fibroblasts, endothelial cells, and pericytes account for the vast majority of cells expressing ACE2 in
the heart (10).

ACE-2 is a monocarboxypeptidase homologous to Angiotensin-Converting Enzyme (ACE)
whose active site is exposed at the extracellular surface (8, 11). ACE cleaves angiotensin I (ANGI)
to generate angiotensin II (ANGII), which binds to and activates Angiotensin Type 1 Receptor
(AT1R) to constrict blood vessels and increase salt and fluid retention, thereby elevating blood
pressure. ACE2 inactivates ANGII by converting it to angiotensin-(1–7), which has a vasodilator
effect when binding to Mas receptor (12) (Figure 1A). Moreover, ACE2 cleaves ANGI into
angiotensin-(1–9) (albeit with lower affinity than for ANGII), which is further converted into
angiotensin-(1–7) by ACE (12). Thus, ACE2 negatively regulates the renin-angiotensin system
and modulates the vasoconstriction, fibrosis, and hypertrophy induced by that system (8, 11). In
rats, ACE2 deficiency worsens hypertension when ANGII is in excess (8, 13). In human, gene
expression and/or ACE2 activity is lower in hypertensive patients than in normotensive ones (13).
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FIGURE 1 | (A) ANGII binding to AT1R elevates blood pressure and promotes inflammation. ACE2 inactivates ANGII by converting it to ang-(1–7) and negatively

regulates the renin-angiotensin system, promoting vasodilatation and hypotension. (B) SARS-CoV-2 infection. Binding of SARS-CoV-2 with ACE2 leads to their

internalization and to ACE2 shedding by ADAM17 (enzyme not shown). Lower availability of ACE2 results in a lower rate of ANGII degradation and excessive

stimulation of AT1R, which facilitates ARDS and myocardial injury. Binding of ANGII to AT1R leads to membranous ACE2 internalization, decreasing ACE2 availability

even more (not shown). Excessive ANGII is metabolized to ANGIV, which binds to AT4R and promotes thrombosis. Virus replication could also reduce cellular ACE2

expression (not shown). (C) SARS-CoV-2 infection and ACEi/ARB treatment. ACEi and ARB upregulate ACE2, and freer ACE2 remains after viral binding. ANGII is still

degraded by ACE2 in its beneficial metabolite Ang-(1–7), and AT1R and AT4R are less stimulated. ANGII binding on AT1R prevention with ARB and ANGII synthesis

decrease with ACE lead to less AT1R stimulation and persistent interaction with ACE2, avoiding ACE2 internalization. ACE2, Angiotensin Converting Enzyme 2; ACEi,

Angiotensin Converting Enzyme Inhibitor; ang-(1–7), Angiotensin-(1–7); ANGII, angiotensin II; ANGIV, angiotensin IV; ARB, Angiotensin Receptor Blocker; ARDS, Acute

Respiratory Distress Syndrome; AT1R, Angiotensin II Type 1 Receptor; AT4R, Angiotensin II Type 4 Receptor; SARS-CoV-2, Severe Acute Respiratory Syndrome

CoronaVirus 2.

Conversely, ANGII negatively regulates ACE2. AT1R and ACE2
physically interact to form complexes on the cell membrane in
the absence of excess Ang II (11). ANGII increase separates
AT1R and ACE2 on the cell surface and leads to ACE2
internalization and lysosomal degradation through an AT1R-
dependent mechanism (11, 13). Moreover, cellular ACE2 can
be cleaved and released (shedding) by the metalloproteinase
ADAM17, which is upregulated by ANGII (14). The soluble
form of ACE2 circulates in small amounts in the blood, but its
physiological role remains elusive, and shedding could be only a
mechanism to regulate ACE2 activity on the cell surface (15).

Notably, it has been shown that infection with SARS-
CoV can be blocked with soluble ACE2 molecules (6), and
some have hypothesized that a soluble recombinant form
can be used to overwhelm SARS-CoV-2 to prevent its
binding to cellular ACE2 (16). Recombinant human ACE2 has
been tested in a phase 2–3 trial in ARDS with interesting
results (17), and a pilot trial has recently been launched in
COVID-19 (NCT04287686).

ACE inhibitors (ACEi) and AT1R blockers (ARB) are two
classes of drugs that are widely used in medicine to treat
hypertension or heart failure. ACEi and ARB upregulate ACE2
expression on the cell surface, and ACE2 activity is not prevented
by ACEi (8, 11, 18). Accordingly, patients treated with ACEi/ARB
could have a higher level of membrane-bound ACE2, providing
a more potent binding site to COVID-19 S protein. Nevertheless,
in the absence of excess ANGII (either by reduction of ANGII
synthesis by ACEi or by AT1R blockade thanks to ARB), AT1R

is thought to interact with ACE2 (11). This interaction could
reduce the affinity of COVID S protein to ACE2 and then reduce
COVID-19 viral entry (11).

In the heart, ACE and ACE2 balance Ang II levels and ACE2
is known to be cardioprotective (8). ACE2 loss leads to a decrease
in myocardial function in rodents, likely mediated by ANGII-
induced oxidative stress and inflammation through AT1R, but
it is unknown whether excess ANGII has a role in an acute
setting (8, 19). This decrease is corrected by ARB or ACEi, and
these drugs rapidly increase ACE2 activity andmRNA expression
in the heart of rats (8, 20). Evidence for such an increase in
humans is lacking, but studies checked for variation in the
circulating level rather than the tissular level of ACE2 (21). In
human failing heart, ACE2 expression is increased, correlating
with disease severity, and is thought to be a compensatory
mechanism (8, 10).

ROLE OF ACE2 IN SARS-COV-2
INFECTION

SARS-CoV-2 has a 10–20-fold higher affinity for ACE2 than
does the 2002 SARS-CoV (22). An increased abundance of
cellular ACE2 is associated with a higher susceptibility to
SARS-CoV infection in mice (23). However, in both heart and
lung, binding of the SARS-CoV to ACE2 leads to the loss
of ACE2 by ACE2 internalization with the virus and ACE2
shedding (7, 9, 14). Lower availability of ACE2 results in a
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lower rate of ANGII degradation. In rodent lungs, excess ANGII
binding to AT1R increases pulmonary vascular permeability
and neutrophil accumulation and enhances lung injury (7,
24) (Figure 1B). Thus, decreased ACE2 expression promotes
increased lung injury and ARB prevents it by limiting ANGII
binding to AT1R (7, 8, 24, 25) (Figure 1C). This hypothesis is
supported in vivo by the increased frequency of severe ARDS
in patients infected with SARS-CoV with higher levels of ACE
determined by genetic predisposition, leading to higher levels of
ANGII (26), and by the correlation between viral load, ANGII
plasma level, and disease severity in influenza H7N5 (27) and
respiratory syncytial virus infection (25). More notably, in a
small cohort of patients infected with SARS-CoV-2, viral load
was correlated with plasma ANGII level (28). Unfortunately,
baseline treatments are unknown in this cohort, and correlation
between ARDS severity and plasma ANGII level failed to
reach statistical significance, maybe because of the low number
of patients.

Moreover, some have suggested that viral replication
by itself can reduce cellular ACE2 expression (29).
This point is of importance because limitation of
ANGII formation by ACEi and binding to AT1R by
ARB may yet become the best ways to limit lung
injuries if ACE2 is less or not synthetized following
viral infection.

SARS-CoV- and SARS-CoV-2-associated cardiac injury
contributes significantly to morbidity and mortality and
could hit as much as a third of patients with a severe form
of the disease (9, 28, 30, 31). SARS-CoV was found in the
heart of a third of human autopsy hearts, with a concomitant
marked reduction in cellular ACE2 (9). As in lungs, ANGII
probably contributes to the deleterious effect of SARS-CoV
on the heart and to SARS-associated cardiomyopathy, even
if myocardial dysfunction can also be influenced by the
strong immune response observed in those patients (9).
Inflammatory signals are likely to suppress ACE2 transcription
and down-regulate cell-surface expression of ACE2 (8). Thus,
inflammatory signals could decrease the cellular susceptibility
to SARS-CoV infection but increase the ANGII-mediated
tissular injury. Moreover, because pericytes are supposed to
play a role in myocardial microcirculation, SARS-CoV-2-
induced microcirculation disorder could explain the frequent
cardiac marker increase observed in hospitalized patients (2),
exacerbated by the reduced oxygen supply caused by lung
failure (10).

In summary, a decrease in cellular ACE2 may reduce the
susceptibility of cells to SARS CoV-2 but leads to greater
activation of AT1R and more severe tissue damage. In contrast,
the higher the abundance of ACE2 on the cell membrane,
the greater the susceptibility to viral particles but the less the
damage, due to less AT1R activation occurring. This latter
condition is the one provoked by ACEi/ARB treatment. On the
one hand, ACE2 increase under ARB/ACEi treatment could be
protective during COVID-19 because some ACE2 remains free
to degrade ANGII, but on the other hand, this ACE2 increase
could be deleterious by favoring cellular infection by COVID-
19, leading to potent myocarditis (Figure 1C). The protective

or deleterious role of ACEi/ARB in COVID-19 is harder to
modelize, as ACE2 is not the only protein required for SARS-
COV-2 penetration (5).

ARE ACEI AND ARB DELETERIOUS IN
SARS-COV-2 INFECTION?

It has been shown that both ACEi and ARB upregulates
ACE2, and a hypothesis was proposed by several authors
of a potential deleterious effect of treatment with ARB
and ACEi in the course of SARS-CoV-2 infection (32, 33).
Since these molecules are widely used to treat hypertension
or heart failure, such a fact could be a huge matter
of concern.

Obesity seems to be a major determinant of adverse outcome
in COVID-19 (34). Besides the altered pulmonary function
associated with obesity, it must be noted that obesity is associated
with a decrease in membranous ACE2 (35, 36). Moreover,
empirical observations are suggestive of an abnormally high
prevalence of pulmonary embolism in patients with COVID-19
(37), and prophylactic curative anticoagulation is recommended
in severe patients (38). Severe infections are a known precipitant
factor for acute venous thrombo-embolism because of epithelial
damage and platelet and endothelial cell dysfunction, but does
it by itself explain the observed high prevalence of pulmonary
embolism in these patients? When ANGII is increased, it can be
metabolized to angiotensin IV (ANGIV) by aminopeptidase A
and binds to Angiotensin Type 4 Receptor (AT4R) (39). Multiple
datasets underline the enhancement of thrombosis development
by ANGII and ANGIV (40, 41), and it can be hypothesized that a
reduction in ACE2 can increase thrombotic risk.

Despite the many potential cofounders, reduction in
membranous ACE2 expression could be an explanation for
numerous abnormalities observed in SARS-CoV-2 infection.
Thus, even if both ARB and ACEi increase the level of ACE2,
more ACE2 could be better rather than worse: more ACE2
remains on the cell surface after virus binding, maintaining
ANGII degradation and less stimulation of AT1R. Furthermore,
treatment with ARB inhibits AT1R and limits the damage
induced by its overstimulation. It is not clear whether
continuation or discontinuation of ARB or ACEi is a good
option in COVID-19 infection, as there is a lack of clinical data
to support an increased risk of contracting a severe form of
COVID-19. In addition, we do not even know whether renin
angiotensin system inhibitor therapy is beneficial or harmful
for virally mediated lesions, and switching to other drugs may
worsen the patient’s condition, especially for heart failure patients
with reduced ejection fraction (42). Clinical trials are ongoing
to analyze the beneficial effect of LOSARTAN in COVID-19
(NCT04311177 and NCT04312009), and a trial will start soon to
analyze the consequences of discontinuation or continuation of
ACEi/ARB (NCT04338009).

ACEi and ARB are not the only treatments for hypertension
or heart failure, but other classes only have a limited impact
on ACE2. Beta blockers suppress plasma angiotensin II levels
by inhibiting prorenin processing to renin and probably do not
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interfere with ACE or ACE2 (43). Calcium channel blockers
seem to reduce ANGII-induced downregulation of ACE2, but
data are limited to those presented in one paper on the effect of
nifedipine on fractionated cell extracts (44). In hypertensive rats,
neither thiazides nor mineralocorticoid-receptor antagonists
(MRAs) improve the spontaneous low ACE2 activity (18, 45),
but MRA could decrease ACE expression (18). Conversely,
MRAs increase membranous ACE2 activity in patients (46) with
heart failure. If the reduction of membranous ACE2 observed
in hypertension and obesity plays an important role in the
pathophysiology of severe COVID-19, can it be hypothesized that
non-ACEi/BRA drugs (beta-blockers, calcium channel blockers,
diuretics) are more likely to increase the risk of deleterious
outcomes than ACEi/BRA drugs that increase ACE2 and provide
theoretical protection? Data on baseline treatments are urgently
needed but are lacking to date in published cohorts.

CONCLUSION

The downregulation of ACE2 induced by viral binding, resulting
in increased stimulation of AT1R, may be an important
element in explaining severe COVID-19. Overall, the ACEi/ARB-
mediated increase in ACE2 is not obviously deleterious and may
even be protective. Only a well-conducted trial will provide a
valid answer to this question. To date, stopping this treatment
solely on the basis of presumed considerations does not seem to
be a good option.
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In December 2019, Coronavirus Disease 2019 (COVID-19) caused by SARS-CoV-2,

occurred in China and has currently led to a global pandemic. In addition to

respiratory involvement, COVID-19 was also associated with significant multiple organ

dysfunction syndrome (MODS). Cardiovascular impairment has been observed and is

now drawing growing attention. Cardiovascular protective strategies are urgent and of

great significance to the overall prognosis of COVID-19 patients. Direct viral infection,

cytokine storm, and aggravation of existing cardiovascular diseases were recognized

as possible mechanisms of cardiovascular impairment in COVID-19. Hyperactivated

inflammation plays an important role in all three mechanisms and is considered

to be fundamental in the development of cardiovascular impairment and MODS

in COVID-19. Therefore, in addition to conventional cardiovascular treatment, anti-

inflammatory therapy is a reasonable strategy for severe cases to further enhance

cardiovascular protection and potentially mitigate MODS. We reviewed the inflammatory

features and current promising treatments of COVID-19 as well as cardiovascular

anti-inflammatory therapies that have been verified in previous clinical trials with

positive outcomes. We believe that targeting the central pathway (IL-1β, TNF-α, IL-6),

balancing the Th1 and Th2 response, and administering long-term anti-inflammatory

therapy might be promising prospects to reduce cardiovascular impairment and even

MODS during the acute and recovery phases of COVID-19. The cardiovascular anti-

inflammatory therapies might be of great application value to the management of

COVID-19 patients and we further propose an algorithm for the selection of anti-

inflammatory therapy for COVID-19 patients with or at high risk of cardiovascular

impairment. We recommend to take the experiences in cardiovascular anti-inflammatory

therapy as references in the management of COVID-19 and conduct related clinical

trials, while the clinical translation of novel treatments from preclinical studies or in

vitro drug screening should proceed with caution due to unguaranteed efficacy and

safety profiles.
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cardiovascular anti-inflammatory therapy
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INTRODUCTION

In December 2019, a series of pneumonia cases, now known
as Coronavirus Disease 2019 (COVID-19), occurred in Wuhan,
Hubei Province, China. A novel coronavirus was later identified
as the cause of COVID-19 (1).

By February 11, 2020, a total of 72,314 cases had been reported
in mainland China with 44,672 (61.8%) confirmed cases. A total
of 1023 patients died, with a case fatality rate of 2.3%, and most
of the deaths were in patients over 60 years of age. Among the
confirmed cases, severe cases and critical cases accounted for 13.8
and 4.7%, respectively.

The Coronavirus Study Group of the International Committee
on Taxonomy of Viruses assessed the novelty of the novel
coronavirus and formally recognized it as a sister to severe acute
respiratory syndrome coronaviruses (SARS-CoVs), designating it
as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) based on phylogeny, taxonomy and established practice (2).

However, unlike the SARS that occurred in 2003, SARS-
CoV-2 infection not only leads to pneumonia and acute
respiratory distress syndrome (ARDS) but is also associated with
significant multiple organ dysfunction syndrome (MODS). The
name of COVID-19 was chosen recently by the World Health
Organization to cover the diverse clinical manifestations and
reflect the complexity of the disease. Common complications
among COVID-19 patients include shock, ARDS, arrhythmia,
and acute cardiac injury (1). Especially for patients who require
ICU care, significant cardiovascular impairment has already
been observed, characterized by elevation of cardiac biomarkers,
abnormalities in electrocardiography and echocardiography,
and eventual circulatory failure. Cardiovascular impairment is
now drawing growing attention in clinical practice, and the
American College of Cardiology has already released a clinical
bulletin on Feb 13, 2020, to address the cardiac implications of
COVID-19 (3).

Inflammation plays an important role in the development of
cardiovascular impairment and even MODS. As a cardiologist
and a member of the high-level expert group appointed
by the National Health Commission to fight COVID-19,
during the clinical practice, I found that the experiences in
cardiovascular anti-inflammatory therapy might be instructive
in the management of COVID-19, especially those severe cases.
Therefore, in this article, we would like to summarize the related
available information and share our perspectives.

MECHANISM OF CARDIOVASCULAR
IMPAIRMENT IN COVID-19

The main reasons for cardiovascular impairment in COVID-19
patients can be summarized as follows.

Direct Infection
The virus might directly infect the myocardial tissue and
lead to cardiac injury. Cardiac injury has been noted as a
protruding clinical feature in COVID-19 patients. In a study
of 138 patients, 10 patients were diagnosed with cardiac injury
and 8 of them required ICU care, accounting for 22% of all

FIGURE 1 | The balance between ACE and ACE2 in COVID-19. (A) Treatment

with ACEI or ARB increases the expression of cardiac ACE2 and could further

increase the risk of coronavirus infection. (B) Coronavirus infection can

downregulate ACE2, further activate the RAAS system and increase the

cardiovascular burden. ACE, angiotensin-converting enzyme; ACEI,

angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker;

RAAS, renin-angiotensin-aldosterone system.

the severe cases. Compared with the non-ICU patients, ICU
patients had higher level of hypersensitive troponin I and creatine
kinase–MB, indicating that cardiac injury is associated with
the disease severity (1). SARS-CoV-2 and SARS-CoV share
the same functional host-cell receptor, angiotensin-converting
enzyme 2 (ACE2) for cell entry (4), but the affinity of ACE2
for SARS-CoV-2 is approximately 10- to 20-fold higher than
that for SARS-CoV (5). ACE2 is highly expressed in both the
lung and heart (6), and the SARS-CoV viral RNA has been
detected in autopsied heart samples from SARS patients (7).
However, large-scale autopsy or biopsy studies are still required
to further confirm the myocardial infection in COVID-19 by
the tissue viral RNA detection or in situ hybridization at heart
and endothelium. In addition, it is worth noticing that both
blockades of AT1 receptors and inhibition of Ang II synthesis
would increase the expression of cardiac ACE2 (8); therefore,
for patients with hypertension or congestive heart failure (HF),
regular treatment with ACE inhibitors or angiotensin receptor
blockers (ARB) could further increase the risk of coronavirus
infection (Figure 1). However, the causal relationship between
ACEI/ARB intake and increased viral load and deleterious
outcomes in COVID-19 is still uncertain. Animal studies even
showed a protective effect of ARB in lung injury during SARS-
CoV infection (9, 10). Considering the solid evidence of the
beneficial effect of ACEI/ARB in cardiovascular diseases, it is
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currently not recommended to discontinue the RASS inhibition
treatment in COVID-19 (11).

Cytokine Storm
Similar to SARS-CoV and MERS-CoV infection, SARS-CoV-2
infection can also induce excessive and aberrant host immune
responses, leading to a cytokine storm (12). Studies have shown
increased amounts of cytokines, such as IL-1β, IL-1ra, IL-6, TNF-
α, IL-7, IL-8, IL-9, IL-10, FGF basic, G-CSF, GM-CSF, IFN-γ, IP-
10, MCP-1, MIP-1a, MIP-1b, in the serum of COVID-19 patients,
and the cytokine storm was associated with disease severity
(1, 13). An autopsy study of a COVID-19 patient also revealed
that there were a few interstitial mononuclear inflammatory
infiltrates in the heart tissue; besides, the flow cytometric analysis
of peripheral blood found that CD4 and CD8T cells were
hyperactivated and the concentration of highly proinflammatory
Th17 cells significantly increased (14). Cytokines play an
important role in the immune response to defend against viral
infections; however, it has also been recognized that dysregulated
and excessive immune responses may cause immunopathology.
Inflammation after infection can be progressively amplified
through positive feedback and eventually form a cytokine storm,
leading to systematic self-attack, which is a well-established
explanation for MODS during coronavirus infection (15, 16).

Aggravation of Existing Cardiovascular
Diseases
SARS-CoV-2 infection is more likely to affect older patients with
underlying cardiovascular comorbidities (17). According to a
study, 4.2% of the confirmed cases and 22.7% of deaths have
cardiovascular comorbidities (18). The fatality rate of patients
with comorbidities wasmuch higher than that of patients without
comorbidities, and the fatality rate of patients with cardiovascular
diseases (10.5%) was the highest (18). Therefore, COVID-19
patients are at risk of acute cardiovascular events. Secondary
infection, disorder of sodium and water homeostasis, hypoxia,
tissue hypoperfusion, and shock occurring during COVID-19
can all result in the aggravation of existing cardiovascular diseases
and trigger severe events, such as acute coronary syndromes or
exacerbation of HF. Additionally, a study has demonstrated that
SARS-CoV infection can lead to the downregulation of ACE2 and
activate the renin-angiotensin-aldosterone system (RASS), which
would further increase the cardiovascular burden and contribute
to adverse outcomes (7) (Figure 1).

In addition to the three mechanisms, the treatment with non-
steroidal anti-inflammatory drugs (NSAIDs), glucocorticoids,
and anti-viral agents, such as lopinavir/ritonavir (LVP/r),
interferon-α (IFN-α), ribavirin, and azithromycin, could further
increase the cardiovascular risk of COVID-19 patients and
bring additional challenges. The harmful effects of NSAIDs and
glucocorticoids on the cardiovascular system have been well-
demonstrated by numerous studies that they can increase the risk
of all cardiovascular events, myocardial infarction (MI), HF, and
cerebral infarction (19, 20). LPV/r can induce cardiac conduction
alteration and QTc and/or PR interval prolongation, further
leading to atrioventricular block and torsade de pointes. LPV/r
may also increase the risk of MI (21). Besides, protease inhibitor

therapy has been associated with hyperglycemia, hyperlipidemia,
and lipodystrophy (22) and such metabolic disturbances were
also verified in patients treated with LPV/r (23). IFN-α is
associated with hypertension, hypertriglyceridemia, and various
cardiovascular adverse reactions and has been given a US boxed
warning for its potential risk of ischemic disorders (24). A
statement from the American Heart Association has announced
that IFN-α can cause numerous direct cardiotoxicities, including
arrhythmias, MI, and cardiomyopathy, and can also exacerbate
underlying myocardial dysfunction (25). A US boxed warning
has been issued for ribavirin that the hemolytic anemia associated
with ribavirin may worsen underlying cardiac disease and
lead to fatal and non-fatal MI (26). A recent study has
shown that azithromycin could reinforce the anti-viral effect of
hydroxychloroquine (27); however, its proven risk of severe QT
prolongation should also be considered (28), especially when
it is combined with hydroxychloroquine to treat the elderly
COVID-19 patients (29).

RATIONALE FOR CARDIOVASCULAR
ANTI-INFLAMMATORY THERAPY IN
COVID-19

Cardiovascular protective strategies are urgent for the prevention
and management of severe adverse cardiovascular events, which
is of great significance to the overall prognosis of COVID-19
patients. The clinical bulletin released by the American College
of Cardiology has issued several points of clinical guidance
regarding cardiac complications (3), and the Chinese Society of
Cardiology of Chinese Medical Association also developed an
expert consensus on the clinical management of patients with
emergent high-risk cardiovascular disease during the epidemic
period (30). However, whether the conventional treatment
is sufficient to overcome such challenges and whether any
additional strategy to further reduce the risk of cardiovascular
attack is needed in severe cases of COVID-19 remain unclear.

Excessive inflammation should be considered as a promising
target because it plays an important role in all three mechanisms
described above. It has already been demonstrated that for
myocarditis with or without viral trigger, inflammation is
implicated in the development of both acute cardiac injury
and subsequent dilated cardiomyopathy (31). There is also
abundant evidence that inflammation participates in various
cardiovascular diseases, such as coronary artery disease (CAD)
andHF. Especially in atherosclerosis, inflammation promotes the
formation, destabilization, and rupture of atheromatous plaques
and has already been recognized as an independent risk factor
and prognostic predictor (32).

Therefore, conventional cardiovascular treatment plus anti-
inflammatory therapy is a reasonable enhanced strategy for
better management of cardiovascular impairment in severe
cases of COVID-19. In addition, as the inflammatory attack
on different organs shares numerous similar mechanisms
and pathways, such as the inflammatory response under
ischemia/reperfusion injury (IRI) of the heart, liver, and kidney
(33), suppression of the systematic inflammatory response will
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not only exert cardiovascular protection effect but also have
potential benefits for MODS. Rheumatologists have also focused
on the dysregulated inflammation and suggested that there might
be a “window of opportunity” for immunosuppressive strategies
used to treat rheumatic diseases to serve as strong allies in the
fight against COVID-19 (34, 35).

VERIFIED CARDIOVASCULAR
ANTI-INFLAMMATORY THERAPIES

Many clinical trials have been conducted in the past decade to
directly test the feasibility of using different anti-inflammatory
agents for cardiovascular protection under various conditions,
mainly including CAD, myocardial IRI, HF, myocarditis/dilated
cardiomyopathy, and rheumatic diseases [rheumatoid arthritis
(RA), psoriatic arthritis, etc.]. Accumulating evidence has
supported the efficacy of this novel strategy in improving
cardiovascular outcomes. Here, we reviewed the currently
available cardiovascular anti-inflammatory therapies that have
been verified in clinical trials with positive results (36–47). The
detailed information of these trials is listed in Table 1.

PROMISING PROSPECTS

Based on the above review and summarization, there are several
perspectives that we can conclude to possibly guide the selection
of anti-inflammatory therapies in COVID-19.

Targeting the Central Pathway (IL-1β,
TNF-α, IL-6)
The immune pathway linking IL-1β, TNF-α, and IL-6, known as
the central pathway, has long been implicated in atherosclerosis
and is considered to play an important role in CAD (48).
The significant effect of such a central pathway has also been
recognized in many other fields of cardiovascular research
(49–52), and a large portion of the clinical trials reviewed
above was designed to target this pathway. Activation of the
central pathway has already been observed in COVID-19 and
should, therefore, be considered as a promising target (13). A
multicenter, randomized controlled trial (ChiCTR2000029765)
has been registered to evaluate the efficacy and safety of IL-
6 blockade using tocilizumab in COVID-19. According to the
preliminary treatment results currently released, among the 14
patients recruited (maximum age 82), including 9 severe cases
and 2 critical cases, tocilizumab significantly improved the fever
symptom and lung function and also accelerated the absorption
of lung lesions. In addition to the benefits reviewed above,
it is worth mentioning that tocilizumab also has a potential
electrophysiological protective effect. Increased IL-6 level has
been associated with acquired longQT-syndrome in patients with
systemic inflammation, leading to higher risks for arrhythmias
such as torsade de pointes (53). In RA patients, tocilizumab
treatment led to a rapid and significant QT shortening correlating
with the decrease in CRP and cytokine levels, whichmight benefit
the overall mortality (54, 55). Such anti-arrhythmic potential

may further support the application of tocilizumab in COVID-
19 patients to counteract the risk of adverse QT prolongation and
related life-threatening arrhythmias associated with elevated IL-6
and the anti-viral agents. A series of clinical trials on chloroquine
in the treatment of COVID-19 are also currently underway
and have revealed considerable benefits (27). Chloroquine has
now been included in the 6th version of the Diagnosis and
Treatment Plan for Novel Coronavirus Pneumonia (56). In
addition to its direct antiviral effect (57), chloroquine might
also exert anti-inflammatory effects by inhibiting the central
pathway (58). Hydroxychloroquine (HCQ) has long been used
to reduce inflammation in patients with RA and lupus. In a
nationwide cohort study, HCQ use was associated with decreased
CAD risk in the RA population (59). Besides, an OXI trial
(NCT02648464) is currently underway to study the effect of
HCQ on the prevention of recurrent cardiovascular events
among MI patients (60). Therefore, we recommend targeting
the central pathway by blockade of IL-6 (tocilizumab), IL-
1β [canakinumab (IL-1β monoclonal antibody), anakinra (IL-
1 receptor antagonist)], and TNF-α (etanercept, infliximab) to
control the cytokine storm in the acute phase of COVID-
19, thereby reducing cardiovascular impairment and even
mitigating MODS.

Balancing the T-helper-1 (Th1) Cell and
T-helper-2 (Th2) Cell Response and
Promoting the Secretion of
Anti-Inflammatory Cytokines
Studies of IRI and myocarditis have revealed that the
Th1 response, characterized by the expression of multiple
proinflammatory cytokines, is activated in the early disease phase
and is associated with acute cardiac injury (61–63), while the
Th2 response dominates later, promoting the resolution of acute
inflammation and tissue repair. M2 macrophage polarization
was found to be a significant change contributing to the
transition from the Th1 to Th2 response, and monocyte-derived
IL-10 is a well-recognized Th2-related anti-inflammatory
cytokine that is highly expressed in the reparative phase
and inhibits the Th1 response (64, 65). Early activation of
the Th2 response or increased IL-10 expression in IRI and
myocarditis could significantly inhibit the secretion of Th1-
related proinflammatory cytokines and reduce myocardial
necrosis (66–69). Patients with COVID-19 had high amounts
of IL-1β, IFN-γ, IP-10, and MCP-1, indicating an activated Th1
response; besides, SARS-CoV-2 could also initiate increased
secretion of Th2 cytokines, especially IL-10, which is different
from SARS-CoV infection (70). Therefore, the implantation
of mesenchymal stromal cells (MSCs) from allogeneic donors
with an activated Th2 response or ex vivo bone marrow-derived
MSCs after M2 macrophage polarization might increase the level
of IL-10 in the acute phase of COVID-19 and serve as a possible
solution to inflammation-mediated damage. In addition to the
application in cardiovascular diseases reviewed above, cellular
therapy using MSCs has also shown efficacy in the management
of ARDS and is now being evaluated in phase 1/2 trials (12).
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TABLE 1 | Clinical trials of anti-inflammatory therapy for cardiovascular protection with positive outcomes.

Clinical trial Treatment Target and

mechanism

Patients Outcomes Reference

Cardiovascular protection in rheumatoid arthritis

NCT01566201 Anakinra IL-1R Rheumatoid arthritis Improvement in endothelial, coronary

aortic function and left ventricular

myocardial deformation and twisting

after CAD

(33)

ENTRACTE Etanercept TNF-α Rheumatoid arthritis Rare cardiovascular events in both

groups.

Preliminary

results (34)

Tocilizumab IL-6

Coronary artery disease

CANTOS Canakinumab IL-1β Previous MI and

hsCRP≥2mg

Lower rate of nonfatal MI, nonfatal

stroke, cardiovascular death, and

hospitalized UA leading to urgent

revascularization

(35)

LoDoCo Colchicine Central pathway* SCAD Prevention of ACS, out-of-hospital

cardiac arrest, and

non-cardioembolic ischemic stroke

(36)

COLCOT Colchicine Central pathway* Within 30 days after a

MI

Lower risk of cardiovascular death,

resuscitated cardiac arrest, MI,

stroke, and hospitalized UA leading to

urgent revascularization)

(37)

Myocardial ischemia/reperfusion injury

NCT01491074 Tocilizumab IL-6 NSTEMI Attenuated hsCRP and primarily

PCI-related hsTnT release

(38)

Heart failure

CANTOS Canakinumab IL-1β Previous MI and

hsCRP≥2mg

Dose-dependent reduction in HHF

and the composite of HHF or

HF–related mortality

(39)

ACCLAIM Immunomodulation

therapy
†

Macrophages NYHA II-IV chronic HF Reduction in all-cause mortality and

cardiovascular admission in patients

with no history of MI or with NYHA II

HF,

(40)

STAR-heart Intracoronary bone

marrow cell therapy

Resident cardiac

macrophages#
Chronic HF due to

ischemic

cardiomyopathy

Improvement in ventricular

performance, quality of life and

survival

(41)

ixCELL-DCM Ixmyelocel-T§ Bone marrow

mononuclear cells¶
NYHA III or IV

symptomatic HF due to

ischemic dilated

cardiomyopathy

Improvement in all-cause mortality,

cardiac admissions, HF admissions,

and left ventricular function

(42)

Chronic myocarditis/dilated cardiomyopathy

CZECH-ICIT Steroids and

azathioprine

T cells suppression Dilated cardiomyopathy

and increased HLA

expression on biopsy

specimens

Long-term benefit in LVEF, LVV, LVDd,

and NYHA class

(43)

TIMIC Steroids and

azathioprine

T cells suppression Virus-negative

myocarditis with

chronic HF

Improvement in LVEF, LVV, LVD, and

NYHA class

(44)

* Central pathway refers to the immune pathway linking IL-1β, TNF-α, and IL-6.
†
Patients’ own blood was stressed to induced cell death, and then the mixture of apoptotic cells was injected intramuscularly into the same patient.

Macrophages that phagocytose apoptotic cells downregulate proinflammatory cytokines and upregulate anti-inflammatory cytokines.
#Stem cells were taken up by resident cardiac macrophages which would exert cardioprotective effects.
§ Intramyocardial injection of expanded bone marrow–derived mesenchymal stem cells with macrophages activated ex vivo.
¶Bone marrow mononuclear cells express the anti-inflammatory cytokine IL-10 to exert protective role by limiting T-cell recruitment.

IL-1R, interleukin-1 receptor; CAD, coronary artery disease; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; IL-1β, interleukin-1β; MI, myocardial infarction; hsCRP, high-sensitivity

C-reactive protein; UA, unstable angina; SCAD, stable coronary artery disease; ACS, acute coronary syndrome; NSTEMI, non-ST segment elevation myocardial infarction; PCI,

percutaneous coronary intervention; hsTnT, high-sensitivity troponin T; HHF, hospitalization for heart failure; HF, heart failure; NYHA, New York Heart Association; IL-10, interleukin-10;

HLA, human leukocyte antigen; LVEF, left ventricular ejection fraction; LVV, left ventricular volume; LVDd, left ventricular diastolic dimension.
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FIGURE 2 | Possible algorithm regarding the selection of anti-inflammatory therapy for COVID-19 patients with cardiovascular impairment. *Severe cases refer to

patients with the following conditions according to the 6th version of the Diagnosis and Treatment Plan for Novel Coronavirus Pneumonia: respiratory rate≥30 bpm;

SpO2≤30% at rest; PaO2/FiO2≤300 mmHg; progression on chest images>50% within 24 to 48 h; respiratory failure that requires mechanical ventilation; shock;

organ dysfunction that requires ICU admission.
†
Response refers to the response to anti-inflammatory therapy. The criteria include but are not limited to decreased

white blood cell counts, decreased hsCRP levels, decreased cytokine levels, significant symptom improvement, and significant improvement in chest images.

Residual inflammation refers to evidence of a persistent state of high inflammation characterized by high levels of hsCRP and/or serum cytokines.

Long-Term Anti-Inflammatory Therapy in
the Recovery Phase
Inflammation in the acute phase can lead to extensive injury;
however, it should also be noted that after the acute damage,
chronic residual inflammation that occurs with fibrosis during
the reparatory phase can also result in persistent organ
dysfunction. Studies of HF due to ischemic cardiomyopathy
and chronic myocarditis have found that chronic residual
inflammation is associated with myocardial fibrosis and adverse
ventricular remodeling (49, 71–73). In addition, the long-term

inflammatory status is also a hazard to atherosclerosis (32).
During the follow-up of SARS and MERS patients, it was also
observed that in those who survive intensive care, residual
immune responses could lead to long-term lung damage and
fibrosis, causing functional disability and reduced quality of life
(74, 75). Therefore, in addition to the control of acute injury,
it is also of great significance to conduct long-term follow-up
after admission to monitor residual inflammation in COVID-19
patients, especially those with severe clinical manifestations or
intense acute inflammatory responses. After excluding potential
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contraindications, long-term anti-inflammatory therapy, such as
steroids, azathioprine, and canakinumab, should be considered
to reduce the residual inflammation and prevent further chronic
structural and functional damage.

DISCUSSION

Hyperactivated inflammation is fundamental in the development
of cardiovascular impairment and even MODS in COVID-
19. In addition to conventional cardiovascular treatment,
anti-inflammatory therapy is a reasonable strategy to further
enhance cardiovascular protection and potentially mitigate
MODS. By reviewing the inflammatory features and current
promising treatments of COVID-19 as well as cardiovascular
anti-inflammatory therapies that have been verified in clinical
trials with positive results, we believed that targeting the
central pathway (IL-1β, TNF-α, IL-6), balancing the Th1 and
Th2 response, and administering long-term anti-inflammatory
therapy should be considered as promising strategies to control
cardiovascular impairment or even MODS during the acute and
recovery phases of COVID-19. The experiences in cardiovascular
anti-inflammatory therapies might be of great value to the
management of COVID-19 patients and we recommended to
take such experiences as references for clinical practice and
conduct related clinical trials. We here propose a possible
algorithm regarding the selection of anti-inflammatory therapy
for COVID-19 patients with or at high risk of cardiovascular
impairment (Figure 2).

Despite all the beneficial effects described above, it is also
important to pay attention to the potential adverse cardiovascular
effects of these drugs. For tocilizumab, hypercholesterolemia
and hypertension are both common adverse events, prompting
concern about increased cardiovascular risk (76). Especially,
tocilizumab was widely noted to induce a proatherogenic lipid
profile with increased serum levels of low-density lipoprotein
cholesterol and total cholesterol (77–79). However, these changes
can be improved by concomitant therapy with statins (80). For
TNF inhibitor (TNFi), although not universally acknowledged,
it might not be beneficial to HF. Severe HF remains a
contraindication to TNFi treatment in RA patients. A clinical
trial showed that high-dose infliximab could be harmful to
patients with moderate-to-severe HF (81). For RA populations,
a cohort study found that TNFi might increase the risk of
both first hospitalization and exacerbation of HF in elderly
patients with RA (82). Additionally, for hydroxychloroquine, a
recent study pointed out that hydroxychloroquine could lead to
unwanted QT interval prolongation by blocking the KCNH2-
encoded hERG/Kv11.1 potassium channel, thereby increasing
the risk of drug-induced torsade de pointes and sudden cardiac

death (83). Therefore, biochemical indicators, hemodynamic
parameters, and cardiac electrophysiology profiles should be
monitored in clinical practice to avoid drug-induced adverse
effects on cardiovascular risk factors, cardiac function, or lethal
arrhythmias. Besides, corresponding treatment, such as lipid-
lowering or antihypertensive medications should be prescribed
if necessary.

Currently, a large number of novel therapies from preclinical
studies or in vitro drug screening have been registered and
accelerated into clinical practice. However, the safety profiles
of these therapies have always not been well-characterized,
especially for elderly COVID-19 patients with hepatic or renal
dysfunction. In addition, as many of the therapies were proven
to be effective only by in vitro experiments or poorly designed
small-scale clinical studies, the exact benefits were also not
guaranteed. Therefore, clinical translation of novel treatments
from preclinical studies or in vitro drug screening should
proceed with caution due to unguaranteed efficacy and safety
profiles. Recently, experts from multiple research institutions in
China raised their criticism and announced an urgent call for
increasing the scientific rigorousness of clinical trials on COVID-
19 (84). Considering timeliness and safety, we suggest prioritizing
cardiovascular protective strategies that have been proven by
large-scale clinical trials for proof-of-concept studies and clinical
application on COVID-19 instead of rushing into new drug
research and development.
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The COVID-19 pandemic is an unprecedented challenge and will require novel

therapeutic strategies. Affected patients are likely to be at risk of arrhythmia due

to underlying comorbidities, polypharmacy and the disease process. Importantly, a

number of the medications likely to receive significant use can themselves, particularly

in combination, be pro-arrhythmic. Drug-induced prolongation of the QT interval is

primarily caused by inhibition of the hERG potassium channel either directly and/or

by impaired channel trafficking. Concurrent use of multiple hERG-blocking drugs may

have a synergistic rather than additive effect which, in addition to any pre-existing

polypharmacy, critical illness or electrolyte imbalance, may significantly increase the risk

of arrhythmia and Torsades de Pointes. Knowledge of these risks will allow informed

decisions regarding appropriate therapeutics and monitoring to keep our patients safe.

Keywords: COVID-19, QT, arrhythmia, hERG, drug safety, QTc

INTRODUCTION

The novel coronavirus disease of 2019 (COVID-19) pandemic is uncharted territory for clinicians
and healthcare systems alike. The potential for a high volume of severely unwell patients creates
a significant challenge. In particular, the combination of severe infection, respiratory dysfunction,
sepsis, shock, and/or haemodynamic instability (1–3) present significant potential for myocardial
injury and potentially dangerous arrhythmia. Not only do these pathophysiological states promote
the formation of arrhythmia, but unstable arrhythmia could present a significant threat to this
cohort of patients who are at risk of haemodynamic instability.

Due to the potential strain on healthcare systems, it is likely that non-specialists will be involved
in the management of COVID-19 patients including those experiencing arrhythmia. Similarly,
clinicians may face situations where they are using multiple concurrent medications with which
they may not be entirely familiar. Here, we attempt to summarize how the use of multiple different
types of medication could contribute (synergistically, in some instances) to increase arrhythmic
risk. In particular, we focus on the risk of drug-induced QT interval prolongation (commonly
referred to as acquired long QT syndrome; aLQTS) which is a serious issue for many of the
medications which are likely to be used.
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While the use of drugs known to prolong the QT interval
may well be necessary and unavoidable, an awareness and
understanding of this risk should guide additional safety
measures such as monitoring of the corrected QT interval
(QTc) on 12-lead electrocardiogram (ECG) measurement. For
cases of a prolonged QT interval there is a risk, particularly
with a rate-corrected QT interval (QTc) of >500ms (4), of
dangerous arrhythmia including Torsades de Pointes (TdP);
close monitoring and involvement of specialist cardiology input
should be sought, as well as minimizing, where possible, the use
of other known QT-prolonging medication.

INCREASED BASELINE ARRHYTHMIC
RISK IN COVID-19 PATIENTS

From the data available, COVID-19 seems to cause more serious
disease in older patients and those with comorbidities (1–
3, 5–7). Zhou et al. (3) described hypertension, diabetes and
coronary heart disease as the three most prevalent comorbidities
in COVID-19 patients from two hospitals at the epicenter
of the initial outbreak in Wuhan. Not only were these
comorbidities associated with a significantly worse outcome,
they are also, in combination with advanced age, significant
risk factors for arrhythmia. Increasing age and co-morbidities
also increase the likelihood of pre-existing polypharmacy, which
may prove problematic in the context of additional potentially
QT-prolonging medication. Unfortunately, published data of
COVID-19 patient cohorts to date do not seem to include any
ECG or specific arrhythmia data, although no doubt we will
gain a better picture as our understanding of the disease and its
management evolves.

INCREASED ARRHYTHMIC RISK OF
COVID-19 INFECTION

SARS-CoV-2 is thought to gain entry to human host cells via
the angiotensin converting enzyme 2 (ACE2) receptor, which is
highly expressed in the heart and lungs and to which the viral
spike protein has high affinity (8, 9). Interestingly, data during the
previous SARS-CoV outbreak demonstrated ACE2-dependent
cardiac infection and inflammation in both mouse and human
hearts (10). The down-regulation of affected ACE2 receptors was
suggested as a potential contributory factor to SARS-associated
myocarditis and subsequent cardiomyopathy, with inflammation
and fibrosis likely to provide a substrate for arrhythmia.

The risk of arrhythmia is likely to increase with the
development of significant infection, and increase as the severity
of the infection and/or systemic inflammatory response increases
(11). Significant myocardial damage and fulminant myocarditis
have been described (2, 3, 5), and cardiac arrest associated with
ventricular arrhythmia (as well as non-shockable rhythms) is
reported (7). Du et al. reported some form of arrhythmia present
in 60% of a group of fatal cases, with cardiac arrest or malignant
arrhythmia listed as the cause of death for over 10% of cases (12).

There is increasing awareness of the development in severely
unwell patients of a hyperinflammatory state or cytokine

storm (13) which can lead to multi-organ failure. Recent
work strongly suggests this hypercytokinemia (in particular
elevated levels of interleukin-6) further increases arrhythmic risk
via multiple mechanisms, including, notably, hERG blockade
(14) and QT prolongation (15, 16). Myocarditis itself is a
heterogenous condition associated with a number of arrhythmic
states including bradyarrhythmia and atrial or ventricular
tachyarrhythmia (17). Data are urgently needed to describe the
unique arrhythmic challenges of COVID-19 myocarditis.

Additionally, the multiple medications likely to receive
significant use (antibiotics, anesthetic agents, anti-arrhythmic
agents, and potentially specific agents to target COVID-19
such as anti-malarial or anti-viral medications) may indeed
contribute to a pro-arrhythmic state in a patient group already
at risk. Importantly, the additional risk of QT prolongation
with some potential combinations of these medications may
be synergistic rather than simply additive, due largely to their
unique mechanisms of ion channel blockade. Finally, significant
electrolyte disturbances, common in unwell patients, will further
exacerbate arrhythmic risk (18).

CLINICAL MANAGEMENT OF COVID-19:
SIGNIFICANT POTENTIAL FOR hERG
BLOCKADE AND QT PROLONGATION

The hERG (or “Kv11.1”) potassium channel (encoded by human
Ether-à-go-go Related Gene; alternative nomenclature KCNH2)
mediates the rapid component of cardiac delayed rectifier K+

current (also known as IKr). Briefly, this channel is crucial
to the repolarization phase of the cardiac action potential;
we recommend an excellent review article (19). Inhibition of
hERG is considered to be the most common and important
mechanism of drug-induced QT prolongation (20, 21) and
occurs through direct pharmacological channel block and/or
impaired trafficking of hERG channels to the cell membrane.
Consequently, hERG testing is a requirement during novel drug
development: indeed, prolongation of the QT interval (and its
association with dangerous TdP) has been the biggest cause of
restriction or withdrawal of drugs already on the market (21–23).

Importantly, recent data including work from our group
suggests that the effect on hERG (and thus on QT-prolongation)
of multiple drugs may not be simply additive but synergistic (24,
25) (i.e., an effect in excess of the sum of their individual parts).
This is particularly relevant when considering an older patient
group who may already be taking hERG-blocking medication.
In particular, the antimalarial medications chloroquine and
hydroxychloroquine (26, 27) are receiving particular attention
as antiviral agents: these drugs are multichannel blockers with
particular effects on hERG and Kir2.1 and are likely to cause
significant QT prolongation at the concentrations effective
against SARS-CoV-2 in vitro (28–30), especially when combined
with other antivirals (such as lopinavir/ritonavir) or antibiotics
(macrolides and fluroquinolones being particularly notable) (26).
Further information should be sought regarding novel antiviral
agents (31) currently undergoing clinical trials; for example,
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TABLE 1 | A list of medications which could be used in the management of

COVID-19 which are also associated with risk of QT prolongation.

Type of medication Drugs

Anesthetic agents Propofol, sevoflurane

Antibiotic, antiviral or antifungal

medication

Macrolides, fluoroquinolones,

fluconazole, pentamidine,

lopinavir/ritonavir*, favipiravir*

Anti-emetics Domperidone, levomepromazine,

ondansetron

Anti-arrhythmics Amiodarone, flecainide, ibutilide,

procainamide, quinidine, sotalol

Anti-psychotics (used for delirium) Haloperidol, quetiapine, risperidone

Other potential therapies under

consideration

Antimalarials such as chloroquine,

hydroxychloroquine or mefloquine

List intended to be illustrative as to risks and is not exhaustive. Further up to date

information can be found online from trusted sources (www.crediblemeds.org). *possible

rather than established risk.

favipiravir has been associated with QT interval prolongation in
a case report (32) and remdesivir awaits comprehensive testing.

Combination therapy with azithromycin and
hydroxychloroquine is undergoing testing at present (33, 34).
Notably, part of a Brazilian study comparing low vs. high dose
chloroquine, in combination with ceftriaxone and azithromycin
with or without oseltamivir, was terminated early due to
safety concerns; with 25% of those in the high-dose arm
showing QT prolongation (vs. 11% in the low-dose arm) and
two patients in the high-dose arm experiencing ventricular
tachycardia prior to death (35). Similarly, the head of a French
cardiology unit reported they had prematurely terminated
their hydroxychloroquine-azithromycin COVID-19 trial due
to unacceptable QT prolongation (36). The randomized
DisCoVeRy (NCT04315948), SOLIDARITY (EudraCT Number
2020-000982-18), and RECOVERY (EudraCT Number 2020-
001113-21) studies will provide important evidence regarding
the effectiveness and safety of various antiviral and antimalarial
drugs in the treatment of COVID-19 patients (37).

Online resources can be consulted to clarify which drugs are
associated with QT prolongation (see www.crediblemeds.org).
Table 1 lists medications associated with QT prolongation which
may be commonly used in the management of COVID-19 [as
taken from the updated WHO management guidance (38) with
additions from authors’ clinical experience from UK practice].

The list is not exhaustive but attempts to highlight potential
areas of risk when using these medications, as well as their use
in combination.

DISCUSSION

The recent publication by Ackerman et al. of urgent guidance
and a practical flow-chart regarding safe use of QT-prolonging
medication is very welcome, and should be consulted as an aid
to manage risk in the setting of QT prolongation (39), as should
the Heart Rhythm Society (HRS) Task Force update (40). Other
resources provide valuable guidance for clinicians dealing with
specific patient populations: those with congenital heart disease
(41) or inherited arrhythmia syndromes (42). Of note, a case
report has reported significant QT prolongation (620ms) in a
patient with COVID-19 treated with multiple hERG blocking
medications (including levofloxacin, hydroxychloroquine and
azithromycin), which was successfully managed with drug
cessation and intravenous lignocaine (43). Separately, mexiletine
has also been suggested to be effective in treating TdP associated
with acquired long QT syndrome (44).

COVID-19 represents a step into the unknown: not only are
we grappling to come to terms with effective management of
this new disease, but so too with safe use of these treatments.
Effective therapy will be welcome, but the use of multiple drugs in
combination has to be exercised with caution as it may increase
the risk of QT prolongation and Torsades de Pointes, largely via
pharmacological hERG blockade. Knowledge of this risk enables
clinicians to ensure adequate monitoring of the QT interval
and management of arrhythmic risk, maximizing safety for our
patients in this challenging time.

AUTHOR CONTRIBUTIONS

All authors contributed to the concept, planning and writing
of this mini-review, and approved the manuscript prior
to submission.

FUNDING

AC receives an MRC Clinical Research Training Fellowship for
(MR/S021299/1) unrelated work. OH receives a BHF Clinical
Research Training Fellowship (FS/19/44/34424) for unrelated
hERG work.

REFERENCES

1. Guan W, Ni Z, Hu Y, Liang W, Ou C, He J, et al. Clinical
characteristics of coronavirus disease 2019 in China. N Engl

J Med. (2020). doi: 10.1101/2020.02.06.20020974. [Epub ahead
of print].

2. Yang X, Yu Y, Xu J, Shu H, Xia A, Liu H, et al. Clinical
course and outcomes of critically ill patients with SARS-CoV-
2 pneumonia in Wuhan, China: a single-centered, retrospective,
observational study. Lancet Respir. (2020). doi: 10.1016/S2213-2600(20)
30079-5. [Epub ahead of print].

3. Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course
and risk factors for mortality of adult inpatients with COVID-
19 in Wuhan, China: a retrospective cohort study. Lancet.
(2020). doi: 10.1016/S0140-6736(20)30566-3. [Epub ahead of print].

4. Gibbs C, Thalamus J, Kristoffersen DT, Svendsen MV, Holla ØL, Heldal
K, et al. QT prolongation predicts short-term mortality independent of
comorbidity. Europace. (201) 21:1254–60. doi: 10.1093/europace/euz058

5. Ruan Q, Yang K, Wang W, Jiang L, Song J. Clinical predictors of mortality
due to COVID-19 based on an analysis of data of 150 patients from Wuhan,
China. Intens Care Med. (2020) 1–3. doi: 10.1007/s00134-020-05991-x. [Epub
ahead of print].

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 May 2020 | Volume 7 | Article 8529

www.crediblemeds.org
www.crediblemeds.org
https://doi.org/10.1101/2020.02.06.20020974
https://doi.org/10.1016/S2213-2600(20)30079-5
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1093/europace/euz058
https://doi.org/10.1007/s00134-020-05991-x
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Carpenter et al. Arrhythmic Risk in COVID-19 Therapeutics

6. Young BE, Ong SWX, Kalimuddin S, Low JG, Tan SY, Loh J, et al.
Epidemiologic features and clinical course of patients infected with
SARS-CoV-2 in Singapore. JAMA. (2020) 323:1488–94. doi: 10.1001/jama.
2020.3204

7. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological
and clinical characteristics of 99 cases of 2019 novel coronavirus
pneumonia in Wuhan, China: a descriptive study. Lancet. (2020)
395:507–13. doi: 10.1016/S0140-6736(20)30211-7

8. Zhang H, Penninger JM, Li Y, Zhong N, Slutsky AS. Angiotensin-
converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor: molecular
mechanisms and potential therapeutic target. Intens CareMed. (2020) 46:586–
90. doi: 10.1007/s00134-020-05985-9

9. Crackower MA, Sarao R, Oliveira-dos-Santos AJ, Da Costa J,
Zhang L. Angiotensin-converting enzyme 2 is an essential regulator
of heart function. Nature. (2002) 417:822–8. doi: 10.1038/nature
00786

10. Oudit GY, Kassiri Z, Jiang C, Liu PP, Poutanen SM, Penninger JM,
et al. SARS-coronavirus modulation of myocardial ACE2 expression and
inflammation in patients with SARS. Eur J Clin Invest. (2009) 39:618–
25. doi: 10.1111/j.1365-2362.2009.02153.x

11. Shahreyar M, Fahhoum R, Akinseye O, Bhandari S, Dang G, Khouzam
RN. Severe sepsis and cardiac arrhythmias. Ann Transl Med. (2018)
6:6. doi: 10.21037/atm.2017.12.26

12. Du Y, Tu L, Zhu P, Mu M, Wang R, Yang P, et al. Clinical features of
85 fatal cases of COVID-19 from Wuhan: a retrospective observational
study. Am J Respir Crit Care Med. (2020). doi: 10.1164/rccm.202003-
0543OC. [Epub ahead of print].

13. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS,
Manson JJ. COVID-19: consider cytokine storm syndromes and
immunosuppression. Lancet. (2020) 395:1033–4. doi: 10.1016/S0140-6736(20)
30628-0

14. Aromolaran AS, Srivastava U, Alí A, Chahine M, Lazaro D, El-Sherif
N, et al. Interleukin-6 inhibition of hERG underlies risk for acquired
long QT in cardiac and systemic inflammation. PLoS ONE. (2018)
13:e0208321. doi: 10.1371/journal.pone.0208321

15. Lazzerini PE, Boutjdir M, Capecchi PL. COVID-19,
arrhythmic risk and inflammation: mind the gap! Circulation.
(2020). doi: 10.1161/CIRCULATIONAHA.120.047293. [Epub ahead of
print].

16. Lazzerini PE, Laghi-Pasini F, Boutjdir M, Capecchi PL.
Cardioimmunology of arrhythmias: the role of autoimmune and
inflammatory cardiac channelopathies. Nat Rev Immunol. (2019)
19:63–4. doi: 10.1038/s41577-018-0098-z

17. Peretto G, Sala S, Rizzo S, De Luca G, Campochiaro C, Sartorelli S, et al.
Arrhythmias in myocarditis: state of the art. Heart Rhythm. (2019) 16:793–
801. doi: 10.1016/j.hrthm.2018.11.024

18. Zeltser D, Justo D, Halkin A, Prokhorov V, Heller K, Viskin S.
Torsade de Pointes due to noncardiac drugs. Medicine. (2003) 82:282–
90. doi: 10.1097/01.md.0000085057.63483.9b

19. Vandenberg JI, Perry MD, Perrin MJ, Mann SA, Ke Y, Hill AP. hERG K +

channels: structure, function, and clinical significance. Physiol Rev. (2012)
92:1393–478. doi: 10.1152/physrev.00036.2011

20. Recanatini M, Poluzzi E, Masetti M, Cavalli A, De Ponti F. QT prolongation
through hERG K+ channel blockade: current knowledge and strategies for
the early prediction during drug development. Med Res Rev. (2005) 25:133–
66. doi: 10.1002/med.20019

21. Hancox JC, McPate MJ, El Harchi A, Zhang Y. The hERG potassium
channel and hERG screening for drug-induced torsades de pointes.
Pharmacol Ther. (2008) 119:118–32. doi: 10.1016/j.pharmthera.2008.
05.009

22. Lasser KE, Allen PD, Woolhandler SJ, Himmelstein DU, Wolfe
SM, Bor DH. Timing of new black box warnings and withdrawals
for prescription medications. J Am Med Assoc. (2002) 287:2215–
20. doi: 10.1001/jama.287.17.2215

23. Roden DM. Drug-induced prolongation of the QT interval. N Engl J Med.
(2004) 350:1013–22. doi: 10.1056/NEJMra032426
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Patients with cardiovascular disease and diabetes are at potentially higher risk of

infection and fatality due to COVID-19. Given the social and economic costs associated

with disability due to these conditions, it is imperative that specific considerations for

clinical management of these patients be observed. Moreover, the reorganization of

health services around the pandemic response further exacerbates the growing crisis

around limited access, treatment compliance, acute medical needs, and mental health of

patients in this specific subgroup. Existing recommendations and guidelines emanating

from respective bodies have addressed some of the pressure points; however, there are

variations and limitations vis a vis patient with multiple comorbidities such as obesity. This

article will pull together a comprehensive assessment of the association of cardiovascular

disease, diabetes, obesity and COVID-19, its impact on the health systems and how

best health systems can respond to mitigate current challenges and future needs. We

anticipate that in the context of this pandemic, the cardiovascular disease and diabetes
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patients need a targeted strategy to ensure the harm to this group does not translate to

huge costs to society and to the economy. Finally, we propose a triage and management

protocol for patients with cardiovascular disease and diabetes in the COVID-19 settings

to minimize harm to patients, health systems and healthcare workers alike.

Keywords: coronavirus disease 2019 (COVID-19), healthcare services, cardiovascular diseases (CVDs), diabetes,

obesity, personal protective equipment (PPE), clinical algorithm

INTRODUCTION

On March 11th, 2020, coronavirus disease 2019 (COVID-19)
was designated as a global pandemic by the World Health
Organization (WHO). As of 28thMay, 5,716,271 confirmed cases
have been reported with ∼356,124 deaths globally from 188
countries (1). In a matter of months, this has escalated into an
unprecedented public health as well as an economic crisis. Several
studies have confirmed that patients with COVID-19 show
distinctive and relatively significant comorbidities of diabetes,
obesity and cardiovascular disease (CVD) (2–12). Furthermore,
COVID-19 patients with diabetes, obesity and CVD conditions
are at a higher risk of morbidity and mortality (6, 7, 13).
Conversely, patients with diabetes, CVD and obesity are also at a
higher risk of contracting COVID-19 infection (6, 7, 14). Broadly
speaking, CVD, diabetes and obesity are associated with poor
clinical outcomes (15, 16). Therefore, in the milieu of COVID-
19; public health systems, carers, and healthcare providers must
take appropriate measures to mitigate the infection risks in
this population and consider health system reorganization and
adoption of technologies to sustain ongoing management (17–
19). The frontline healthcare workers triaging and managing
COVID-19 patients should consider various risks and their
compounding effects on the prognoses of patients with CVD,
diabetes and/or obesity.

RISKS AND OUTCOMES OF COVID-19 IN
THIS POPULATION

Independent of other medical problems such as CVD, patients
with diabetes are at elevated risk for infection from COVID-
19 by 2-to-3 fold (13). This may be attributed to the reduced
functioning of the immune system caused by high blood glucose
levels (13). Moreover, diabetes is often accompanied by CVD,
obesity and old age, all of which are known to increase the risk of
infection (14). Outcomes of infection by COVID-19 are also poor
in this population. Of 72,314 patients from the Chinese Center
for Disease Control and Prevention case series, case fatality rate
(CFR) was elevated among those with diabetes and CVD; 7.3
and 10.5% respectively compared to an overall CFR of 2.3% (5).
Outcomes are worse in people with poorly controlled diabetes,
and in those with additional chronic medical conditions such as
CVD and obesity (7, 13).

A recent meta-analysis of eight studies from China including
46,248 infected patients showed themost prevalent comorbidities
were high blood pressure (17 ± 7%, 95% CI 14–22%) and
diabetes (8 ± 6%, 95% CI 6–11%), followed by CVD (5 ±

4%, 95% CI 4–7%) (6). At this time, though the mechanism
of these associations remains unclear, the potential explanations
include CVD being more prevalent in those with advancing
age, a functionally impaired immune system, elevated levels of
angiotensin-converting enzyme 2 (ACE2), or a predisposition to
COVID-19 for those with CVD (6). There is significant overlap
in risk factors of CVD and venous thromboembolism (VTE);
with CVD risk factors such as older age, smoking, and adiposity
associated with high VTE risk (20). A recent Chinese study on
1026 COVID-19 patients reported that 40% (n = 407) at high
risk of venous thromboembolism; and the high-risk patients
who didn’t receive prophylactic therapy (11%) developed venous
thromboembolism (21).

As of 4th April 2020, the Intensive Care National Audit
and Research Centre (ICNARC) in the United Kingdom (UK)
received notification of 2,621 COVID-19 positive cases requiring
critical care (22). Analysis of this data suggest a significantly
greater number of COVID-19 positive cases, than “seasonal”
non-COVID viral pneumonia patients, were obese, with body
mass index (BMI)≥30 kg/m2 (38% compared to 31%, chi-square
28.2, p < 0.00001). The requirement for ventilatory support
was equal between the obese and non-obese patients (76 and
68% of cases respectively, p = 0.077). Obesity was associated
with higher mortality rates in critical care when compared
to normal or underweight COVID-19 positive patients (58%
compared to 45%, chi-square 8.3 p = 0.004). These data derive
from the ICNARC case mix programme database. The case mix
programme is the national clinical audit of patient outcomes
from adult critical care coordinated by the ICNARC. For more
information on the representativeness and quality of these data,
we encourage readers to contact ICNARC (22).

GAPS, CHALLENGES, AND CONCERNS
ABOUT THE MANAGEMENT OF CVD AND
DIABETES

In the setting of COVID-19, specialist cardiologists and
endocrinologists are confronted with a number of critical
issues on management and treatment of CVD. There has been
speculation regarding the risk associated with the use of ACE
inhibitors (ACEi) and angiotensin receptor blockers (ARBs) in
patients with COVID-19 (23, 24). This is particularly relevant
to patients with diabetes and CVD, many of whom rely on such
pharmacotherapy for the treatment of retinopathy, nephropathy
and hypertension (14). Though the ACEi andARB are commonly
used in the management of CVDs (hypertension, coronary
artery disease, congestive heart failure) and diabetes, there are
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conflicting data from studies (13, 15, 16) demonstrating an
increase or having minimal effect on ACE2 levels (25–29).

Poor glycaemic index is known to cause immune suppression
through impaired neutrophil degranulation, deficient
complement system and phagocytosis (30). The co-existence
of CVD and diabetes is a known risk factor for several serious
respiratory viral illnesses such as Influenza (31). With poor
glycaemic control being correlated with worse prognosis in
diabetic patients infected with COVID-19, glucose control is
key to the prevention of infection and minimizing the severity
of and morbidity caused by infection (32). However, the swift
transition of primary health care provision from in-person
to teleconsultations has led to many patients being unable to
access services for regular check-ups, presumably due to lack
of literacy and access to appropriate technology. Moreover,
an increasing number of physicians have reported a sudden
decrease in the incidence of myocardial infarction, stroke, and
other acute conditions (33, 34). Given that the prevalence of
these conditions would be invariably the same, if not elevated,
in these circumstances, this indicates a problematic decline in
the number of patients presenting to hospital with these critical
conditions. Likewise, there are increasing concerns related to
the postponement of elective cardiac and vascular surgeries.
With pressure building on the available beds, it is imminent
that only a select group of patients with clinical indication in
which surgery cannot be postponed will receive the therapy
(35). Furthermore, impact of postponement on those who will
eventually receive prolonged and delayed surgery vis a vis their
long-term morbidity is not known. In patients with diabetes,
CVD or obesity, physical exercise is critical to improving
patient outcomes (36). With the implementation of self-isolation
however, the ability and motivation to engage in physical exercise
are greatly diminished.

Healthcare workers responsible for the care of patients
with diabetes and cardiovascular disorders infected with
COVID-19 face threats to their own well-being, being at risk
of exposure to a high viral load (37). Time is critical in acute
myocardial or cerebral infarction. Given the reorganization
of healthcare services, additional pressure on frontline
services for COVID-19 cases, repurposing of other physicians
to meet the demand, additional resources limitations are
being realized across the spectrum in delivering time-critical
reperfusion therapy (34). It is more likely that reperfusion
services will also have time-constrained service hours, and
due to palpable risks from COVID-19 positive patients to
healthcare workers delivering reperfusion therapy, there
will be significant negative impact and delays in reperfusion
therapy. All patients with acute neuro/cardiovascular events,
including acute myocardial infarction (AMI) and acute
ischemic stroke (AIS) may be recommended to follow
the overarching COVID-19 protocol to screen for any
positive cases in order to minimize the risk to healthcare
workers (34).

Refugees, undocumented immigrants and members of
aboriginal communities also have limited provisions of
access and medical relief in pandemic situations, due to
structural factors and poor socioeconomic conditions that

put them at compounded risk due to cardiovascular and
diabetes comorbidities.

EXISTING RECOMMENDATIONS AND
GUIDELINES FOR DIABETIC PATIENTS

Professional societies such as the American Association
of Clinical Endocrinologists (38) and European society of
endocrinology (39) are in agreement on the need for people with
diabetes to prevent and prepare for the spread of COVID-19 by
taking the regular precautions such as staying home as much as
possible and washing hands regularly. The guidelines also advise
people to continue taking their medication in order to maintain
glucose control and to stock up on an additional 30-day supply
of medication and supplies for monitoring blood glucose levels
at home. However, there are no specific guidelines targeted at
individuals with multiple comorbidities, such as obesity and
CVD. As per the guidance given by the International Diabetes
Federation in the context of COVID-19 pandemic, people with
diabetes are among those high risk categories that can have
serious illness (just like the flu) if they get the virus and it is best
not to rush to the hospital, to avoid transmitting the virus to
others and to allow priority arrangements to be made by medical
personnel, if needed, instead of having to wait in line (40). The
International Society for Pediatric and Adolescent Diabetes
(ISPAD) has updated its guidelines recently on 19 March 2020
amidst the recent COVID-19 pandemic (41).

NHS clinical guidelines for the management of diabetic
patients in COVID-19 recommend expedition of treatment
and discharge of inpatients, and the use of virtual clinics and
teleconsultations in primary and secondary care settings (42).
However, guidelines fail to address the need for extra measures
to be taken for care of patients with poor access and literacy
with regards to technology. Moreover, elderly patients and those
with chronic disability living in nursing homes or aged care
facilities are at heightened risk of infection. These patients
often have a high prevalence of comorbid cardiovascular and
diabetes risk factors which makes them vulnerable during a
pandemic such as COVID-19. Increasing reports of acts of
microaggression, xenophobia and discrimination are surfacing
since the inception of this pandemic. This is particularly relevant
to specific populations such as south-Asians, who have high rates
of diabetes (43).

CURRENT APPROACHES TO THE
MANAGEMENT OF CARDIOVASCULAR
PATIENTS

Current approaches to the management of this population
aim to continue care of patients during COVID-19, while
minimizing the risk of transmission to both healthcare workers
and patients. The current protocol at academic medical centers
in China for Acute Myocardial Infarction involves compulsory
screening for fever and respiratory symptoms, and any patients
with STEMI that have suspected or confirmed infection are
treated with emergency intravenous thrombolysis, in the
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absence of contraindications (44). For cardiologists in the
operating theater, strict guidelines regarding hand hygiene and
personal protective equipment (PPE) are followed, and the
number of people in operating theater is minimized (44). The
American College of Cardiology urges the implementation of
telehealth in all cardiology clinics (45). Other societies including
European Society of Cardiology, British Cardiovascular
Society, Cardiac Society of Australian and New Zealand
(CSANZ), High Blood Pressure Research Council of Australia
(HBPRCA), Australian National Heart Foundation (NHF) and
Australian and New Zealand Society of Cardiac and Thoracic
Surgeons (ANZSCTS) also recommend use of telehealth
services (17–19).

With regard to the use of ACEi and ARBs, several societies
have highlighted that due to the limited nature of the evidence
on this matter, it is advisable that ongoing management with
such medication may continue in patients with diabetes and
hypertension, unless otherwise clinically contra-indicated as per

the case profile (46–48). Ongoing studies will bring clarity
on the use of ACEi and ARBs in COVID-19 patients with
diabetes and hypertension. A recent study reported a higher
prevalence of CVD and more than 7% of patients suffer
myocardial injury from the infection (22% of the critically ill)
(49). Though ACE2 serves as the main gateway for infection,
the role of ACEi or ARBs requires further investigation.
Myocardial injury is present in more than a quarter of critical
cases and presents in two patterns: acute myocardial injury
and dysfunction on presentation; and myocardial injury that
develops as the severity of illness intensifies (49–52). The
continuation of clinically indicated ACEi and ARB medications
is recommended based on the available evidence at this
time though there are a number of promising treatments
under investigation, but none with proven clinical efficacy
to date. COVID-19 is proved to pose a challenge for heart
transplantation, impacting donor selection, immunosuppression,
and post-transplant management (52).

TABLE 1 | Summary of recommendations regarding COVID-19 in patients with diabetes and/or cardiovascular disease.

S. No Stage of COVID-19

infection

Interventions/indications

1 Prevention of infection

and containing

pandemic

1. Wash your hands frequently with soap and water for 20 s or clean with alcohol-based hand rub

2. Maintain social distancing (2 meters or 6 feet)

3. Cough or sneeze into tissue or elbow

4. Avoid touching your face

5. Sanitize surfaces frequently

2 Symptomatic stage 1. If the patient is feeling unwell, he/she should stay at home

2. If the patient has fever, cough and/or difficulty breathing, seek medical attention and call in advance

3. Follow the directions of your local health authority

3 Controlling diabetes

during illness

General sick day diabetes management principles (modified from ISPAD guidelines):

1. More frequent blood glucose and ketone (blood or urine) monitoring

2. Aim for a blood glucose level between 4 and 10 mmol/L (70–180 mg/dL) and blood ketones below 0.6 mmol/L

when the child is ill

3. NEVER STOP INSULIN: If there is FEVER, insulin needs are usually higher

4. Monitor and maintain hydration with adequate salt and water balance

5. Treat underlying illness and symptoms (fever)

4. URGENT specialist

advice/referral to

emergency

1. Fever or vomiting persists and/or weight loss continues, suggesting worsening dehydration and potential

circulatory compromise

2. Fruity breath odor (acetone) persists or worsens / blood ketones remain elevated >1.5 mmol/L or urine ketones

remain large despite extra insulin and hydration

3. The patient is becoming exhausted, confused, hyperventilating (Kussmaul breathing), or has severe abdominal

pain

4. Identify COVID-19 patients who are at high-risk of venous thromboembolism (VTE), including those with

prolonged immobility, overlapping cardiovascular disease (CVD) risk factors (adiposity, age and smoking) or with

high estrogen levels (including those on exogenous hormone therapy). Consider initiating appropriate prophylaxis.

If at higher risk of bleeding due to anticoagulation, adjust anticoagulation dose and duration as well as use of

mechanical compression

5. Patients with bodymass index (BMI) of 30 kg/m2 or higher should be considered at high risk given the association

of these patients with significantly higher mortality after COVID-19 infection. These patients need closemonitoring

over teleconsultation *

6. Patients who are at increased risk of QTc interval prolongation, life-threatening cardiac arrhythmic events

and/or sudden cardiac death (e.g., COVID-19 positive patients with: (a) history of diabetes and/or CVD, and/or

(b) those on post-exposure prophylaxis or treatment of COVID-19 using “off-label” drugs such as

hydroxychloroquine, azithromycin and lopinavir/ritonavir)

Source:Prepared and adapted by the authors from the ISPAD guidelines.

ISPAD: International Society for Pediatric and Adolescent Diabetes.

*Based on the analysis of Intensive Care National Audit & Research Centre (ICNARC) United Kingdom data set (analyzed on April 4, 2020).
↑Recommendations of the CVD and diabetes subcommittee of the COVID-19 Pandemic Health System REsilience PROGRAM (REPROGRAM) consortium.
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RISK OF LIFE-THREATENING CARDIAC
ARRHYTHMIC EVENTS

Growing evidence suggests that COVID-19 is burdened by
a higher risk of life-threatening cardiac arrhythmic events,
especially in group of patients with diabetes and/or obesity, with
important implications for survival (53). These life-threatening
arrhythmias are also related to inflammation that can increase
the duration of ventricular repolarization (QTc interval) (54).
A particular attention to inflammation and arrhythmias is
important in these patients that are frequently affected by QTc
prolongation (55, 56). Therefore, key electrocardiogram (ECG)
parameters such as QTc interval should be monitored in this
subgroup of patients. Surveillance of QTc could potentially
reduce the number of drug-induced ventricular arrhythmias
and sudden cardiac deaths (57). This is particularly relevant
as “off-label” agents such as hydroxychloroquine, azithromycin
and lopinavir/ritonavir are being increasingly used in post-
exposure prophylaxis or treatment of COVID-19 patients (57,
58). These drugs are proven to increase the risk of QTc interval
prolongation, ventricular tachycardia (torsades de pointes) and
sudden cardiac death (58).

RECOMMENDATIONS AND DISCUSSIONS

Patients with diabetes with multiple comorbidities, such as
obesity and CVD, should take extra precaution for the
prevention of possible infection risk due to COVID-19. They
are recommended to be in virtual contact with their primary
health carers, and to maintain glycaemic control with diligence.
To ensure the maintenance of adequate glucose control in
such exceptional circumstances, it is recommended that primary
health care physicians take additional interest/responsibility to
reach out to patients who have not presented for regular check-
ups. The main recommendations for pediatric and adolescents
with diabetes and CVD are summarized (Table 1). Due to the
alarming decline in patients presenting with emergent conditions
to hospitals and outpatient clinics, without any indications of a
fall in prevalence of these conditions, we would request public
health professions to take extra measures in reaching out to
patients regarding the safety of coming to hospitals and the
medical need to do so and benefit of getting timely acute
reperfusion therapy in eligible patients. Given the aggravated
risks, we propose a novel triage and management protocol that
takes into account risks with CVD and diabetes (Figure 1).

Virtual delivery of group exercise classes could be organized
for patients with diabetes, CVD or obesity, who are currently
restricted by social isolation. Cross-department and peer-to-peer
inter-specialty professional collaboration and communication
are recommended to adapt existing pandemic preparedness
and response strategies to manage patients with neuro
cardiovascular emergencies. Special protection must be observed
during interventions that produce aerosol (cardiopulmonary
resuscitation). This may lower the risk of infection to healthcare
workers and patients. Cardiovascular experts may brace
themselves for deployments in different settings, for limited,

extended or repurposed causes. The mobility of staff between
COVID-19 treatment units and other patient facing consultation
should be limited to avoid opportunities for nosocomial
transmission. COVID-19 and patients with CVD, diabetes
or obesity impact each other in compounding and negative
dimensions. These patients are at increased risk of COVID-
19 related hospitalization, morbidity and death; and those
with COVID-19 also show propensity to increasing and
emergent acute cardiovascular events. It is important to identify
COVID-19 patients who are at high risk of VTE so that
appropriate prophylaxis treatment could be initiated (22, 59).
Anticoagulation should be considered for VTE prophylaxis.
Given the high risk of bleeding in COVID-19 patients with
high VTE risk, considerations should include adjustments in
anticoagulant dose and duration as well as use of mechanical
compressions (22).

Obesity is associated with severe COVID-19 (7–12, 22, 60).
Moreover, obesity or higher BMI is known to be associated with
a higher risk of CVD, diabetes and hypertension—which are
independent predictors of poor outcomes in COVID-19 (50, 60).
The analyses of ICNARC data suggest that BMI≥30 kg/m2

should be used as a prognostic indicator of mortality in critical
care settings due to COVID-19 (22). Another recent study found
a significant association of the prevalence of obesity (defined by
BMI≥30 kg/m2) with severe COVID-19 (7).We recommend that
clinicians should consider BMI≥30 while estimating risks and
stratifying patients for early and ongoing intervention. Center for
Disease Control and Prevention (CDC) in the United States also
list obesity, although with a relatively higher BMI cut-off of ≥40
kg/m2, as an independent risk factor, of severe illness in COVID-
19 (61). There are concerns this BMI cut-off (≥40 kg/m2) might
mislead or compromise the safety of obese people at lower BMIs
(60). The current consortium recommends BMI cut-off of 30
kg/m2 in identifying patients with adverse COVID-19 prognosis.
Surveillance of ECG parameters is recommended to potentially
reduce the risk of life-threatening arrhythmic events and sudden
cardiac death in COVID-19 positive patients especially those
with history of diabetes and/or obesity and/or those on post-
exposure prophylactic treatment (53–58).

In addition to clinical management, public health
interventions must be adhered to such as masks (preferably
N95), washing hands, social distancing. A New England Journal
of Medicine study showed efficacy of face masks in preventing
further transmission of Coronavirus from symptomatic
individuals (62). It is evident from the guidance currently
issued between World Health Organization (WHO), the CDC in
United States, the Canadian Standards Association and Canadian
Federal guidance (Canada), and the UK that differences exist
in advice for healthcare workers to use respirators as opposed
to surgical face masks (63–65). The UK initially advocated,
“COVID-19 is classified as an airborne high consequence
infectious disease in the UK”, and instructed “ensure that staff
who are assessing or caring for suspected COVID-19 cases
are familiar with an FFP3 respirator conforming to EN149 [a
protection level higher than N95], and that fit testing has been
undertaken before using this equipment” (65). The current UK
position aligns with WHO guidance although recommending
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FIGURE 1 | Proposed cardiovascular disease and diabetes risk-adjusted, stage-wise, tele and in-hospital triage and management protocol. (1) All patients seeking

outpatient or in-hospital appointment, except the emergency cases, must dial into the hospital for a triage over telephone for risk assessment of COVID-19 cases prior

to consultation. The triage will be carried out by the relevant department officer, and will comprise a brief screening for signs, symptoms, and risk factors of COVID-19.

Questions should address recent travel history, fever, cough, sore throat, shortness of breath, fatigue, aches and pains, headaches, runny or stuffy nose, diarrhea,

sneezing, and loss of smell. Patients should be screened for their body mass index (BMI) and those with BMI ≥ 30 should be closely monitored and strongly advised

to self-isolate and follow public health guidelines. Patients with BMI ≥ 30 are at significant risk of mortality after COVID-19 infection. (2) All patients, despite risk factors

and symptoms, should be asked to attend a compulsory teleconsultation in order to minimize harm to both the patient and consultant. During the consultation, further

assessment of COVID-19 symptoms can be made, and potential impact on underlying diabetes/cardiovascular disease should be assessed. (3a) Should there be a

self-reported acute emergency by the patient, or a need for immediate medical attention as per the clinical judgement of the physician, the patient should be asked to

(Continued)
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FIGURE 1 | present at the emergency department; (b) If immediate medical assessment is not required, management should be carried out via teleconsultation. (4) In

the emergency department, the relevant steward must carry out secondary screening for COVID-19 symptoms. After screening, patients should undergo diagnostic

testing for COVID-19. Drive-through testing facilities should be deployed for all patients, to minimize exposure to health systems, health workers and the community.

Further imaging should also be carried out on patients, with extra precautions being taken to ensure proper cleaning of equipment when imaging COVID-19 positive

patients. (5a) For patients who require surgery, the acute management plan should be invoked. If the patient is COVID-19 positive, measures must be taken to protect

healthcare workers involved. Minimal number of staff should be involved at the direct interface and risk-minimization should be ensured for any peri-surgical

procedures that might involve aerosol production. For COVID-19 negative patients, the routine management plan should be followed; (b) If no surgery is required, the

non-acute management plan should be invoked. (6) A plan should be made to ensure proper quarantine of patients after discharge. This could include home isolation

and telemonitoring. Patients should be advised to follow hand hygiene, wear masks and practice social distancing.

risk assessment by the individual healthcare worker within the
guidance framework. The situation for Low- andMiddle-Income
Countries is made more difficult by a lack of resources and the
uncertain availability of respiratory and PPE often intended as
single use only.

Recently the CDC recommended wearing cloth face
coverings in public settings where other social distancing
measures are difficult to maintain (e.g., grocery stores and
pharmacies), especially in areas of significant community-
based transmission (66). Coronavirus like influenza and
rhinovirus can possibly spread through short range aerosol
transmission in exhaled breath. Therefore, this study
reinforces the need for individual and public health strategies
and the adoption of using face masks as a preventive
intervention. The American Academy of Ophthalmology
(AAO) recommends contact lens wearers to switch to
wearing glasses for a while to limit the risk of COVID-19
infection (67).

Pandemics like COVID-19, SARS and Spanish flu invoke
irrational and heightened fear which could be linked to
incidents of xenophobia and discrimination (68). A public
health crisis of this scale can quickly mutate into a social
and political crisis. Therefore, it is warranted that the political
and health systems leadership must continue transparent, open,
and respectful communication with all communities, with
special consideration for communities from marginalized and
vulnerable backgrounds, as they tend to have a disproportionately
poor cardiovascular and metabolic profile (68). Also, this
subgroup of patients often have relatively poor access to
health services and compromised provision of medical supplies,
which is exacerbated in a public health crisis situation, more
so for a sustained period as is the case with pandemics
such as COVID-19 with an estimated mortality of 3.4%
however the recent evidence suggests the rates are still
evolving (69, 70).

Patients with comorbid CVD, diabetes and obesity are
potentially vulnerable in a pandemic (68–70). It must be
considered that a significant number of healthcare workers
will have these same and other vulnerabilities due to pre-
existing health conditions, therefore institutional policies
should provide for redeployment away from COVID-19
patient direct contact or furlough. Some jurisdictions have
developed national policy or workplace sector guidance in
others there is likely a duty of care in law. Healthcare providers,
health systems and political leadership must account for the

heterogeneity, compounded infection and fatality risks, long-
term complications and special considerations for ongoing
management as well as the socio-economic factors that may
interfere with the health and well-being of patients with CVD,
diabetes and/or obesity. Technological innovation such as
telemedicine along with public health strategies may mitigate
some of these risks.
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Background: Myocardial injury is a severe complication of novel coronavirus disease

(COVID-19), and inflammation has been suggested as a potential cause of myocardial

injury. However, the correlation of myocardial injury with inflammation in COVID-19

patients has not been revealed so far.

Method: This retrospective single-center cohort study enrolled 64 critically ill patients

with COVID-19. Patients were categorized into two groups by the presence of

myocardial injury on admission. Demographic data, clinical characteristics, laboratory

tests, treatments, and outcomes were analyzed in this study.

Result: Of these patients, the mean age was 64.8 ± 12.2 years old, and 34

(53.1%) were diagnosed with myocardial injury. Compared with non-myocardial injury

patients, myocardial injury patients were older (67.8 ± 10.3 vs. 61.3 ± 13.3 years;

P = 0.033), had more cardiovascular (CV) risk factors such as smoking (16 [47.06%]

vs. 7 [23.33%]; P = 0.048) and were more likely to develop CV comorbidities (13

[38.2%] vs. 2 [6.7%]; P = 0.003). Scores on the Acute Physiology and Chronic

Health Evaluation II (median [interquartile range (IQR)] 19.0 [13.25–25.0] vs. 13.0

[9.25-18.75]; P = 0.005) and Sequential Organ Failure Assessment systems (7.0

[5.0–10.0] vs. 4.5 [3.0–6.0]; P < 0.001) were significantly higher in the myocardial

injury group. In addition, patients with myocardial injury had higher mortality than those

without myocardial injury (29 [85.29%] vs. 18 [60.00%]; P = 0.022). Cox regression

suggested that myocardial injury was an independent risk factor for high mortality

during the time from admission to death (hazard ratio [HR], 2.06 [95% confidence

interval (CI), 1.10–3.83]; P = 0.023). Plasma levels of high-sensitivity C-reactive protein

(hs-CRP), interleukin (IL)-1β, interleukin-2 receptor (IL-2R), IL-6, IL-8, IL-10, and tumor

necrosis factor-α (TNF-α) exceeded the normal limits, and levels of hs-CRP, IL-2R,

IL-6, IL-8, and TNF-α were statistically higher in the myocardial injury group than

in the non-myocardial injury group. Multiple-variate logistic regression showed that

plasma levels of hs-CRP (odds ratio [OR] 6.23, [95% CI, 1.93–20.12], P = 0.002),

IL-6 (OR 13.63, [95% CI, 3.33–55.71]; P < 0.001) and TNF-α (OR 19.95, [95% CI,

4.93–80.78]; P< 0.001) were positively correlated with the incidence of myocardial injury.
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Conclusion: Myocardial injury is a common complication that serves as an independent

risk factor for a high mortality rate among in-ICU patients with COVID-19. A high

inflammatory burden may play a potential role in the occurrence of myocardial injury.

Keywords: COVID-19, critical patients, myocardial injury, inflammation, In-ICU mortality

INTRODUCTION

Coronavirus disease 2019 (COVID-19), a novel coronavirus–
infected pneumonia caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has currently become a severe
global health problem (1, 2). Myocardial injury was suggested
to be prevalent in COVID-19 patients, which has contributed
to fatal complications and high mortality rates (3–5). However,
the mechanism underlying myocardial injury has not yet been
confirmed. Recently, several studies revealed that COVID-19
patients were mostly in a high systemic inflammatory status with
severe cytokine storms (e.g., high levels of interleukin [IL]-6,
IL-8, and tumor necrosis factor-α [TNF-α]), which contributed
to fatal complications (6–8). Given that inflammation has been
revealed as a great contributor to all forms of myocardial injury
(9), COVID-19-induced systemic inflammation was suggested
to potentially cause myocardial injury in COVID-19 patients.
In this study, we aimed to investigate the association of
inflammation with myocardial injury in critically ill patients
with COVID-19.

MATERIALS AND METHODS

Study Design and Participants
This single-center, retrospective, observational study was
performed in a newly built intensive care unit (ICU) of Tongji
Hospital (Sino-French New City Campus), Huazhong University
of Science and Technology, Wuhan, China. This ICU was
designated to treat critically ill patients with COVID-19. We
retrospectively analyzed 64 COVID-19 patients admitted to
the ICU in this study. The data cut-off for investigation of
survival status was March 26, 2020. All the patients were
confirmed as COVID-19 with a positive result on real-time
reverse-transcriptase–polymerase-chain-reaction (RT-PCR)
assay of throat-swab specimens. The study protocol conformed
to the ethical guidelines of the 1975 Declaration of Helsinki
and was approved by the Ethics Committee of PUMC Hospital.
Written informed consent was waived due to the rapid
emergence of this infectious disease. No potentially identifiable
human images or data is presented in this study. Plasma
levels of inflammatory cytokines test were finished within
24 h when patients were admitted. All the other laboratory
tests were finished within 6 h after admission. All the data
included in this study were part of routine patient care
in ICU.

Data Collection and Study Design
The data collected in this study were extracted from electronic
medical records reviewed by the clinical team from Peking Union
Medical College Hospital (PUMCH). Patient data included

demographics, survival time from ICU admission to death,
baseline characteristics (i.e., prior medical illness, cardiovascular
risk factors), in-ICU clinical information (i.e., vital signs,
complications, and therapeutic measures), laboratory results and
outcomes. We also documented patients’ Acute Physiology and
Chronic Health Evaluation II (APACHE II) and Sequential
Organ Failure Assessment (SOFA) scores on admission to
the ICU.

Outcome
Patients were categorized into two groups (myocardial injury
vs. non-myocardial injury) based on their on-admission high-
sensitivity cardiac troponin I (hs-cTnI) levels. The primary
outcome was 28-day mortality after ICU admission. myocardial
injury was defined as an elevated cardiac troponin value above
the 99th percentile of the upper reference limit (34.2 ng/ml)
according to the fourth Universal Definition of Myocardial
Infarction (10). Prior cardiovascular (CV) disease was defined
as coronary artery disease (CAD), myocardial infarction, heart
failure or stroke, and in-ICU CV complications were defined
as arrythmias (atrial tachycardia, atrial fibrillation, ventricular
tachycardia, and/or ventricular fibrillation), cardiac arrest,
cardiac shock or myocardial infarction.

Acute respiratory distress syndrome (ARDS) and acute kidney
injury (AKI) were diagnosed according to the Berlin Definition
and KDIGO clinical practice guidelines, respectively (11, 12).

Statistical Analysis
Categorical variables were presented as counts and percentages.
Continuous variables were described as means ± standard
deviations (SDs) for normally distributed data and medians
(interquartile ranges [IQRs]) for non-normally distributed data.
A two-sample T-test was used to assess whether there were
significant differences in continuous variables when they were
normally distributed; otherwise, the Mann-Whitney U-test was
used. The χ² test was applied to test the differences in categorical
variables, although Fisher’s exact test was used for comparisons
with small sample sizes. Kaplan-Meier (K-M) plots and Cox
proportional hazards regression models were used for survival
analysis, which was based on the time from ICU admission to
death. The log-rank test was used to confirm the differences
between K-M plots. Logistics regression was applied to test the
contribution of inflammation to the incidence of myocardial
injury. Concretely, we firstly involve single variate into logistics
regression, and then put the variates with P < 0.05 into
regression equation thereby giving the final result. Statistical
significance was determined when two-sided α was <0.05. All
statistical analyses were performed using SPSS 21.0 software
(IBM, Armonk, NY).
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RESULTS

General Characteristics of Critically Ill
Patients With COVID-19
Night-nine adults admitted to the ICU from February 4 to March
3, 2020, were studied. After excluding 6 patients who were not
admitted for COVID-19-related critical illness and 19 patients
with incomplete data (1 patient had no troponin result and 18
patients had no inflammatory cytokines), we included 64 in-ICU
patients in the final analysis (Figure 1).

Of these patients, 42 (65.6%) were men, the mean age
was 64.8 ± 12.2 years (range, 26–92 years), and 47 patients
reached the primary endpoint during the follow-up time. Prior
CV diseases and CV risk factors were common in critical
patients, as there were 13 patients (20.3%) with pre-existing
CV diseases (CAD: 7 [10.9%]; heart failure: 2 [3.1%]; stroke:
8 [12.5%]) and 43 (67.2%) patients with 1 or more coexisting
CV risk factors (hypertension: 35 [54.7%]; diabetes: 15 [23.4%];
smoking: 23 [35.9%]). ARDS was the most common in-ICU
complication (62 [96.88%]), followed by AKI (21 [32.8%])
and CV complications (15 [23.4%]). Laboratory results showed
that coagulation dysfunction and high inflammatory burden
were common in these critical patients, as most coagulation
indicators and inflammatory indicators were higher than the
normal limits. In addition, plasma levels of N-terminal pro-
B-type natriuretic peptide (NT-proBNP) and hs-cTnI were

also significantly increased (Table 2). Fifty-two (81.3%) patients
received invasive mechanical ventilation, and 19 (29.7%) received
non-invasive mechanical ventilation. Immune therapies were
commonly used in critical patients (glucocorticoids: 54 [84.4%];
tocilizumab: 7 [10.94%]). More detailed information is presented
in Tables 1, 2.

Differences Between Myocardial Injury
Patients and Non-myocardial Injury
Patients
In our study, 34 patients (53.1%) were diagnosed withmyocardial
injury. Compared with non-myocardial injury patients, the
myocardial injury patients were significantly older (67.8 ± 10.3
vs. 61.3 ± 13.3 years; P = 0.033), more likely to have preexisting
cardiovascular diseases (13 [38.2%] vs. 3 [10.0%]; P= 0.009), and
had more CV risk factors (smoking: 16 [47.1%] vs. 7 [23.3%]; P=

0.048) and CV comorbidities (13 [38.2%] vs. 2 [6.7%]; P= 0.003)
(Table 1). Concomitantly, patients with myocardial injury had
higher APACHE II (19.0 [13.25–25.0] vs. 13.0 [9.25–18.75]; P =

0.005) and SOFA system scores than those of the non-myocardial
injury group (7.0 [5.0–10.0] vs. 4.5 [3.0–6.0]; P < 0.001).

Regarding laboratory results, myocardial injury patients
showed significant increases in the plasma levels of creatinine,
blood urea nitrogen, D-dimer, high-sensitivity C-reactive
protein (hs-CRP) (155.0 [78.3–210.9] vs. 45.0 [16.0–96.0]

FIGURE 1 | Study flow diagram. ICU, intensive care unit; COVID-19, novel coronavirus disease.
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TABLE 1 | Demographics and clinical characteristics of critically ill patients with COVID-19.

Myocardial injury

(n = 34)

Non-myocardial

injury

(n = 30)

Total

(n = 64)

P-value

Age (yrs) 67.8 ± 10.3 61.3 ± 13.3 64.8 ± 12.2 0.033

Male 24 (70.6%) 18 (60.0%) 42 (65.6%) 0.37

Prior CV diseases

CAD 6 (17.7%) 1 (3.3%) 7 (10.9%) 0.11

Heart failure 2 (5.9%) 0 (0.00%) 2 (3.1%) 0.49

Stroke 6 (17.7%) 2 (6.7%) 8 (12.5%) 0.27

CV risk factors

Hypertension 22 (64.7%) 13 (43.3%) 35 (54.7%) 0.087

Diabetes 10 (29.4%) 5 (16.7%) 15 (23.4%) 0.23

Smoking 16 (47.1%) 7 (23.3%) 23 (35.9%) 0.048

Vital signs

Fever 12 (35.3%) 14 (46.7%) 26 (40.6%) 0.36

HR (bpm) 112.9 ± 20.4 106.7 ± 18.5 110.0 ± 19.6 0.21

SBP (mmHg) 124.6 ± 26.3 127.8 ± 20.5 126.1 ± 23.6 0.60

DBP (mmHg) 74.8 ± 14.5 77.7 ± 14.2 76.2 ± 14.4 0.42

RR (times/min) 29.3 ± 8.8 27.5 ± 7.1 28.4 ± 8.0 0.38

Critical score

APACHE II score* 19.0 (13.3–25.0) 13.0 (9.3–18.8) 15.0 (12.0–22.0) 0.005

SOFA score* 7.0 (5.0–10.0) 4.5 (3.0–6.0) 6.0 (4.0–8.0) <0.001

Complications

CV complications 13 (38.2%) 2 (6.7%) 15 (23.4%) 0.003

ARDS 34 (100.0%) 28 (93.3%) 62 (96.9%) 0.22

AKI 13 (38.2%) 8 (26.7%) 21 (32.8%) 0.33

Live dysfunction 6 (17.7%) 10 (33.3%) 16 (25.0%) 0.15

Symptom onset to ICU admission (days) 15.0 (11.0–23.0) 16.5 (9.3–23.5) 15.5 (10.0–23.3) 0.91

In-ICU therapy

Non-invasive mechanical ventilation 12 (35.3%) 7 (23.3%) 19 (29.7%) 0.30

Invasive mechanical ventilation 26 (76.5%) 26 (86.7%) 52 (81.5%) 0.30

Immunoglobulin 26 (76.5%) 25 (83.3%) 51 (79.7%) 0.50

Glucocorticoids 26 (76.5%) 28 (93.3%) 54 (84.4%) 0.064

Vasoconstrictive agents 24 (70.6%) 18 (60.0%) 42 (65.6%) 0.37

Tocilizumab 2 (5.9%) 5 (16.7%) 7 (10.9%) 0.17

Death

All-cause death 29 (85.3%) 18 (60.0%) 47 (73.4%) 0.022

Survival time* 7.0 (3.0–13.75) 19.0 (10.0–38.75) 11.5 (5.0-35.0) 0.002

*Continuous variables with non-normal distribution presented as “median (IQR).” CV, cardiovascular; CAD, coronary artery disease; ICU, intensive care unit. HR, heart rate; RR, respiratory

rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; APACHE II, Acute Physiology and Chronic Health Evaluation II; SOFA, Sequential Organ Failure Assessment; AKI,

acute kidney injury; ARDS, acute respiratory distress syndrome. P-values present the differences between myocardial injury and non-myocardial injury patients.

mg/L; P < 0.001), interleukin-2 receptor (IL-2R) (1152.0
[741.0–1679.0] vs. 731.0 [302.0–1224.5] pg/ml; P = 0.02),
IL-6 (1144.7 ± 1466.7 vs. 204.4 ± 400.3 pg/ml; P < 0.001),
IL-8 (48.5 [21.1–156.1] vs. 22.7 [14.4–42.9] pg/ml; P = 0.015)
and TNF-α (19.8 [14.7–40.1] vs. 9.0 [7.1–11.0] pg/ml; P <

0.001) (Table 2). In addition, the levels of creatinine, blood
urea nitrogen and D-dimer were also significantly increased
in the myocardial injury group. However, no significant
differences were found in the applications of in-ICU therapies
between myocardial injury and non-myocardial injury patients
(Table 1).

In the survival analysis, the mortality rate was much higher in
the myocardial injury group than in the non-myocardial injury
group (29 [85.29%] vs. 18 [60.00%]; P = 0.022). Furthermore,
myocardial injury was demonstrated as an independent risk
factor for reduced survival time from admission to death (hazard
ratio [HR], 2.06 [95% confidence interval (CI), 1.10–3.83]; P
= 0.023) by a multivariable adjusted Cox proportional hazard
regression model adjusting for age, smoking history and pre-
existing with CVD. The high mortality in the myocardial injury
group was also shown in the K-M survival curves (log-rank test,
P= 0.003) (Figure 2).
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TABLE 2 | Laboratory tests between COVID-19 patients with and without myocardial injury.

Normal range Myocardial injury

(n = 34)

Non-myocardial

injury (n = 30)

Total

(n = 64)

P-value

White blood count, ×109/L 3.5–9.5 12.5 ± 5.1 11.1 ± 5.7 11.9 ± 5.4 0.30

Neutrophils* (%) 40.0–75.0 91.7 (88.7–95.1) 90.7 (83.2–93.4) 91.1 (85.9–94.0) 0.05

Lymphocytes, ×109/L 1.1–3.2 0.5 ± 0.4 0.7 ± 0.4 0.6 ± 0.4 0.25

Hemoglobin, g/L 130.0–175.0 121.8 ± 21.7 123.0 ± 19.8 122.4 ± 20.7 0.82

Platelets, ×109/L 125.0–350.0 155.0 ± 89.4 197.0 ± 105.6 174.7 ± 98.8 0.09

ALT*, U/L ≤41.0 26.0 (14.0–41.0) 27.5 (22.0–36.8) 29.0 (19.8–42.0) 0.89

Total bilirubin*, µmol/L ≤26.0 13.2 (9.6–21.2) 14.5 (8.0–18.7) 13.7 (8.7–19.0) 0.40

Albumin g/L 35.0–52.0 28.0 ± 4.3 30.5 ± 6.1 29.2 ± 5.3 0.065

Creatinine*, µmol/L 59.0–104.0 88.5 (71.5–124.0) 67.0 (48.5–86.0) 81.0 (58.0–107.8) 0.005

BUN*, mmol/L 3.6–9.5 10.2 (7.1–20.7) 7.1 (5.4–10.3) 7.8 (6.3–14.4) 0.013

Serum potassium, mmol/L 3.5–5.1 4.5 ± 0.8 4.5 ± 1.0 4.5 ± 0.9 0.84

PT*, s 11.5–14.5 17.3 (15.7–18.2) 15.4 (14.7–16.3) 16.15 (15.0–17.6) 0.005

APTT*, s 29.0–42.0 41.8 (38.4–45.3) 41.5 (37.4–45.1) 41.6 (37.5–45.2) 0.68

INR* 0.8–1.2 1.4 (1.2–1.5) 1.2 (1.1–1.3) 1.3 (1.2–1.4) 0.002

Fbg, g/L 2.0–4.0 4.5 ± 3.9 4.6 ± 2.1 4.5 ± 3.2 0.29

D-dimer*, mg/L <0.5 21.0 (7.5–21.0) 3.7 (1.9–21.0) 14.7 (2.8–21.0) 0.005

hsCRP*, mg/L <1.0 155.0 (78.3–210.9) 45.0 (16.0–96.0) 86.5 (34.7–194.3) <0.001

IL1 β, pg/ml <5.0 6.5 ± 4.4 5.2 ± 0.7 5.9 ± 3.3 0.53

IL2 R*, pg/ml 223.0–710.0 1152.0

(741.0–1679.0)

731.0

(302.0–1224.5)

1041.0

(554.3–1485.3)

0.02

IL-6, pg/ml <7.0 982.2 ± 1517.9 204.4 ± 400.3 617.6 ± 1197.4 0.008

IL-8*, pg/ml <62.0 48.5 (21.1–156.1) 22.7 (14.4–42.9) 29.4 (18.1–76.7) 0.015

IL-10*, pg/ml <9.1 10.7 (6.3–24.0) 10.5 (5.1–15.5) 10.7 (5.5–19.6) 0.30

TNF-α*, pg/ml <8. 1 19.8 (14.7–40.1) 9.0 (7.1–11.0) 13.8 (9.3–23.0) <0.001

HscTnI*, ng/L ≤34.2 276.1 (139.1–909.7) 12.1 (4.7–18.9) 46.5 (12.1–374.1) <0.001

NT-proBNP*, ng/L <241.0 1947.5

(644.8–4393.5)

372.0 (73.8–836.5) 816.5

(254.5–2585.0)

<0.001

*Continuous variables with non-normal distribution presented as “median (IQR).” ALT, alanine aminotransferase; BUN, blood urea nitrogen; hsCRP, high-sensitivity C-reative protein;

IL, interleukin; IL-2R, interleukin-2 receptor; TNF-α, tumor necrosis factor α; PT, prothrombin time; APTT, activated partial thromboplastin time; INR, international normalized ratio; Fbg,

fibrinogen; hs-cTnI, high-sensitive cardiac troponin I; NT-proBNP, N-terminal pro-B-type natriuretic peptide. P-values present the differences between MI and non-MI patients.

Association of High Inflammatory Burden
With the Incidence of Myocardial Injury in
Critically Ill Patients With COVID-19
Most inflammatory biomarkers were significantly higher in
COVID-19 patients with myocardial injury than in those
without myocardial injury (Table 2). Consistently patients with
higher inflammatory burden (plasma levels of inflammatory
cytokines higher than the median levels) were also more likely
to develop myocardial injury (Figure 3). To investigate the
relation between high inflammatory burden with myocardial
injury, we set the dependent variable to “myocardial injury” and
set independent variables to the high/low inflammatory burden
which was divided according to the cut-off of the median levels
of inflammatory cytokines. In the univariate logistic regression
analysis, we found that high plasma levels (higher than the
median levels) of high-sensitivity C-reactive protein (hs-CRP)
(odds ratio [OR] 10.80, [95% CI, 1.97–59.15]; P = 0.006), IL-6
(OR 9.13, [95% CI, 2.92–28.50]; P < 0.001), IL-8 (OR 7.27, [95%
CI, 1.35–39.05]; P= 0.021) and TNF-α (OR 17.36, [95%CI, 3.04–
99.20]; P = 0.001) were positively associated with the incidence
of myocardial injury. We further entered these biomarkers into
the multivariate logistic regression with adjusting variates of age,

smoking history and pre-existing with CVD, and found that high
plasma levels of hs-CRP (odds ratio [OR] 6.23, [95% CI, 1.93–
20.12], P = 0.002), IL-6 (OR 13.63, [95% CI, 3.33–55.71]; P <

0.001), and TNF-α (OR 19.95, [95% CI, 4.93–80.78]; P < 0.001)
were positively correlated with the incidence of myocardial injury
(Table 3).

DISCUSSION

This study revealed that myocardial injury was associated with a
high mortality rate in critically ill patients with COVID-19, and
a high inflammatory burden was one of the potential causes of
myocardial injury occurrence.

Of 64 in-ICU patients (42 males, 64.8 ± 12.2 years), 52
(81.5%) received invasive mechanical ventilation, and 47 (73.4%)
died during the follow-up. A high incidence of COVID-
19-induced myocardial injury was suggested by this study,
since we found that 34 (53.1%) patients were diagnosed
with myocardial injury, which is much higher than the
incidence of myocardial injury in non-ICU patients (7.2%
to 37.5%) (1, 4, 5). Myocardial injury usually contributes
to various CV complications, such as cardiac dysfunction,
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FIGURE 2 | (A) K-M plot for patients with myocardial injury and without myocardial injury. (B) Comparisons of death number and time since admission to death

between myocardial injury group and non-myocardial injury group.

arrhythmias and sudden death in patients with viral infectious
diseases, which are associated with adverse events and a
high mortality rate (13, 14). Several current studies have
demonstrated that myocardial injury is associated with fatal
outcomes and high mortality rates in hospitalized patients
with COVID-19 (3, 5). In our study, in-ICU patients with
myocardial injury were more likely to have preexisting
cardiovascular diseases, develop cardiovascular complications,
have higher APACHE-II/SOFA scores and have increased in-ICU
mortality. In addition, Cox regression analysis suggested that
myocardial injury was an independent risk factor for mortality,
supporting that myocardial injury was associated with adverse
events and high mortality rate in COVID-19 patients with
critical illness.

Patients with COVID-19 were revealed to have a high
systemic inflammatory status (1, 8). To date, the high systemic

inflammation in hospitalized COVID-19 patients has been
speculated as one of the potential causes of myocardial injury,
as investigators found that hs-CRP levels positively correlated
with plasma troponin levels in patients with COVID-19 (4).
A similar finding was shown in our study. In addition to
plasma hs-CRP, plasma levels of IL-1β, IL-2R, IL-6, IL-8, IL-
10, and TNF-α were analyzed in this study, and IL-2R, IL-
6, IL-8, and TNF-α were significantly increased in myocardial
injury patients (Table 2). Moreover, patients with the high
inflammatory burden were also shown to more likely develop
myocardial injury (Figure 3). After univariate and multivariate
logistic regression, the levels of hs-CRP, IL-6, and TNF-α
were shown to be positively correlated with the incidence of
myocardial injury, supporting the hypothesis that a high systemic
inflammatory burden might contribute to myocardial injury in
COVID-19 patients.
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FIGURE 3 | Comparisons of the numbers of patients with myocardial injury in high/low inflammatory burden groups (divided according to the cut-off of median levels

of different inflammatory cytokines. A, hs-CRP; B, IL-2R; C, IL-6; D, IL-8; E, TNF-α). hsCRP, high-sensitivity C-reative protein; IL, interleukin; IL-2R, interleukin-2

receptor; TNF-α, tumor necrosis factor α; OR, odds ratio; CI, confidence interval.

TABLE 3 | Logistics regression for the association of inflammation with myocardial injury.

Univariate Multivariate

OR 95% CI P-value OR 95% CI P-value

hs-CRP ≥ 86.5 mg/L 10.80 1.97–59.15 0.006 6.23 1.93–20.12 0.002

IL-2R ≥ 1041.0 pg/ml 3.81 0.86–16.94 0.079 2.23 0.71–7.02 0.17

IL-6 ≥ 703.9 pg/ml 9.13 2.92–28.50 <0.001 13.63 3.33–55.71 <0.001

IL-8 ≥ 29.4 pg/ml 7.27 1.35–39.05 0.021 2.53 0.84–7.58 0.098

TNF-α ≥ 13.8 pg/ml 17.36 3.04–99.20 0.001 19.95 4.93–80.78 <0.001

OR, odds ratio; CI, confidence interval. hsCRP, high-sensitivity C-reative protein; IL, interleukin; IL-2R, interleukin-2 receptor; TNF-α, tumor necrosis factor α. Adjusted variates included

age, smoking history, and pre-existing CVD.

Hypoxemia, septic shock, coagulation disorders and cardiac
arrhythmias are potentially involved in the process of systemic
high inflammatory burden-inducedmyocardial injury in patients
with severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection (15–17). These pathophysiological disorders
were further illustrated by our study. In our patients, more
than 95% of them developed ARDS with a significantly

rapid heart rate, which caused an imbalance between cardiac
metabolic demand and oxygen supply. Moreover, a prevalence
of shock or insufficient peripheral perfusion was indicated
by the common application of vasoconstrictive agents in our
patients. Concomitantly, coagulation disequilibrium (higher
D-dimer levels and longer PT) and the incidence of CV
complications, including arrythmias, were also widely found
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in these patients. Myocardial inflammation might be another
cause of myocardial injury in coronavirus-infected patients
(15). In a study performed with 21 autopsies of SARS-CoV
infected patients, Oudit et al. reported increased inflammation
in the myocardium of these patients associated with cardiac
interstitial fibrosis and hypertrophy (18). For COVID-19, a brief
case report suggested the potential occurrence of myocarditis
in COVID-19 patients by describing a 53-year-old woman
diagnosed with COVID-19 who developed acute myocarditis
during hospitalization (19). However, COVID-19-induced viral
myocarditis has not been supported by pathological data so far.
In current autopsy reports of COVID-19 patients, researchers
revealed that there was only a mild infiltration of inflammatory
cells without substantial necrosis of cardiomyocytes (20, 21). It
seems that systemic inflammation, but not localized myocardial
inflammation plays a pivotal role in myocardial injury of
COVID-19 patients. A similar conclusion was also given
by another retrospective study that enrolled 112 COVID-19
patients, as they revealed that there were no typical signs of
myocarditis on echocardiography, such as segmental wall motion
abnormality, reduced LVEF or wall thickening, in COVID-19
patients with myocardial injury during hospitalization (5). The
roles of myocardial inflammation in myocardial injury still need
more investigation.

The mechanisms underlying the activation of inflammation
in COVID-19 patients have been recently investigated by
Zhang et al. (22). It has been suggested that COVID-19
induced the destruction of alveolar epithelial cells, which
led to an increase in cell permeability and the release of
virus. This result subsequently activated the innate immune
system and induced the overproduction of cytokines (e.g.,
IL-6 and TNF-a), finally causing a systemic inflammatory
response (22, 23). In this process, macrophage recruitment,
which has been demonstrated to regulate SARS-CoV-2-induced
inflammation (24, 25), was suggested to be one of the potential
contributors, as interstitial mononuclear inflammatory infiltrates
were observed in both lungs of patients with COVID-19.
In addition, the plasma levels of macrophage-produced pro-
inflammatory cytokines, such as IL-6 (26) and TNF-α (27),
were shown to be significantly increased in patients with
COVID-19, further supporting the contribution of macrophages
to systemic inflammation in COVID-19 patients. In addition
to macrophages, the activation of lymphocytes was also
suggested as a factor in systemic inflammation in COVID-
19 patients (6). Although decreased blood lymphocyte count
of COVID-19 patients has been widely reported (4, 28),
lymphocytes were shown to be activated as the increases in
the expression of HLA-DR in CD4+ and CD8+ cells, the
percentage of CD4+ CCR4+ CCR6+ Th17 cells. The expression
of cytotoxic particles (e.g., perforin and granulysin) in CD8 +

T cells was demonstrated in an autopsy report of COVID-19
patients (21).

The efficiencies of anti-inflammatory treatments such as
glucocorticoids, tocilizumab (TCZ) and anti-TNFα agents in
COVID-19 patients were recently investigated by various
registered cohort studies (6, 29). In this study, glucocorticoids
and TCZ were applied in these patients. Glucocorticoids were

widely applied during the outbreaks of several viral infectious
diseases, such as SARS-CoV (30), Middle East respiratory
syndrome (MERS)-CoV (31) and influenzas (32). However, the
benefit derived from corticosteroids in the treatment of these
diseases has not been revealed (33). For COVID-19, there
are no clinical data indicating the benefits of corticosteroids,
and the recommendation for their use is controversial (6, 33).
Other investigators held a positive opinion for glucocorticoid
usage, as systematic corticosteroid therapy in the first 3–5 days
was shown to effectively inhibit severe inflammatory storms
and alleviate critical symptoms in ICU patients with MERS
(34). Currently, short-term systematic corticosteroid treatment
(methylprednisolone, <1–2 mg/kg/d, 3–5 days) is recommended
for the treatment of selective severe COVID-19 patients while
being cautious of glucocorticoid-mediated immunosuppression,
which delays the clearance of SARS-CoV-2 (35). In our study,
systemic corticosteroid administration (methylprednisolone, 1–
2 mg/kg/d × 5–7 days) was empirically used for patients with
high inflammatory status. However, the efficiency is still not
confirmed. Elucidating the benefit of glucocorticoids for COVID-
19 patients is of immediate clinical importance. In contrast to
glucocorticoids, TCZ, a recombinant human IL-6 monoclonal
antibody, showed potential therapeutic value for COVID-19
patients. In a current clinical trial (clinical trial registration ID:
ChiCTR2000029765), TCZ was administered once to 21 critical
patients with COVID-19 at 400mg intravenously. After a few
days, the febrile patients’ body temperature returned to normal,
and all other symptoms improved significantly, in conjunction
with better respiratory function, absorbed pulmonary lesions
and lower plasma levels of hs-CRP (36). Moreover, several
recent case reports also described the successful use of TCZ
treatment in COVID-19 patients combined with other diseases
(37, 38). In our study, TCZ was applied in several selective
patients with high IL-6 levels. However, due to the insufficiency
of related evidence, guidance and specialist consensus for the
application of TCZ in COVID-19 patients is still lacking. Studies
with larger populations are expected to further confirm the
therapeutic value of TCZ against COVID-19 development. TNF-
α inhibitors, such as infliximab (Remicade) and adalimumab
(Humira), were not applied in our patients due to the lack
of related information in COVID-19 patients. However, the
therapeutic value of TNF-α for the severe immune-based
pulmonary injury caused by SARS coronavirus has been
implicated (39). Since high plasma levels of TNF-α have been
widely observed in our patients, it is worth investigating
the effects and safety of TNF-α inhibitors in the treatment
of COVID-19.

This study still has several limitations. First, several pieces
of cardiac information, such as echocardiography data and
electrocardiography data, were lacking in this study, which
limited the evaluation of myocardial injury. Second, plasma
levels of certain inflammatory cytokines, such as granulocyte-
colony stimulating factor, monocyte chemoattractant protein-1
andmacrophage inflammatory protein 1-α (chemokine ligand 3),
were not tested in our study. Finally, this study only involved
64 patients, and further studies with larger populations or
multicenter study should be performed to confirm our results.
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CONCLUSION

This study demonstrated that myocardial injury was a
common complication of COVID-19, and myocardial
injury was associated with the occurrence of adverse events
and a high mortality rate. The positive correlation of high
inflammatory burden with the incidence of myocardial injury
was further revealed in critically ill patients with COVID-19
in this study.
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Background: Cardiometabolic morbidity and medications, specifically Angiotensin

Converting Enzyme inhibitors (ACEi) and Angiotensin Receptor Blockers (ARBs), have

been linked with adverse outcomes from coronavirus disease 2019 (COVID-19). This

study aims to investigate, factors associated with COVID-19 positivity in hospital for

1,436 UK Biobank participants; compared with individuals who tested negative, and

with the untested, presumed negative, rest of the cohort.

Methods: We studied 7,099 participants from the UK Biobank who had been

tested for COVID-19 in hospital. We considered the following exposures: age, sex,

ethnicity, body mass index (BMI), diabetes, hypertension, hypercholesterolaemia,

ACEi/ARB use, prior myocardial infarction (MI), and smoking. We undertook comparisons

between (1) COVID-19 positive and COVID-19 negative tested participants; and (2)

COVID-19 tested positive and the remaining participants (tested negative plus untested,

n = 494,838). Logistic regression models were used to investigate univariate and

mutually adjusted associations.

Results: Among participants tested for COVID-19, Black, Asian, and Minority ethnic

(BAME) ethnicity, male sex, and higher BMI were independently associated with a

positive result. BAME ethnicity, male sex, greater BMI, diabetes, hypertension, and

smoking were independently associated with COVID-19 positivity compared to the

remaining cohort (test negatives plus untested). However, similar associations were

observed when comparing those who tested negative for COVID-19 with the untested

cohort; suggesting that these factors associate with general hospitalization rather than

specifically with COVID-19.
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Conclusions: Among participants tested for COVID-19 with presumed moderate to

severe symptoms in a hospital setting, BAME ethnicity, male sex, and higher BMI are

associated with a positive result. Other cardiometabolic morbidities confer increased risk

of hospitalization, without specificity for COVID-19. ACE/ARB use did not associate with

COVID-19 status.

Keywords: coronavirus disease 2019, UK Biobank, ethnicity, sex, obesity, cardiometabolic disease, Angiotensin

Converting Enzyme inhibitors, Angiotensin Receptor Blockers

INTRODUCTION

Coronavirus disease 2019 (COVID-19), the clinical illness caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has reached pandemic levels. There has been growing
recognition that patients with underlying cardiometabolic
morbidities may be suffering higher rates of infection and a
more severe disease course than the general population (1–
3). Debate has ensued regarding whether these observations
relate to the conditions themselves or the medications with
which they are treated. In particular, some have suggested a
mechanistic role for Angiotensin Converting Enzyme inhibitors
(ACEi) or Angiotensin Receptor Blockers (ARBs) (4). However,
recent reports have not produced convincing evidence for the
specific association of ACEi/ARBs with poorer outcomes (4–6).
Cardiometabolic diseases are common and ACEi/ARBs are used
by many vulnerable patients. It is therefore important to better
understand the augmented risk associated with cardiometabolic
factors and ACEi/ARB use with COVID-19, to inform clinical
practice and guidance to patients.

The UK Biobank (UKB) is a large cohort study comprising
data from over 500,000 participants from across the UK,
characterized in detail at baseline (2006–2010), and with linkages
to Hospital Episode Statistic (HES) data. In response to the
COVID-19 pandemic, the UKB facilitated rapid release of
COVID-19 testing data for its participants through linkage with
Public Health England (7), providing a unique opportunity to
study the effects of many well-defined exposures on COVID-
19 status.

The aim of this study is to investigate the association of
demographic factors (age, sex, ethnicity), cardiometabolic
profile [body mass index (BMI), diabetes, hypertension,
hypercholesterolaemia, prior myocardial infarction (MI),
smoking], and ACEi/ARB use with COVID-19 positivity in
hospital using data from UKB.

METHODS

Setting and Study Population
UKB is a prospective cohort study including over 500,000
participants from across the UK. Individuals aged 40–69 years
old identified via National Health Service (NHS) registers
were recruited over a 4-year period between 2006 and
2010. Participants underwent detailed baseline assessment
including characterization of socio-demographics, lifestyle,
medical history, and a series of physical measures. The

protocol is publicly available (8). Linkages with HES data
permit longitudinal tracking of health outcomes for all
participants with conditions recorded according to international
classification of disease (ICD) codes. In addition, UKB has
produced algorithmically defined outcome data for incidence
of key illness, such as MI, through integration of data
from multiple sources (9). The latest data release (24th June
2020) includes test results from 16th March to 14th June.
In the UK, until the 18th of May 2020, testing was almost
entirely limited to hospital settings, after this date, testing
was extended to the community. Therefore, we consider a
positive test performed up to the 18th of May as indicative of
hospitalization, beyond this date we required explicitly labeling
of the sample as “inpatient.” Testing was based on a real-
time polymerase chain reaction (RT-PCR) assay antigen test;
for most participants the sample tested was from combined
nose and throat swab; for patients in intensive care lower
respiratory samples may have been used. Thus, we defined a
cohort of participants who were tested for SARS-CoV-2 whilst
admitted to hospital, and therefore are likely to have a relatively
severe presentation.

Statistical Analysis
Statistical analysis was performed using R Version 3.6.2 (10),
and RStudio Version 1.2.5019 (11). We considered the following
exposures: age, sex, ethnicity, body mass index (BMI), diabetes,
hypertension, high cholesterol, ACEi/ARB use, prevalent MI,
and smoking. The cardiometabolic and demographic factors
were selected based on existing reports of their potential
association with COVID-19 outcomes (3, 12, 13). ACEi/ARBs
were considered due to reports of potential mechanistic role of
these medications in the clinical course of COVID-19 (4). We
used age, sex, and ethnicity (White vs. BAME) as recorded at
baseline. BMI was calculated from height and weight recorded at
baseline. Smoking status was based on self-report. Hypertension,
diabetes, and hypercholesterolaemia were defined through cross-
checking across self-report and HES data. A list of ICD codes
used is available in Supplementary Table 1. Information on
prior MI was obtained from the UKB algorithmically defined
health outcomes. ACEi/ARB use was determined from self-report
(Supplementary Table 2). We considered the effect of ACEi and
ARBs both separately and as an aggregate variable. We created
three cohorts: test positives, test negatives, and the untested
cohort (Figure 1). Individuals who were tested, but with unclear
hospitalization status were excluded from the analysis. We firstly
compared the COVID-19 test positive cohort with the combined
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FIGURE 1 | Summary of COVID-19 testing and results for UK Biobank

participants. Data includes COVID-19 test results from 16/03/2020 to

14/06/2020. During this time period, 7,688 participants, of the whole UK

Biobank cohort (n = 502,506) have been tested for COVID-19. 7,099 were

likely in a hospital setting, of whom 1,439 participants had a positive result and

5,660 tested negative. The remaining participants (n = 494,838) have not

been tested.

cohort of test negatives and the untested UKB population. In
order to investigate possible bias relating to hospitalization status,
we also considered the importance of these exposure variables
in two further comparisons: test positives vs. test negatives
and test negatives vs. untested population. We used logistic
regression models to elucidate univariate and then multivariate
associations. There was no evidence of multicollinearity with
variance inflation factor (VIF) <2.0 for all covariates. As the
observed association with ethnicity was strong, we tested for
potential interaction effects between ethnicity and all tested
covariates inmultivariate models.We present odds ratio (OR) for
each exposure with the corresponding 95% confidence interval
(CI) and p-value. Given the low background prevalence of
COVID-19 positivity, the odds ratios can be interpreted as
relative risks.

RESULTS

Baseline Characteristics
Of the 7,668 UKB participants tested for COVID-19, 7,099 were
likely in a hospital setting and are included in this analysis
(Table 1, Figure 1), of these 1,439 tested positive and 5,660 tested
negative. There was no record of testing for the remainder of the
UKB cohort (n= 494,838) (Figure 1).

In comparison to the untested cohort, the COVID-19 positive
cohort were predominantly male (52.9% vs. 45.5%), had a
greater proportion of BAME individuals (12.9% vs. 5.3%), and
an all-round poorer cardiometabolic profile, with higher BMI,

higher rates of smoking, prior MI, diabetes, hypertension, and
high cholesterol; they also reported greater use of ACEi/ARB
agents (21.8% vs. 14.3%). However, comparing the COVID-19
positive cohort with the tested negative cohort (n = 5,660),
the differences were much less pronounced, as the test negative
cohort also had a globally poorer cardiometabolic profile than the
untested population.

Association of Exposures With COVID
Status
COVID-19 Positive vs. Not COVID-19 Positive (Tested

Negative Cohort Plus Untested Cohort)
We first tested whether there were univariate associations
between exposures and COVID-19 positives (n = 1,439) vs.
not COVID-19 positives (including tested negative and untested
cohort, n = 500,498). Univariate associations were significant
for all covariates considered, except age. In multivariate
models, the independent predictors of COVID-19 positivity were
younger age, male sex, BAME ethnicity, greater BMI, diabetes,
hypertension, and smoking (Table 2, Figure 2: Comparison 1).

COVID-19 Positive vs. COVID-19 Tested Negative
Wenext considered associations between exposures andCOVID-
19 positives (n = 1,439) vs. tested negative cohort (n =

5,660). Within this sample, the univariate predictors of positivity
were male sex, younger age, BAME ethnicity, greater BMI,
and diabetes. These variables, with the exception of diabetes,
remained statistically significant in the multivariate model with
mutual adjustment for all other covariates (Table 2, Figure 2).
The greatest magnitude of effect related to ethnicity; BAME
individuals had almost twice the likelihood of a COVID-19
positive result compared toWhite ethnicities in the fully adjusted
models [OR 1.95, 95% CI (1.60, 2.36)]. There was no evidence
of interaction effect with ethnicity and any of the other covariates
(Supplementary Table 3). Compared with women, men had 22%
greater odds of a COVID-19 positive test [OR 1.22, 95% CI
(1.08, 1.38)]. For every 5 kg/m2 increase of BMI, there was 9%
greater odds of COVID-19 positive status (Table 2, Figure 2:
Comparison 2). There was a negative association with age, this
may reflect older age of participants admitted to hospital for
reasons other than COVID-19; alternatively, it may be an artifact
of the data related to the narrow age range in the sample. Notably,
there was no significant association between ACEi/ARB use and
COVID-19 status, which was consistent when testing effect of
ACEi and ARBs separately (Supplementary Table 4).

COVID-19 Tested Negatives vs. Untested Population
Finally, we investigated associations between the exposures with
a negative test (n = 5,660) vs. untested UKB population (n
= 494,838). There were significant univariate associations for
all covariates considered. In the multivariate model, BAME
ethnicity, older age, higher BMI, diabetes, hypertension, high
cholesterol, previousMI, and smoking were significant predictors
of a having a negative test, and therefore of presenting to hospital,
perhaps with respiratory symptoms, compared to not being
tested (Table 2, Figure 2: Comparison 3).
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TABLE 1 | Baseline participant characteristics.

COVID-19 tested

(n = 7,099)

COVID-19 positive

(n = 1,439)

COVID-19 negative

(n = 5,660)

Untested population

(n = 494,838)

Sex (Male) 3,525 (49.7%) 761 (52.9%) 2,764 (48.8%) 225,352 (45.5%)

Age* 69.11 (±8.65) 68.22 (±9.19) 69.34 (±8.49) 68.24 (±8.10)

White ethnicity 6,498 (91.5%) 1,242 (86.3%) 5,256 (92.9%) 465,681 (94.1%)

BAME ethnicity 562 (7.9%) 185 (12.9%) 377 (6.7%) 26,429 (5.3%)

BMI (kg/m2 ) 27.66 [24.78, 31.13] 27.97 [25.18, 31.50] 27.58 [24.69, 31.02] 26.7 [±24.13, 29.89]

Smoking** 3,663 (51.6%) 732 (50.9%) 2,931 (51.8%) 221,478 (44.8%)

Prior MI 557 (7.8%) 103 (7.2%) 454 (8.0%) 20,227 (4.1%)

Diabetes 1,029 (14.5%) 241 (16.7%) 788 (13.9%) 38,046 (7.7%)

Hypertension 3,338 (47.0%) 676 (47.0%) 2,662 (47.0%) 171,415 (34.6%)

High cholesterol 2,388 (33.6%) 477 (33.1%) 1,911 (33.8%) 115,133 (23.3%)

ACEi† 1,117 (15.7%) 227 (15.8%) 890 (15.7%) 50,635 (10.2%)

ARB† 418 (5.9%) 87 (6.0%) 331 (5.8%) 20,416 (4.1%)

Data are n (%), mean (standard deviation), or median [interquartile range]. COVID-19 data includes test results from 16/03/2020 to 14/06/2020 from hospital settings. *We report age

of participants as of 01/04/2020. **Smoking includes current and previous smoking.
†
ACEi/ARB use is defined as a binary measure, defined as true if record of any of medications

in Supplementary Table 2. ACEi, Angiotensin Converting Enzyme inhibitor; ARB, Angiotensin Receptor Blocker; BAME, Black, Asian, and Minority ethnic; BMI, body mass index;

COVID-19, coronavirus 2019.

TABLE 2 | Odds Ratios, 95% confidence intervals, and p-values for each exposure from univariate and multivariate logistic regression models in the three defined

comparisons**.

Comparison 1 Comparison 2 Comparison 3

Predictors Univariate Models Multivariate Model Univariate Models Multivariate Model Univariate Models Multivariate Model

Male sex 1.34* [1.21, 1.49] 1.19* [1.07, 1.32] 1.18* [1.05, 1.32] 1.22* [1.08, 1.38] 1.14* [1.08, 1.20] 1.00 [0.95, 1.06]

3.07 × 10−8 0.0017 0.0061 0.0012 7.68 × 10−7 0.9759

Age (per 5 years) 1.00 [0.97, 1.03] 0.96* [0.93, 1.00] 0.93* [0.90, 0.96] 0.94* [0.90, 0.97] 1.09* [1.07, 1.11] 1.03* [1.01, 1.05]

0.8620 0.0316 1.17 × 10−5 9.64 × 10−4 5.81 × 10−24 0.0013

BAME ethnicity 2.62* [2.23, 3.05] 2.47* [2.10, 2.89] 2.08* [1.72, 2.50] 1.95* [1.60, 2.36] 1.26* [1.14, 1.40] 1.27* [1.14, 1.41]

4.58 × 10−34 5.58 × 10−28 1.59 × 10−14 2.07 × 10−11 1.29 × 10−5 1.70 × 10−5

BMI (per 5kg/m2) 1.30* [1.24, 1.36] 1.19* [1.13, 1.25] 1.10* [1.04, 1.16] 1.09* [1.03, 1.16] 1.19* [1.16, 1.22] 1.09* [1.06, 1.12]

2.19 × 10−29 7.63 × 10−11 3.62 × 10–4 0.0031 4.47 × 10−42 3.78 × 10−9

Diabetes 2.39* [2.08, 2.74] 1.52* [1.29, 1.79] 1.24* [1.06, 1.45] 1.17 [0.98, 1.41] 1.94* [1.80, 2.09] 1.34* [1.23, 1.46]

7.39 × 10−35 3.72 × 10−7 0.0066 0.0882 1.05 × 10−65 2.80 × 10−11

Hypertension 1.66* [1.50, 1.84] 1.25* [1.09, 1.43] 1.00 [0.89, 1.12] 0.98 [0.84, 1.14] 1.68* [1.59, 1.77] 1.28* [1.20, 1.37]

8.27 × 10−22 0.0010 0.9704 0.7727 1.27 × 10−82 5.90 × 10−13

High cholesterol 1.62* [1.45, 1.81] 1.12 [0.97, 1.28] 0.97 [0.86, 1.10] 0.95 [0.81, 1.11] 1.68* [1.59, 1.78] 1.19* [1.11, 1.27]

5.20 × 10−18 0.1234 0.6592 0.5006 3.31 × 10−75 1.52 × 10−6

ACEi/ARB 1.65* [1.45, 1.87] 1.04 [0.89, 1.22] 1.01 [0.88, 1.17] 0.99 [0.83, 1.19] 1.64* [1.54, 1.75] 1.04 [0.96, 1.13]

7.54 × 10−15 0.5885 0.8563 0.9468 2.31 × 10−51 0.3193

Prior MI 1.79* [1.45, 2.17] 1.18 [0.94, 1.46] 0.88 [0.70, 1.10] 0.85 [0.66, 1.08] 2.05* [1.85, 2.25] 1.39* [1.25, 1.54]

1.41 × 10−8 0.1377 0.2770 0.1893 1.70 × 10−47 1.02 × 10−9

Smoking 1.27* [1.15, 1.41] 1.26* [1.13, 1.40] 0.96 [0.86, 1.08] 1.02 [0.90, 1.15] 1.33* [1.26, 1.40] 1.24* [1.17, 1.31]

4.58 × 10−6 3.02 × 10−5 0.5348 0.7369 5.91 × 10−26 9.40 × 10−15

**Comparison 1: COVID-19 positive (n = 1,439) vs. not COVID-19 positive (tested negative plus untested cohort) (n = 494,838); Comparison 2: COVID-19 positive (n = 1,439) vs.

COVID-19 test negative (n = 5,660); Comparison 3: COVID-19 test negative (n = 5,660) vs. untested population (n = 494,838). Results are odds ratio, 95% confidence interval, and

p-value (from top to bottom) for each exposure. For continuous variables (age, BMI) coefficients refer to the effect on odds of the outcome per five unit increase in the exposures, i.e.,

5-year increase in age and 5 kg/m2 increase in BMI. The remaining exposures are set as binary measures with results showing effect of change from non-disease to disease states, male

sex vs. female sex, BAME ethnicity vs. White ethnicity; smoking history (current/previous) vs. never smoked; ACEi/ARB use vs. no ACEi/ARB use on odds of the outcome. *Indicates p

< 0.05. ACEi, Angiotensin Converting Enzyme inhibitor; ARB, Angiotensin Receptor Blocker; BMI, body mass index; coronavirus 2019: COVID-19; BAME, Black, Asian, and Minority

ethnic; MI, myocardial infarction.
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FIGURE 2 | Odds Ratios and 95% confidence intervals for each exposure from the multivariate logistic regression models in the three different comparisons*.

*Comparison 1: COVID-19 positive (n = 1,439) vs. not COVID-19 positive (tested negative plus untested cohort) (n = 494,838); Comparison 2: COVID-19 positive (n

= 1,439) vs. COVID-19 test negative (n = 5,660); Comparison 3: COVID-19 test negative (n = 5,660) vs. untested population (n = 494,838). Results are odds ratios

with 95% confidence intervals. Dashed lines represent non-significant and solid lines statistically significant results, with threshold at p < 0.05.

DISCUSSION

Summary of Findings
In this analysis of 7,099 UKB participants tested for COVID-19 in
a hospital setting, BAME ethnicity, younger age, male sex, greater
BMI, diabetes, hypertension, and smoking were independently
associated with COVID-19 positive test in comparison to the
rest of the cohort (tested negatives plus untested). However,
within the tested sample, a positive result was more likely
for men, BAME individuals, younger ages, and with greater
BMI. Indeed, when compared with the background population,
the pattern of associations between exposures and COVID-19
positive was similar to that for COVID-19 test negative. These
findings suggest that BAME ethnicity, male sex, and higher BMI
have specific relevance to COVID-19, whilst the other exposure
associations between COVID-19 positive and the remainder
of the population reflect morbidities associated with general
requirement for hospitalization, without specificity to COVID-
19. Furthermore, as testing was in a hospital setting, these
associations relate specifically to the more severe end of the
COVID-19 manifestations requiring hospitalization. Notably,
ACEi/ARB usage was not associated with COVID-19 status.

Comparison With Existing Literature
With the rapid global spread of COVID-19, understanding
the determinants of infection risk and severity is a priority.
Differences in ethnic background are known to contribute
to differences in patterns of a number of diseases, including
influenza (14), due to different genetic susceptibilities and
environmental exposures (15). In the UK, national audit data
demonstrates as many as one-third of COVID-19 patients

admitted to intensive care are from BAME backgrounds; a rate
which is disproportionate to their representation among the
general UK population (16). In our study, BAME ethnicity had
specific association with higher risk of COVID-19 positive status
that appeared independent from often-quoted confounders of
cardiovascular and metabolic morbidity that are known to be
higher in prevalence in BAME cohorts (17). Having accounted
for cardiometabolic morbidity, the possible explanations for
this association remain numerous (18), gravitating around
both genetic and social factors; behavioral, cultural, and
socioeconomic differences, including health-seeking behavior
and intergenerational cohabitation are all likely to play a role in
the strong disparity observed in our study, providing key targets
for both further research and public health policy. Initial studies,
demonstrate complex interplay of biological and socio-economic
factors and highlight need for urgent research in this area (19).

Since the first reports emerging from China at the beginning
of the outbreak, it has been widely recognized that males suffer
higher rates of infection and poorer outcomes compared to
females; with reported distributions of approximately three-
fifths men and two-fifths women (20, 21). The reasons for
this are unclear. Animal studies demonstrate, that in mice
infected with SARS-CoV, estrogen-deplete status either due
to male gender or ovariectomy is associated with higher risk
of acute respiratory distress syndrome (ARDS), indicating a
possible protective role of estrogen signaling (22). Men are
known to have higher burden of cardiovascular disease than
women up to the perimenopausal years; and thus, lower
cardiometabolic morbidity among women in the younger cohort
has been postulated to contribute to better outcomes. However,

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 July 2020 | Volume 7 | Article 13856

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


Raisi-Estabragh et al. Renin-Angiotensin System Blockers and COVID-19

we demonstrate that in our study population, the association
between male sex and higher infection rates was independent
of cardiometabolic disease. Furthermore, male sex appears
significant in our sample comprising an older cohort with
almost all women being post-menopause, indicating that sex-
differential disparities in COVID-19 disease severity relate to
factors other than immediate-term estrogen exposure. Thus, our
findings suggest that the higher risk of COVID-19 in men is not
sufficiently explained by the estrogen pathway or greater burden
of cardiometabolic disease.

Obesity is a global health issue, rising in prevalence and public
health burden in both developed and developing countries.
Patients who suffer from obesity are known to be at increased
risk of a number of conditions, including cardiometabolic
and respiratory disease, contributing to a poor physiological
reserve. It is already known that patients with obesity have
worse outcomes from influenza infection (23, 24). With the
wealth of emerging research on COVID-19, concern has grown
over the association between obesity and poor outcomes of
infection (25); with studies consistently demonstrating higher
rates of critical or intensive care requirement among individuals
with higher BMI (26–28). Similar to ethnicity, the relationship
between obesity and severe infection must be isolated from the
confounding of obesity-related comorbidity. In our study, we
demonstrate the distinct role of obesity from that of associated
cardiometabolic diseases; with the major finding that obesity, and
not its comorbidities, had independent and specific association
with COVID-19 positivity. This is of important relevance, as
mechanistic understanding of the reason behind this association
may provide therapeutic insight. For example, obesity enhances
risk of thrombosis, which has been a recent focus of interest
given concern over a possible association between COVID-19
and prothrombotic intravascular coagulation (29). The results
of our study provide useful information for risk stratification
of patients, highlight important avenues for further research,
and emphasize the public health-level importance of continued
targeting of obesity.

Several reports hypothesize potential mechanistic links
between ACEi/ARB usage and adverse outcomes from COVID-
19 (4). SARS-CoV-2 has been shown to exhibit specific tropism
for the angiotensin-converting enzyme 2 (ACE2) receptor; by
which means it enters the cells and establishes itself in the
host (30). The expression of ACE2 receptors in epithelial
cells of the lung, intestine, kidney and endothelium may be
increased in those treated with ACEi/ARBs, thereby facilitating
entry and multisystem manifestations of COVID-19 (31, 32).
The relationship between COVID19 infection risk and use
of ACEi/ARBs has been a matter of debate since the early
days of the outbreak, but recent studies have revealed a
lack of independent association when morbidity variables,
including atherosclerotic cardiovascular disease, heart failure
and cardiometabolic diseases such as diabetes and hypertension
were accounted for (4, 5). Furthermore, a recent study from
Spain demonstrates no association between ACEi/ARB use and
COVID-19 mortality or requirement for intensive care (33).
Findings from our sample are consistent with these reports,
demonstrating univariate association with ACEi/ARB use which

becomes non-significant after adjustment for cardiometabolic
and demographic factors.

Strengths and Limitations
UKB is a comprehensive data source, incorporating a large
sample with linkages to prospectively tracked health outcomes
recorded in a standardized manner using ICD codes, enabling
reliable and up-to-date definition of morbidities. The rapid
release of COVID-19 testing data provides a huge opportunity
to examine association of a large number of exposures with
COVID-19 status and outcomes. Due to the observational
study design, we cannot comment on causal relationships
from the results, however, the prospective nature of the study
ensures confident temporal separation of exposure and outcome.
Whilst analyses using the whole UK Biobank cohort of over
500,000 people may detect very small associations which are
unlikely to be clinically significant, we studied a subset of
much more modest sample size, with exposures and covariates
chosen on the basis of prior literature and biological plausibility
with the magnitude of relationships observed likely to be
clinically meaningful. Further research in different cohorts
would be helpful in better understanding the impact of the
exposures studied. Whilst we can be reasonably confident
about hospitalization status of the tested cohort in this study,
there is uncertainty about the degree of symptoms. We
acknowledge that there are local variations in testing approaches
and that conclusions regarding disease severity drawn from
hospitalization status alone have limitations. Studies in cohorts
with more granular outcome data are needed. Furthermore,
our results cannot be generalizable to asymptomatic or mildly
symptomatic patients.

CONCLUSIONS

This work highlights specific associations of BAME ethnicity,
male sex, and higher BMI with COVID-19 positive status, which
were independent of other demographic or cardiometabolic
factors. More detailed characterization of these associations
in larger and more diverse cohorts is warranted, particularly
with regards ethnicity. Investigation of potential biological
pathways underlying these observed associations may
provide insight into the mechanisms by which SARS-CoV-
2 causes disease enabling more informed pursuit of potential
therapeutic targets.
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The high mortality observed in Covid-19 patients may be related to unrecognized

pulmonary embolism, pulmonary thrombosis, or other underlying cardiovascular

diseases. Recent data have highlighted that the mortality rate of Covid-19 seems to be

higher in male patients compared to females. In this paper, we have analyzed possible

factors that may underline this sex difference in terms of activity of the immune system

and its modulation by sex hormones, coagulation pattern, and preexisting cardiovascular

diseases as well as effects deriving from smoking and drinking habits. Future studies are

needed to evaluate the effects of sex differences on the prevalence of infections, including

Covid-19, its outcome, and the responses to antiviral treatments.

Keywords: Covid-19, mortality, gender difference, immune system, sex hormones, smoking habit, coagulation

pattern, cardiovascular diseases

INTRODUCTION

All countries around the world are facing the COVID-19 emergency. As of June 22nd, more than
9,118,000 people have contracted the disease, and deaths have exceeded 471,0001.

From a pathogenetic point of view, the progression of COVID-19 follows three main stages (1).
The first stage, which approximately occurs in the initial 1–2 days, represents the phase in which
the SARS-CoV-2 binds to epithelial cells and starts replicating. The human angiotensin-converting
enzyme 2 (ACE2) receptor and TMPRSS2 are the main proteins involved in the cell entry of
SARS-CoV-2 (2, 3). This phase is asymptomatic, and the innate immune response is limited. The
second stage starts once the virus migrates down the respiratory tract. This phase is symptomatic
with clear airway response and the innate immune response is triggered. An increase in the level of
CXCL10 or other innate response cytokine is observed (4, 5). Indeed, this is the stage in which the
so-called “cytokine storm” arises. Lastly, about 20% of patients with COVID-19 progress to a third
stage, which is the most severe, and this stage is characterized by serious respiratory symptoms that
include hypoxia, ground glass infiltrate, and progression to acute respiratory distress syndrome
(ARDS). This stage can be further aggravated by organ failure and sepsis, potentially progressing
to patient’s death (6). At this stage, an aggressive immunomodulatory therapy is probably needed
to prevent the onset of serious clinical consequences, such as the Disseminated intravascular
coagulation (DIC) and the subsequent consumption coagulopathy (7). Indeed, as recently reported
by a group of Italian researchers, the high mortality observed among Covid-19 patients may
be somewhat due to unrecognized pulmonary embolism and pulmonary in situ thrombosis.
Therefore, they suggested that a better understanding of Covid-19-related thromboembolic risk

1https://www.worldometers.info/coronavirus/ (accessed May 10, 2020).
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would help to optimize diagnostic strategies but also the proper
pharmacological management of patients with Covid-19 (8).

Data shared by Global Health 50/50, an internationally
selected company that promotes gender equality in healthcare,
revealed a higher proportion of deaths for Covid-19 in men
than women in almost all countries. In Italy, according to data
reported in the bulletin of integrated surveillance (update of
April 23rd, 2020), deaths in men are approximately double
compared to that of women (17.1 vs. 9.3%). Similar findings
were reported in Greece, Holland, Denmark, Belgium, Spain,
China, and the Philippines2. A study carried out by Liu et al.
on 4,880 patients with respiratory symptoms or close contact
with Covid-19 patients in a hospital in Wuhan showed that
there was a significant higher rate in positivity to SARS-CoV-
2 in males and the elderly population (>70 years), although
only age was recognized as a risk factor (9). Similarly, a recent
retrospective observational study showed that among critically
ill patients with SARS-CoV-2, 67% were males and that the
mortality rate was higher in males (10). In addition, a review
of data related to 1,099 patients with Covid-19 showed that
58.1% were males. Furthermore, out of 173 severe cases, 57.8%
concerned this population too (11). In addition, recent published
data from a survival analysis (12) showed that men had a
significantly higher mortality and exhibited worse symptoms
than women. Lastly, Scully et al. recently reported that the
case fatality rate for males is 1.7 times higher than for females
(P < 0.0001) (13).

Considering that sex differences are frequently observed in
many diseases, responses to drugs and the occurrence of adverse
drugs reactions (14–17)—and that many reasons may underline
these differences—in this paper, we aim to provide an overview
of factors, including those influencing the immune system
response, that possibly underline the sex and gender differences
observed in Covid-19 patients. All those factors are summarized
in Table 1.

SEX DIFFERENCES IN IMMUNE SYSTEM

Many studies, both preclinical and clinical, have analyzed the
role of the sex in immune response patterns during viral
infections. Few studies have proposed that the sex variability in
the prevalence, pathogenesis, and response to viral infections can
be related to the greater humoral and cell-mediated immune
responses of females to viral antigens (18–20). This variability is
probably the driver of a lower intensity and prevalence of viral
infections in females than males. Indeed, female patients seem to
be less susceptible to viral infections due to intense and prolonged
innate, humoral, and cell-mediated immune responses. The
higher activity of innate immune system in women, which is
mediated by Toll-like receptors, retinoic acid-inducible gene
I-like receptors, and nucleotide oligomerization domain-like
receptors, may lead to a faster and higher recognition of viral
components and consequently higher production of type 1
interferon (IFN) and inflammatory cytokines (IL-1, TNFs) (21).

2https://www.epicentro.iss.it/coronavirus/sars-cov-2-differenze-genere-
importanza-dati-disaggregati

TABLE 1 | Overview of sex- and gender-differences that could be responsible of

increased mortality rate in men with Covid-19.

Activity of the immune

system

Female patients seem to have an intense and

prolonged innate, humoral, and cell-mediated

immune response, leading to a faster and

higher recognition of viral components

Preclinical studies showed that females

might recover to a greater extent and are

better protected from death during infections

Role of sex hormones Testosterone shows suppressive effect on the

immune function, while estrogen may have

both suppressive and not suppressive effects

depending on their levels

In men androgens deficiency is associated

with increased levels of inflammatory

cytokines and increased CD4+/CD8+

T-cell ratio

Estrogens are able to induce an upregulation

in the expression of ACE2

Exogenous estrogen increases the clotting

risk in women and in biological males

undergoing gender-affirming hormonal

therapy

Sex hormones could also affect the response

to antiviral treatments or vaccines

Prevalence of

cardiovascular

diseases

Women seem to have a higher risk and

incidence of symptomatic supraventricular

tachycardia and long QT syndrome compared

with men

Men show higher risk of atrial fibrillation and

sudden cardiac death and they are more

affected by atherosclerotic cardiovascular

disease compared with women

Coagulation pattern Men have a 3.6-fold higher risk of recurrent

VTE than women

Women show higher risk of VTE during

fertile years

Smoking and drinking

habits

Smoking habit is higher in men than women

Drinking habit is higher in men than women

For instance, in the United States, the 1918 influenza pandemic
was associated with a higher mortality rate in men than women
(22). Male gender could also be associated with higher mortality
rate in herpes simplex virus-1 (HSV-1) respiratory infection.
Indeed, Brown et al. evaluated the effects of sex on susceptibility
to HSV-1 respiratory infection after repeated exhaustive exercise
(treadmill running at 36 m/min) in CD-1 mice (86 males and
89 females). The results showed that the exercise stress was
associated with increased morbidity and mortality in male mice,
while only an increase in morbidity was observed in females.
Authors suggested that females might recover to a greater extent
and are ultimately better protected from death (23). Similar
findings were found by another preclinical study carried out by
Han et al. (24), while no sex differences were found for ocular
HSV-1 infection (25).

On the other hand, the higher immune responses observed
in females may lead to increased development of symptoms
of infection in this population (26). For instance, with regard
to influenza A viruses, even though men seemed to be more
exposed to this infection, women showed higher mortality rates
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(27). During 2009 H1N1, a higher hospitalization rate was
observed in young women (28). Furthermore, females had a 2-
fold higher risk of death than males (29, 30). This could be
the consequence of the higher immune response that leads to
high levels of pro-inflammatory cytokines, including IL-1, IL-
2, IL-6, G-CSF, IP-10, and TNFα, a condition that is defined
as a “cytokine storm” and that seems to worsen symptoms
of Covid-19 infections, such as ARDS, organ failure, and
sepsis (31–33).

The Role of Sex Hormones
Apart from factors merely related to a higher/lower activity
of innate, humoral, and cell-mediated immune responses and
to the production of inflammatory cytokines, other factors,
including sex hormones, may play a key role during response
to viral infections (34). In women, the level of estrogen varies
during the menstrual cycle and falls with menopause, while,
in men, the level of testosterone remains stable up to 60
years of age. Sex hormones induce their effects through the
binding with estrogen receptors (ERα and ERβ), the androgen
receptor (AR), and progesterone receptors (PR-A and PR-
B). Innate immune cells express those receptors to varying
degrees (35). Some studies have demonstrated that testosterone
exhibits a suppressive effect on the immune function, while
estrogen may have both suppressive or not suppressive effects
depending on their levels (36–38). Data from studies carried
out in humans revealed that in men androgens deficiency is
associated with increased levels of inflammatory cytokines and
increased CD4+/CD8+ T-cell ratio compared to men with
normal level of testosterone (39, 40). On the other hand,
estrogens could affect several activities of the innate and adaptive
immune responses, showing opposite effects on the immune
system based on their level. Indeed, low doses of estrogens
seem to induce monocyte differentiation into inflammatory
DCs, leading to higher production of IL-4 and IFN-α and
activate Th1-type and cell-mediated immune responses. On the
contrary, high doses of estrogens show inhibitory activity on
innate and pro-inflammatory immune responses and enhance
Th2-type responses and humoral immune responses (36, 41).
Given the multiple effects of female hormones on immune
system functions, women may present different responses to
viral infections during the course of their lives. For instance,
during pregnancy, which represents a unique immunological
state, women seem to undergo three different stages: an initial
pro-inflammatory phase, a second one (corresponding to the
second trimester of pregnancy), which is characterized by an
anti-inflammatory state, and a third phase that is characterized
by an increase of inflammatory processes, which are useful for
uterine muscle contraction, for the delivery as well as for placenta
rejection. The succession of these pro- and anti-inflammatory
phases seems to be the results of T helper 1 (Th1)/T helper 2
(Th2) immune shifts that, in turn, could also reflect a change
in sensitivity to infectious diseases among pregnant women (42).
Indeed, the higher mortality rate of 2009 H1N1 in women was
found for those in reproductive age (20–49 years), suggesting
a role of gonadal hormones, especially during pregnancy (28).

Lastly, sex hormones could also affect the response to antiviral
treatments or vaccines. As reported by Klein (26), the efficacy
of the HSV-2 vaccine and of the recombinant glycoprotein D
(gD)-based HSV-2 vaccine against the development of symptoms
associated with genital herpes was found to be higher in women
than in men.

SEX DIFFERENCE IN CARDIOVASCULAR
DISEASES

Recent literature data showed a higher prevalence of
hypertension and coronary artery disease in patients with
severe forms of Covid-19 (43, 44), suggesting that preexisting
cardiovascular diseases may lead to a worse prognosis. According
to Wu et al. (45), an arrhythmogenic effect of Covid-19, with
occurrence of long and short QT syndrome, Brugada syndrome,
and catecholaminergic polymorphic ventricular tachycardia,
could be expected (46). These life-threatening cardiac disorders
can be the consequence of enhanced inflammation, which can
increase the duration of ventricular repolarization, by affecting
the QTc interval (47). On the other hand, heart injury can
be induced by other mechanisms, including some deriving
from the effects of ACE2 that is expressed in the lungs and
in the cardiovascular system, while other deriving from the
cytokine storm and hypoxaemia that results in myocardial
cells damage3. Indeed, inflammatory cytokines, especially
interleukin-6, increase the risk of QT interval prolongation and
life-threatening arrhythmias (48). In addition, cytokines show a
pro-atherogenic effect, including TNF-α, which activates NF-κB,
p38 MAPK, and the transcription of proinflammatory genes for
cytokines involved in the cytokine storm (49). Therefore, the
role of cytokines in worsening the cardiovascular homeostasis of
patients with Covid-19 cannot be excluded.

Some sex differences have been found in the incidence of
cardiovascular diseases. Indeed, while women seem to have
a higher risk and incidence of symptomatic supraventricular
tachycardia and long QT syndrome, men show higher risk
of atrial fibrillation and sudden cardiac death. Furthermore,
epidemiological studies demonstrated that men are more affected
by atherosclerotic cardiovascular disease compared with women.
This difference can be imputable to the clinical risk profile,
effects of sex hormones, and social attitude (50). Apart from
sex differences in the production of inflammatory cytokines
and in the incidence of cardiovascular diseases, recent evidence
shows that a sex difference in virus-targeted mechanism could
be hypothesized. As previously reported, the ACE2 receptor is
essential for the cell entry of SARS-CoV-2, but it also represents
an important enzyme of the renin-angiotensin system (RAS)
that provides protective effects in many chronic conditions,
like hypertension, cardiovascular diseases, and acute respiratory
distress syndrome. All these clinical conditions represent risk
factors for a worse prognosis in Covid-19 patients. Ruggieri
and Gagliardi have recently reported that estrogens are able to

3https://www.nature.com/articles/s41569-020-0360-5#citeas
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induce an upregulation in the expression of ACE2, which could
explain better outcome and lower death rate in women compared
to men4. Furthermore, as recently reported by Gagliardi et al.,
the gene that encodes for ACE2 is on the X chromosome,
and XX cells over-express it (51). Furthermore, the results
of a preclinical study that investigated the role of ACE2 in
angiotensin (1–7)-induced hypertension and regulation of the
RAS system in the kidney of wild type and Ace2 knockout
mice revealed some sex differences in rising of mean arterial
pressure, binding of glomerular AT1 receptor, and renal protein
expression of the neutral endopeptidase neprilysin, suggesting
that females may be protected from angiotensin (1–7)-induced
hypertension (52).

Even though the ACE2 plays an essential role in the RAS
system, it should be highlighted that a recent retrospective cohort
study, carried out on 4,480 patients with Covid-19, showed
that the prior use of ACE inhibitors or angiotensin receptor
blockers (both acting on RAS) was not significantly associated
with COVID-19 diagnosis neither with mortality or severe
disease (53).

SEX DIFFERENCE IN COAGULATION
PATTERN

The DIC is a life-threatening syndrome which leads to
disseminated and uncontrolled activation of coagulation,
thrombosis, and progressive consumption coagulopathy, leading
to an increased bleeding risk. The DIC occurs frequently in
almost 30–50% of patients with sepsis and 10% in patients with
solid tumors, trauma, or obstetric calamities. Furthermore,
the risk of DIC is higher in critically ill patients hospitalized
in ICU, for whom the prevalence of DIC is about 8.5–34%
(54). According to Tang et al., ∼71.4% of the non-survivor
patients with Covid-19 matched the grade of overt-DIC
(≥5 points) in later stages of SARS-Cov-2 pneumonia, and
76% of the non-survivors were males. On the contrary,
only the 0.6% of survivors matched the DIC criteria during
the hospital stay (55). Moreover, the DIC appears to be a
driver of disease severity. As might be expected, it is a strong
prognostic factor for poor outcome (55). Finally, microthrombi
have been reported as autopsy findings in patients with
Covid-195.

It is widely demonstrated that differential risks in men
and women for cardiovascular disease exist, especially
during premenopausal period due to female sex regulating
hormones. Moreover, once reproductive risk factors are taken
into account, men have a 3.6-fold higher risk of recurrent
venous thromboembolism (VTE) than women (56). The
pathophysiology behind this observation is unclear (57).
Indeed, it is known that deficient coagulation problems, such
as hemophilia, are under genetic control and sex-related,
so one cannot exclude that hypercoagulability might be
also affected by genetic factors (58). Furthermore, women

4https://www.gendermedjournal.it/articoli.php?archivio=yes&vol_id=3351&id=
33219
5https://www.preprints.org/manuscript/202002.0407/v2

show higher risk of VTE during fertile years, mainly as
consequence of the effects mediated by pregnancy and oral
contraceptive use. In this regard, literature data suggested that
exogenous estrogen increases the clotting risk in women and in
biological males undergoing gender-affirming hormonal therapy
(59, 60).

GENDER DIFFERENCES IN SMOKING AND
DRINKING HABITS

Compared to non-smokers, smokers generally show higher
rates of respiratory diseases, including colds, influenza, bacterial
pneumonia, and tuberculosis (61–64). Indeed, smoking habit
leads to progressive lung damage, which exposes patients to
higher risk of pulmonary bacterial and viral infections (65).
This leads to higher risk of hospitalization due to influenza
infection as well (66). Lastly, smoking represents the fourth
leading cause of death in the world (67). In the context of
Covid-19, smokers are more likely to contract the disease since
the act of smoking implies that possibly contaminated fingers
are in contact with lips, increasing the possibility of the SARS-
CoV-2 virus being transmitted from hand to mouth (68, 69).
Furthermore, smoking is also related to higher expression of
ACE2, which is involved in the process of cell entry of the
SARS-CoV-2 (70).

Generally, the percent of smoking habits is found to be
higher in men than women, since the adolescent age, even
though with differences among low- medium- and high-
income countries (71, 72). In order to evaluate the association
between smoking and Covid-19 outcomes, in terms of disease
severity, need for mechanical ventilation or intensive care
unit (ICU), hospitalization, and death, Vardavas et al. carried
out a systematic review of studies on Covid-19 patients that
included information on patients’ smoking status. Authors
highlighted that there were higher percentages of current
and former smokers among patients who accessed to ICU,
required mechanical ventilation, or who had died (73). Other
studies are strongly needed to evaluate the prevalence of
smokers among patients with severe Covid-19, but based
on current knowledge it is possible to assume that smokers
are likely to be at higher risk for severe SARS-CoV-2
infection. Therefore, smoking cessation awareness should be
strongly encouraged in order to reduce the global impact of
COVID-19 (74).

As for smoking habits, drinking is found to be higher in
men than women. Indeed, women generally drink less and
have a lower prevalence of drink problems than men (75).
Alcohol-related liver disease represents one of the main causes
of liver cirrhosis, associated with high mortality and morbidity.
A recent study, which has analyzed the prevalence, severity
and mortality of patients diagnosed with COVID-19 with
underlying chronic liver diseases, showed that this disease is
associated to higher severity and mortality also in Covid-19
patients6.

6https://www.mdpi.com/2414-6366/5/2/80/htm
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CONCLUSION

Covid-19 still represents a worldwide health emergency. In
this paper, we have analyzed possible factors that may
have contributed to a gender difference in Covid-19 clinical
outcomes, especially in the rate of death. Among possible
factors, those related to the activity of immune system and
the role of sex hormones seem to be the most important.
However, in our opinion, sex differences in cardiovascular
diseases and coagulation patterns should be considered as
well, especially considering the possible role of the cytokine
storm in inducing vascular inflammation and atherosclerosis-
related cardiovascular diseases but also gender differences
in coagulation, which can be responsible of higher risk of
thrombotic/thromboembolic phenomena in men compared

to women. Further epidemiological studies will be needed
to confirm this. Lastly, considering that women are often
underrepresented in randomized clinical trials, future studies
are needed to evaluate the effects of sex differences on the
prevalence of infections, their outcome, and responses to
antiviral treatments.
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Background: Emerging evidence shows that coronavirus disease 2019 (COVID-19)

is commonly complicated by coagulopathy, and venous thromboembolism (VTE) is

considered to be a potential cause of unexplained death. Information on the incidence

of VTE in COVID-19 patients, however, remains unclear.

Method: English-language databases (PubMed, Embase, Cochrane), Chinese-language

databases (CNKI, VIP, WANFANG), and preprint platforms were searched to identify

studies with data of VTE occurrence in hospitalized COVID-19 patients. Pooled incidence

and relative risks (RRs) of VTEwere estimated by a random-effectsmodel. Variations were

examined based on clinical manifestations of VTE (pulmonary embolism-PE and deep

vein thrombosis-DVT), disease severity (severe patients and non-severe patients), and

rate of pharmacologic thromboprophylaxis (≥60 and <60%). Sensitivity analyses were

conducted to strengthen the robustness of results. Meta-regression was performed to

explore the risk factors associated with VTE in COVID-19 patients.

Results: A total of 17 studies involving 1,913 hospitalized COVID-19 patients were

included. The pooled incidence of VTE was 25% (95% CI, 19–31%; I2, 95.7%), with

a significant difference between the incidence of PE (19%; 95% CI, 13–25%; I2, 93.2%)

and DVT (7%; 95% CI, 4–10%; I2, 88.3%; Pinteraction < 0.001). Higher incidence was

observed in severe COVID-19 patients (35%; 95 CI%, 25–44%; I2, 92.4%) than that in

non-severe patients (6%; 95 CI%, 3–10%; I2, 62.2%; Pinteraction < 0.001). The high rate of

pharmacologic thromboprophylaxis in COVID-19 patients (≥60%) was associated with

a lower incidence of VTE compared with the low pharmacologic thromboprophylaxis

rate (<60%) (19 vs. 40%; Pinteraction = 0.052). Severe patients had a 3.76-fold

increased risk of VTE compared with non-severe patients (RR, 4.76; 95% CI, 2.66–8.50;

I2, 47.0%). Sensitivity analyses confirmed the robustness of the primacy results.
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Conclusions: This meta-analysis revealed that the estimated VTE incidence was 25%

in hospitalized COVID-19 patients. Higher incidence of VTE was observed in COVID-19

patients with a severe condition or with a low rate of pharmacologic thromboprophylaxis.

Assessment of VTE risk is strongly recommended in COVID-19 patients, and effective

measures of thromboprophylaxis should be taken in a timely manner for patients with

high risk of VTE.

Keywords: COVID-19, venous thromboembolism, pulmonary embolism, incidence, thromboprophylaxis,

anticoagulation

INTRODUCTION

Coronavirus disease 2019 (COVID-19) has spread globally,
resulting in an unprecedented health crisis. As of 5 July 2020,
there has been 11,125,245 cases of COVID-19 worldwide, of
which 528,204 patients have died (1). Remarkably, emerging
evidence shows that COVID-19 is commonly complicated
by coagulopathy, and venous thromboembolism (VTE) is
considered to be a potential cause of unexplained death,
especially in severe COVID-19 patients (2, 3). A variety
of potential risk factors of VTE exist among COVID-19
patients, including virus infection, respiratory failure, mechanical
ventilation, and the use of a central venous catheter (4). The
occurrence of VTE in COVID-19 patients, which includes
pulmonary embolism (PE) and deep vein thrombosis (DVT), has
been reported in several studies (5, 6). Thrombotic complications
have been found in 31% of Intensive Care Unit (ICU) patients
with COVID-19 in a Dutch teaching hospital (5), while 23%
of PE incidence has been reported in a French hospital (7). At
present, the incidence of VTE in this viral infection remains
uncertain, however, understanding the precise incidence of
VTE in COVID-19 patients is critically important for decision
making on thromboprophylaxis. Accordingly, the present study
summarizes all available evidence for a comprehensive and
rigorous systematic review focused on VTE incidence in
hospitalized COVID-19 patients, thus providing a panoramic
view of this issue.

METHODS

This study was performed according to the standards of the
Cochrane Handbook and the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement
(8). All supporting data is available within the article and the
Supplementary File.

Data Sources and Searches
The databases of PubMed, Embase, Cochrane Library databases,
as well as the Chinese databases of the China National
Knowledge Infrastructure (CNKI), China Science and
Technology Journal Database (VIP), and the WANFANG
databases were electronically searched from inception to 8 May
2020, using search terms related to COVID-19. Full details
of the search terms used are presented in Table S1. Preprint
articles were retrieved from MedRxiv (https://www.medrxiv.

org), BioRxiv (https://www.biorxiv.org), and SSRN (https://
www.ssrn.com). The references of identified records were also
screened manually to find any further relevant articles.

Study Selection and Outcomes
To be included, studies had to meet the following entry
criteria: (1) included SARS-CoV-2 infected and hospitalized
adult patients; (2) reported the data of VTE, PE, or DVT
confirmed by computed tomography pulmonary angiography
(CTPA) and/or ultrasonography. Two authors (CZ and LS)
independently reviewed titles and abstracts of all studies, and
assessed full texts of retrieved studies, with any discrepancies
being resolved via consultation with a third author (ZG). The
primary outcomes of this study were the incidence of VTE
in hospitalized COVID-19 patients and corresponding relative
risk in comparison between severe and non-severe patients.
COVID-19 disease severity was defined according to the Clinical
Management of COVID-19 (Interim guidance 27 May 2020)
released by the World Health Organization (WHO). Criteria for
severe cases included any of the following: (1) Respiratory rate
>30 per min; (2) blood oxygen saturation (SPO2) < 93% at
rest; (3) partial pressure of arterial oxygen to fraction of inspired
oxygen ratio <300; or (4) more than 50% of lung infiltrates
within 24–48 h. Patients needing mechanical respiratory support
or presenting with septic shock or multiple organ dysfunction or
failure constituted critical cases.

Data Extraction and Quality Assessment
All data from eligible studies were abstracted using a priori
designed form, which included study characteristics (study
name; country and period; population and number), clinical
characteristics (mean age; gender ratio; previous VTE; the
comorbidities of hypertension, diabetes, and cancer; and
pharmacologic thromboprophylaxis rate), and data on VTE
(occurrence number and total number of COVID-19 patients).
The pharmacologic thromboprophylaxis rate was calculated
as follows: the number of COVID-19 patients who received
prophylactic anticoagulants (e.g., low molecular weight heparin
[LMWH] or unfractionated heparin intravenously [UFH])/
total number of COVID-19 patients in the study. A rate of
≥60% was considered as a high proportion of pharmacologic
thromboprophylaxis. The methodological quality of included
studies was assessed according to the Newcastle-Ottawa Scale
(NOS) (9). The NOS was modified according to our study design
with a total of eight scores and the following six dimensions: (1)
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representative of the cases; (2) ascertainment of the exposure; (3)
ascertainment of the outcome; (4) ascertainment of the outcome
for quality control; (5) control for factors of age and gender;
and (6) control for factors related to VTE. A study could receive
a maximum of one point for the first four dimensions and a
maximum of two points for the last two dimensions. Total scores
with ≥ 5 points represented a relatively good quality.

Data Synthesis and Statistical Analysis
All statistical analyses were performed using Stata version 13.0
(Statacorp, College Station, Texas, USA). The pooled incidence
of VTE in hospitalized COVID-19 patients and associated 95%
confidence intervals (95%CI) was calculated using a random-
effects model, and relative risks (RRs) of VTE occurrence
comparing severe with non-severe patients was also calculated.
Heterogeneity among studies was assessed using the Cochran
Q-test and I2 index, with I2 > 50% indicating considerable
heterogeneity (10). Subgroup analysis was conducted by different
manifestations of VTE (PE and DVT), severity of illness
(severe patients and non-severe patients), and the pharmacologic
thromboprophylaxis rate of patients (<60 and ≥60%). The
interaction analysis (P for interaction) was applied to evaluate
the risk difference of different subgroups. To strengthen the
robustness of the results, leave-1-out sensitivity analyses were
performed to explore whether a single study had an excessive
influence on VTE incidence. Meta-regression was conducted to
explore the potential risks associated with VTE. Funnel plots
and Begg’s test and Egger’s test were carried out to qualitatively
and quantitatively evaluate the presence of publication bias
when more than 10 studies were available in a single
analysis (11).

RESULTS

Study Selection and Study Characteristics
The process of study selection is outlined in Figure 1. A total
of 4,449 records were identified through database searching,
with 181 being from English-language databases, 31 from
Chinese-language databases, and 4,237 from preprint platforms.
Through reviewing the titles and abstracts, 28 duplicates were
removed, and 4,272 records were excluded. The remaining 149
full-text articles were reviewed and 132 articles were excluded
for the following reasons: irrelevant articles (n = 27), articles
not reporting outcome of VTE (n = 82), case report or meta-
analyses (n = 16), and repetition with another database (n =

7). Eventually, 17 retrospective studies (1, 5–8, 12–23) involving
1,913 hospitalized COVID-19 patients were included, 13 being
from English-language databases, one from a Chinese-language
database, and three from preprint platforms. Among them, six
studies reported on patients in China, while 11 studies reported
on patients in Europe, including the Netherlands, France, and
Italy. The sample size of the involved studies varied from 16
to 420 patients. The detailed characteristics of included studies
are presented in Table 1. Information of VTE and potential risk
factors are summarized in Table S2. Of 17 studies, nine involved
patients who had clinical suspicion of VTE and six included
patients who were screened by CT or ultrasound. One study

involved a population with both clinical suspicion and screening
and one did not report the related information. Among 17
studies, 10 reported on patients who were prophylactically
treated with anticoagulant therapy (Table S3), of which, five
studies reported the dosage of LMWH (2,850 IU once to
6,000 IU twice). A high pharmacologic thromboprophylaxis
rate was reported in seven studies, ranging from 66.7
to 100%.

Study Quality
All included studies satisfied the following risk bias items:
representative of the cases; ascertainment of the exposure;
ascertainment of the outcome; and ascertainment of the outcome
for quality control. In total, 13 studies (82.3%) presented both
age and gender ratio of the included patients, while seven
studies (41.2%) reported more than three clinical characteristics
(two points) and eight studies (47.1%) reported one or two
clinical characteristics (one point). Accordingly, all 17 included
studies were considered as being of relatively good quality
(Table S4).

Incidence of VTE
Figure 2 provides the full view of VTE incidence in hospitalized
COVID-19 patients. The overall pooled incidence of VTE was
25% (95% CI, 19–31%; I2, 95.7%) (Figure S1). The incidence of
PE and DVT was significantly different (Pinteraction < 0.001), with
the event rate being 19% (95% CI, 13–25%; I2, 93.2%; Figure S2)
and 7% (95% CI, 4–10%; I2, 88.3%; Figure S3), respectively.
Considering the disease severity of COVID-19, a higher
incidence was observed in severe patients (35%; 95 CI%, 25–44%;
I2, 92.4%; Figure S4) than that in non-severe patients (6%; 95
CI%, 3–10%; I2, 62.2%; Figure S5; Pinteraction < 0.001). Because
anticoagulation for thromboprophylaxis could decrease the
occurrence of VTE, the high pharmacologic thromboprophylaxis
rate of above 60% was associated with a lower incidence of
VTE (19%; 95 CI%, 10–28%; I2, 92.8%; Figure S6) when
compared to the low pharmacologic thromboprophylaxis rate
of below 60% (40%; 95 CI%, 20–60%; I2, 89.7%; Figure S6;
Pinteraction = 0.052). Sensitivity analysis, by removing a
single study at a time, confirmed the robustness of primacy
results (Table S5).

Comparison of VTE Risk With Severe vs.
Non-severe Patients
A total of 99 VTE events were found in 327 severe patients with
the event rate of 30.3%. Comparatively, 34 VTE events were
observed in 904 non-severe patients with a low event rate of
3.8%. Accordingly, severe patients were at a higher risk of VTE
compared to non-severe patients (RR, 4.76; 95%CI, 2.66–8.50; I2,
47.0%) (Figure 3). Leave-1-out sensitivity analysis was consistent
with the primacy result (Table S6).

Risk Factors Associated With VTE
Meta-regression was conducted to assess the potential risk factors
associated with VTE incidence. Seven variables (mean age,
gender ratio, previous VTE, the comorbidities of hypertension,
diabetes, cancer, and pharmacologic thromboprophylaxis rate)
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FIGURE 1 | Flow diagram for the selection of eligible studies. CNKI, China National Knowledge Infrastructure; VIP, China Science and Technology Journal Database.

were evaluated, and none of them were detected to be related to
the incidence of VTE (Table S7).

Publication Bias
The funnel plots for VTE incidence as well as PE and DVT
incidence were all asymmetrical on visual inspection. The
corresponding P-values for the Egger’s test were <0.001, <0.001,
and <0.001, and the corresponding P-values for the Begg’s test
were 0.26, 0.009, and 0.003, respectively (Figure S7). Because of
limited study numbers in comparison to severe and non-severe
patients (seven studies), a funnel plot was not performed.

DISCUSSION

The true incidence of VTE in patients with COVID-19 remains
uncertain. This is the first systematic review and meta-analysis
to provide a comprehensive overview of VTE occurrence based
on 17 retrospective studies involving 1,913 hospitalized COVID-
19 patients. The overall VTE incidence was 25%, with the event
rate of PE and DVT being 19 and 7%, respectively. Considering
disease severity, a higher incidence was observed in severe
patients (35%) than in non-severe patients (6%). Moreover, a
high pharmacologic thromboprophylaxis rate of above 60% was
associated with a lower incidence of VTE (19%) compared to
a low pharmacologic thromboprophylaxis rate of below 60%
(40%). Severe patients had a 3.76-fold increased risk of VTE
compared to non-severe patients. The prevalence of VTE in
COVID-19 patients seemed to be high, especially for severe

patients. Therefore, it is important to improve the awareness of
thromboprophylaxis for COVID-19 infection.

It was reported that a high proportion of severe and critically
ill COVID-19 patients showed major coagulation disorders (24,
25). In our meta-analysis, a higher incidence of VTE was also
found in severe patients (35%) than in non-severe patients
(6%), with a risk ratio of 4.76. The results were similar to
recent preliminary studies on COVID-19, in which the event
rate of VTE for ICU patients was 2.18–4.42 folds than that
of general ward patients (7, 20). In fact, the prevalence of
VTE appeared to be higher in ICU patients than in patients
in other disease conditions, with the mean rate of VTE
diagnosis being 12.7% (26). The higher risk of VTE in ICU
patients mainly resulted from both individual patient related risk
factors (e.g., age, history of VTE, cancer) and ICU-specific risk
factors (e.g., sedation, immobilization, central venous catheters)
(27), therefore, pharmacological VTE prophylaxis is strongly
recommended to critically ill patients by clinical guidelines (28).
It is speculated that COVID-19 is probably an additional risk
factor for VTE in hospitalized patients (29). As for severe or
critically ill patients with COVID-19, the release of large amounts
of inflammatory mediators and the application of hormones and
immunoglobulin might exacerbate the blood hypercoagulability
(23, 30). Rapid deterioration in oxygen saturation and increased
dead space ventilation could also be factors of VTE events (31).
Moreover, severe COVID-19 patients could present with a high
fever, dehydration, as well as immobilization (32), which might
also lead to VTE (33, 34). Therefore, underestimated prevalence
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TABLE 1 | Characteristics of the included studies.

Study Country/period Population/number Mean

age

(y)

Male

(%)

Previous

VTE

(%)

Hypertension

(%)

Diabetes (%) Cancer (%) Pharmacologic

thromboprophylaxis

rate (%)

Beun et al. (12) Netherlands/NR ICU/75 60.5 50 NR NR NR NR NR

Bi et al. (8) China/2020.1.11–

2020.3.10

Mild-moderate

and

severe-critical/420

NR 47.6 NR 11.7 5.7 0.2 NR

Chen et al. (1) China/2020.1.1–

2020.2.29

Mild-moderate

and

severe-critical/25

65 60 4 40 20 NR 80

Cui et al. (13) China/2020.1.20–

2020.3.22

ICU/81 59.9 46 NR 25 10 NR 0

Ding et al. (14) China/2020.1.1–

2020.2.3

NR/56 54.6 53.57 NR NR NR NR NR

Grillet et al. (7) France/2020.3.15–

2020.4.14

Non-ICU and

ICU/100

66 70 NR NR 20 20 NR

Helms et al. (15) France/2020.3.3–

2020.3.31

ICU/150 63 81.3 5.3 NR NR NR 66.7

Klok et al. (5) Netherlands/NR-

2020.4.5

ICU/184 64 76 NR NR NR 2.7 100

Li et al. (18) China/2020.1.1–

2020.2.13

Suspected PE/24 63 63.6 0 63.6 NR NR NR

Llitjos et al. (19) France/2020.3.19–

2020.4.11

ICU/26 68 77 4 85 NR NR 31

Lodigiani et al.

(20)

Italy/2020.2.13–

2020.4.10

Non-ICU and

ICU/362

66 68 0 47.2 22.7 6.4 Overall: 81.2%;

ICU: 100%; Non-ICU:

78.3%

Leonard-Lorant

et al. (17)

France/2020.3.1–

2020.3.31

Non-ICU and

ICU/106

63.3 66 NR NR NR NR 39.6

Middeldorp

et al. (21)

Netherlands/NR-

2020.4.12

Non-ICU and

ICU/198

61 66 5.6 NR NR 3.5 100

Poissy et al. (6) France/2020.2.27–

2020.3.31

ICU/107 NR NR 0.93 NR NR NR NR

Ranucci et al.

(22)

Italy/2020.3.8-

NR

ICU/16 61 93.75 0 NR NR NR 100

Tavazzi et al.

(16)

Italy/2020.2.21-

NR

ICU/54 68 83 NR NR NR NR 100

Xing et al. (23) China/NR Moderate and

severe-critical/20

NR 60 NR NR NR NR NR

NR, not reported; ICU, intensive care unit; VTE, venous thromboembolism; PE, pulmonary embolism.

of VTE and inadequate thromboprophylaxis might exist among
critically ill COVID-19 patients (35). It was reported that even
on standard doses of thromboprophylaxis, the incidence of
thrombotic complications was still as high as 31% for ICU
patients with COVID-19 infection (5). Accordingly, routinely
screening for VTE by CTPA or ultrasound, as well as the use of
full-dose anticoagulation, are now recommended for critically ill
COVID-19 patients by some experts.

To increase the awareness of thrombotic complications, the
assessment of VTE risk should be strongly recommended, for
the sake of taking timely and effective preventive measures for
patients at high risk of VTE. It is recognized that prevention
of VTE is required in all severe or critically ill patients in
absence of anticoagulation contraindication (30, 36). For mild
or moderate patients with COVID-19, determination of VTE

risk might be exerted using the PADUA risk assessment model
for medical patients and the CAPRINI prediction score for
surgical patients, as there are currently no new VTE risk
assessment models that are specialized for COVID-19 patients
(30). Therefore, measures of thromboprophylaxis could be taken
without delay in patients with high or moderate risk of VTE.
Importantly, dynamic and repeated assessment for thrombotic
risk should also be conducted in the course of treatment,
including routine coagulation tests, concomitant medications,
and invasive procedures, to adjust the antithrombotic regimen in
a timely manner. Furthermore, the regular evaluation of bleeding
risk should not be neglected in COVID-19 patients, and should
be carefully balanced against the risk of thrombosis.

Anticoagulants are definitely the cornerstone for VTE
prevention. Therefore, COVID-19 patients with high VTE risk
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FIGURE 2 | Incidence of venous thromboembolism. No., number; 95% CI, 95% confidence interval.

FIGURE 3 | Venous thromboembolism risk of severe patients vs. non-severe patients. n, number; RR, relative risk; 95% CI, 95% confidence interval.

should receive pharmacologic thromboprophylaxis, unless there
are absolute contraindications (37, 38). As found in this study, the
high pharmacologic thromboprophylaxis rate of above 60% was
associated with a lower incidence of VTE (19 vs. 40%) compared
with the low pharmacologic thromboprophylaxis rate of below
60%. A recent study involving 449 severe COVID-19 patients
revealed that LMWH users appeared to be associated with
better prognosis compared with non-users (39). Remarkably,
prophylactic daily LMWH or twice daily subcutaneous UFH are
now recommended for all hospitalized COVID-19 patients by

the WHO as well as the International Society on Thrombosis
and Haemostasis (ISTH) (23, 37, 40). Nevertheless, prophylactic
dose of anticoagulation is supposed to be insufficient to contrast
the hypercoagulable state presented by many COVID-19 patients
in response to a cytokine storm syndrome (41). A substantial
number of patients with standard doses of thromboprophylaxis
could still suffer from thrombotic complications, which was
also observed in some studies involved in our meta-analysis
(5, 16, 20). These findings are strongly suggestive of a higher
dose of anticoagulation for patients at high risk of VTE.
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Given the relatively high VTE occurrence found in early
reports, it might therefore be appropriate to conduct a universal
thromboprophylaxis strategy for all hospitalized COVID-19
patients (42), however, more evidence is needed to support
these considerations.

STRENGTHS AND LIMITATIONS

This is the first systematic review and meta-analysis that
estimates the relatively precise incidence of VTE in hospitalized
COVID-19 patients. A comprehensive search of English-
language databases, Chinese-language databases, and preprint
platforms was conducted, and a revised NOS tool was used
to assess the study quality appropriately. Subgroup analyses
were conducted by clinical manifestations, disease severity, as
well as pharmacologic thromboprophylaxis rate, to explore the
differences on VTE incidence. Nevertheless, several intrinsic
limitations still remained in this study. First, in this meta-
analysis, 17 retrospective studies with three being from preprint
platforms were included. Because of the unexpected outbreak
of COVID-19, timely information and initial experiences are
urgently needed by medical workers to decide on the most
optimal therapy for infected patients. Given that journal
publications requires peer review and is a time-consuming
process, preprints might provide a mechanism for rapidly
communicating research, although they are recognized as being
less reliable than peer reviewed journal publications. In order to
perform a comprehensive meta-analysis, we analyzed as many
studies as we could find in this field. Additionally, all studies
included were retrospective, which could inevitably introduce
heterogeneity to the results. Further studies published in journals
as well as high quality studies are therefore needed to obtain
more reliable results. Second, given the difficulty of performing
CTPA or ultrasonography under strict isolation, it might be
difficult to fully illuminate the exact prevalence and nature
of VTE in COVID-19. Third, patient-level information about
comorbidities and concomitant medication was unavailable to
explore the potential risk factors of VTE. Furthermore, whether
patients were on thromboprophylaxis or not, as well as different
pharmacologic thromboprophylaxis rates, could also contribute
to heterogeneity. In addition, the association between the
occurrence of VTE and coagulation indicators, such as D-dimers
and fibrin degradation products, was not assessed in this study.

CONCLUSION

This meta-analysis revealed that the estimated VTE incidence
was 25% in hospitalized COVID-19 patients, with the incidence
of PE and DVT being 19 and 7%, respectively. Higher incidence
was observed in severe patients (35%) than in non-severe patients
(6%). The high pharmacologic thromboprophylaxis rate was
associated with a lower incidence of VTE compared with the
low pharmacologic thromboprophylaxis rate. Assessment of VTE
risk is therefore strongly recommended in COVID-19 patients,
and effective measures of thromboprophylaxis should be taken
for patients at high risk of VTE in a timely manner.
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Although clinical manifestations of the 2019 novel coronavirus disease pandemic

(COVID-19), caused by the novel severe acute respiratory syndrome coronavirus 2

(SARS-COV-2), are mainly respiratory symptoms, patients can also develop severe

cardiovascular damage. Therefore, understanding the damage caused by SARS-COV-2

to the cardiovascular system and the underlying mechanisms is fundamental. The

cardiovascular damage may be related to the imbalance of the renin-angiotensin-system

(RAS) as this virus binds the Angiotensin-Converting-Enzyme 2 (ACE2), expressed on

the lung alveolar epithelial cells, to enter into cells. Virus internalization may cause a

downregulation of ACE2 on host cell surface that could lead to a local increased level

of angiotensin II (AII) and a reduced level of angiotensin 1-7 (A1-7). An imbalance

between these angiotensins may be responsible for the lung and heart damage.

Pharmacological strategies that interfere with the viral attachment to ACE2 (umifenovir

and hydroxychloroquine/chloroquine) or that modulate the RAS (analogous of A1-7

and ACE2, losartan) are in clinical development for COVID-19. The use of RAS

inhibitors has also become a matter of public concern as these drugs may increase

the mRNA expression and levels of ACE2 and impact the virulence and transmission

of SARS-COV-2. Data on the effect of RAS inhibitors on ACE2 mRNA expression

are scarce. Scientific societies expressed their opinion on continuing the therapy with

RAS inhibitors in patients with COVID-19 and underlying cardiovascular diseases. In

conclusion, RAS may play a role in SARS-COV-2-induced cardiac and pulmonary

damage. Further studies are needed to better understand the role of RAS in COVID-19

and to guide decision on the use of RAS inhibitors.

Keywords: COVID-19, renin-angiotensin system, SARS-COV-2, heart damage, pulmonary damage, RAS inhibitors

INTRODUCTION

The renin–angiotensin system (RAS) is a complex hormonal system composed by different
mediators that can affect the cardiovascular, renal, immune, and nervous functions (1, 2). Many
components of the RAS have been isolated from different tissues (3), including the lung (4).
This system is composed by two pathways: the classic RAS and the non-classic RAS, which have
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opposite activities, especially for renal, and cardiovascular
functions (2, 5). A component of the non-classic RAS, the
Angiotensin-Converting-Enzyme 2 (ACE2) present on the lung
surface, has been discovered to be a functional receptor for
coronaviruses, essential for triggering their infection (1). Severe
acute respiratory syndrome coronavirus 1 (SARS-COV-1) and
SARS-COV-2, which are responsible for the SARS and the more
recent coronavirus disease 2019 (COVID-19), respectively, are
both able to bind the ACE2 in the lung (6, 7). Patients affected
with COVID-19 show respiratory and flu-like symptoms, which
can be complicated by lymphopenia and interstitial pneumonia
with high levels of pro-inflammatory cytokines that can lead to
acute respiratory distress syndrome (ARDS) and organ failure
(8). Although the clinical manifestations of COVID-19 are
mainly represented by respiratory symptoms, some patients also
developed severe cardiovascular damage (9). In addition, an
increased risk of death was found in patients with cardiovascular
diseases (9).

Understanding the mechanisms by which the RAS interacts
with SARS-COV-2 is fundamental for the treatment of patients
with cardiac diseases as showed in the context of metabolic
diseases (10). Moreover, considering the interaction between
these viruses and the ACE2, concerns were also raised about the
use of RAS inhibitors in patients with COVID-19 as they may
alter ACE2 mRNA expression and levels and, in this way, impact
the virulence and transmission of SARS-COV-2 (11). Therefore,
in this review, we aim to summarize the physiological role of
the RAS, its implication in the SARS-COV-2 infection, the actual
evidence and recommendation on the use of RAS inhibitors,
and the ongoing researches of drugs with a potential for the
treatment of COVID-19 and acting either by influencing the RAS
or disrupting the viral attachment to ACE2.

CLINICAL CHARACTERISTICS OF
COVID-19

First evidence regarding the clinical characteristics of patients
with COVID-19 showed the presence of bilateral lung ground
glass opacity on computed tomography (CT) imaging (12).
CT abnormalities were observed in both asymptomatic or
symptomatic patients with SARS-CoV-2 infection, making it
a useful diagnostic tool. Asymptomatic individuals with CT
abnormalities rarely developed severe pneumonia (13). Initial
symptomswere fever, cough, dyspnea, myalgia or fatigue, sputum
production, headache, hemoptysis, and diarrhea. In most severe
cases, there was a progression to ARDS, to acute cardiac injury,
to acute kidney injury (AKI), or to shock. Other symptoms that
were identified pertained to the gastrointestinal system (nausea
and diarrhea) (12). However, other studies showed a lower
development of gastrointestinal symptoms (14, 15). Moreover, an
increase in serum lactate dehydrogenase as marker of lung tissue
damage was observed in COVID-19 patients (13), and it was
associated with higher odds of severe disease (14). Additionally,
older age and lymphopenia were identified as potential risk
factors for severe COVID-19 (13).

CLASSIC AND NON-CLASSIC RAS

The classic RAS involves as main effector peptide the
angiotensin II (AII), whose synthesis starts with the cleavage
of angiotensinogen into angiotensin I (AI) by the renin and
then its conversion into AII by the ACE (16) (Figure 1). Despite
this represent the main pathway for the AII production, also
other enzymes can be involved (5). The main effects of AII
are explained by its interaction with three receptors (AT1,
AT2, and nonAT1nonAT2). AT1 and AT2 are classified as G
protein-coupled receptors (16), while nonAT1nonAT2 seems
more prone to be an angiotensin clearance receptor or an
angiotensinase (17). The stimulation of the AT1 receptor can
induce vasoconstriction, increase the release of catecholamines
and the synthesis of aldosterone (16). Moreover, AT1 receptors
can stimulate fibrosis, inflammatory processes, reduction
of collagenase activity, and expression of mitogen-activated
protein kinase (MAPK) (2, 5). As pro-inflammatory action,
these receptors seem to be involved in several pathways:
down-regulation of the NADPH oxidase expression in smooth
muscle cells; enhancement of the production of reactive
oxygen species (ROS) and the activity of pro-inflammatory
transcription nuclear factors like nuclear factor-kappaB (NF-kB)
and E26 transformation-specific sequence (Ets) (18); release of
different types of cytokines such as TNF-α, IL-6, and MCP-1
(19); shifting of the macrophage phenotype toward the pro-
inflammatory M1 polarization state (20). The stimulation of AT2
receptors, instead, has a protective role in the RAS activation
inducing anti-inflammatory, anti-oxidative, and anti-fibrotic
effects (16).

The non-classic RAS involves, instead, other peptide
mediators and enzymes. Specifically, the main mediator is
the angiotensin 1-7 (A1-7), whose synthesis can involve two
different pathways. One starts with the cleavage of AII into
A1-7 by the carboxypeptidase ACE2, while another through the
cleavage of AI into angiotensin 1–9 (A1–9) by ACE2 and its
subsequent conversion into A1–7 by ACE (5) (Figure 1). Today,
two forms of ACE2 are recognized, one soluble and another
transmembrane, both contributing to the generation of A1-7.
The A1–7 stimulates the G protein-coupled receptor MAS1,
promoting the nitric oxide release (21), Akt phosphorylation
(22), and anti-inflammatory effects (23). Moreover, the
activation of MAS1 receptors, expressed on the macrophage
surface, inhibits the inflammatory macrophage phenotype and
the release of pro-inflammatory cytokines (5). Therefore, A1-7 is
a component of a beneficial axis of the RAS that exerts opposite
cardiovascular and renal effects compared to the ACE/AII/AT1
axis (24).

Interestingly, it has been found that human monocytes
can express ACE and ACE2 and metabolize AI to multiple
angiotensin peptides. In particular, classical monocytes
(CD14++CD16−) produce both AII and A1–9/A1–7, whereas
the non-classical subtype (CD14+CD16++) produces mainly
A1–7 (25). This indicates that ACE and ACE2 participate to
the inflammation also as components of a local RAS at sites
infiltrated by monocytes/macrophages.
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FIGURE 1 | Classic and non-classic renin-angiotensin system (RAS) and its interaction with SARS-COV-2.

SARS-COV-2 AND ACE2 IN THE LUNG

SARS-COV-2 is a betacoronavirus with a single-stranded
positive-sense RNA genome encapsulated within a membrane
envelope (26). The genome encodes for several structural
proteins, including the glycosylated spike (S) protein that is a
major inducer of host immune response. The S protein is also
important because mediates host cell invasion by SARS-COV-2
via binding to the receptor protein ACE2 present on the surface
of lung alveolar epithelial cells (host cells) (6, 27). The affinity of
S protein binding region to the extracellular domain of ACE2
has been estimated of 15 nM (27, 28). The invasion process
requires the activation of the S protein, which is facilitated by the
human androgen-sensitive transmembrane serine protease type
2 (TMPRSS211) (6, 26). Specifically, TMPRSS211 cleaves the S
protein and generates the S1 and S2 subunits. This is a critical step
as both subunits are essential for viral entry in the host cells (28).
S1 is the subunit recognized by ACE2 and the one that facilitates

viral attachment, whereas S2 is the subunit that drives membrane
fusion and viral internalization in the pulmonary epithelium (6).
The greater virulence of SARS-COV-2 compared to SARS-COV-
1 was supposed to be related to the higher affinity of S1 subunit
for ACE2 (26, 28). In fact, a Cryo-EM structure analysis revealed
that the affinity of the S protein of SARS-COV-2 to ACE2 is about
10–20 times greater than that observed with the S protein of
SARS-COV-1 (27).

Another important consideration is that the ACE2
internalization mediated by SARS-COV-2 could potentially
result in a reduced presence of ACE2 on cell surface, leading
to the absence of a key factor for AII degradation and A1-7
synthesis. An imbalance between AII and A1-7 levels may
further exacerbate the damage of lung provoked by SARS-
COV-2. Therefore, a decrease in ACE2 may contribute to
the reduction of pulmonary function and the increase of
tissue fibrosis and inflammation due to COVID-19 (28). This
hypothesis was already investigated with SARS-COV-1 infection,
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which was associated with a reduced presence of ACE2 on
cell membranes and an increased severity of lung injury (29).
Because SARS-COV-1 and SARS-COV-2 share the same cellular
invasion process, they may also share similar pathogenesis and
pathological manifestations of lung injury (29).

SARS-COV-2 AND ACE2 IN THE HEART

Potentially, once the SARS-COV-2 enters the circulation, it
can infect any tissue expressing the ACE2, including the heart
or other cardiovascular tissues (28). Evidence showed that
patients with COVID-19 had a high occurrence of cardiovascular
symptoms, in addition to respiratory ones, and that these
symptoms were also reported in patients without underlying
cardiovascular diseases (30). The National Health Commission
of China (NHC) reported that cardiovascular symptoms (such as
heart palpitations and chest tightness) occurred at the beginning
of the SARS-COV-2 infection in some of confirmed cases.
Moreover, the 11.8% of patients who died for COVID-19 but
without underlying cardiovascular diseases had substantial heart
damage (30). These data suggest the necessity of involving
cardiologists in the management of patients with COVID-
19 (31). However, the real contribute of SARS-COV-2 in the
development of myocardial injury is not clear (32). It is known
that the infection itself may directly impact cardiovascular
diseases and the development of cardiovascular complications
(30, 33). Another factor that should be considered is also the
expression in the tissue of TMPRSS211 or other proteases
able to trigger the viral entry (6). Another hypothesis for the
induction of heart damage considers the reduction of ACE2
caused by SARS-COV-2, which might exacerbate symptoms
in patients with underlying cardiovascular diseases (28, 34).
This could be due to the imbalance between the classic and
non-classic RAS in favor of AII that may further compromise
cardiac function apart from the viral infection (28). In fact,
a preclinical study shows that ACE2 knockout animal models
had a worse left ventricular remodeling in response to the
AII-induced acute injury, suggesting a protective role of non-
classic RAS in myocardial recovery (35). This finding may also
explain the heart damage found in patients with COVID-19
but without cardiovascular diseases (30). To corroborate this
hypothesis, a study demonstrated that the AII level in the plasma
sample of SARS-COV-2 infected patients was markedly high
and linearly associated with the viral load and lung injury (32).
Moreover, another study found in the 35% of heart samples
from patients with SARS the presence of viral RNA associated
with a reduced ACE2 protein expression (36). Another proposed
mechanism of myocardial injury includes the cytokine storm
(32) as the systemic inflammatory response and immune system
disorders during disease progression may be responsible for the
myocardial damage (30). Also, in this case, other than the viral
infection itself, a minor role in potentiating the inflammation
might be played by the classic RAS cascade. Moreover, needs to
be considered that also some drugs that are being investigated
for COVID-19 are potential risk factors for the cardiovascular
toxicity (31).

Finally, evidence showed that COVID-19 may produce a form
of disseminated intravascular coagulation (DIC) as the presence
of microthrombi have been reported from the autopsy of patients
with COVID-19 (37). To date, the exact causes of DIC are many
and unclear. Potential suggested mechanisms are as follows:
inflammation (e.g., IL-6) stimulates the synthesis of fibrinogen
(38); or the virus may directly bind to endothelial cells; or a
mutual relationship between DIC and cytokine storm (wherein
each exacerbates the other) exists.

CONCERNS, EVIDENCE AND
RECOMMENDATION ON THE USE OF RAS
INHIBITORS IN PATIENTS WITH COVID-19

Concerns were raised on the use of RAS inhibitors in patients
with COVID-19 as the use of these drugs may determine an
increase of ACE2 and then of SARS-COV-2 virulence (11, 30).
Among drugs able to inhibit the RAS, there are renin inhibitors,
ACE inhibitors, and the Angiotensin Receptor Blockers (ARBs).
ACE inhibitors and ARBs are among drugs most commonly
used worldwide for the treatment of cardiovascular diseases.
Therefore, concerns on their use in patients with COVID-19 are
even more important. Initial evidence showed that patients with
COVID-19 and coexisting cardiovascular conditions had a more
severe illness, a more frequent admission to the intensive care
unit, were more prone to receive mechanical ventilation, or to
die (11). The first hypothesis was that the medical management
of these conditions, including the use of RAS inhibitors, may
have contributed to the adverse health outcomes. So far, there
is no rigorous report accounting for key factors as potential
confounders in risk prediction; moreover, available evidence on
the effect of RAS inhibitors on ACE2 mRNA expression and
levels are conflicting and scarce, highlighting also the absence of
data on lung-specificmRNA expression of ACE2 (11). Researches
have also suggested that this effect of RAS inhibitors may not
be uniform among molecules (11, 39). Moreover, even if there
was a relationship between the RAS inhibition and the up-
regulation of ACE2, there is no evidence demonstrating a causal
relationship between the ACE2 activity and the SARS-COV-2
associated mortality (40). Furthermore, the presence of ACE2
on cell surface may not be the only factor participating in the
infection process. In fact, additional co-factors might participate
in the cell invasion process as SARS-COV-1 infection was not
observed in some cells expressing ACE2 on the surface, whereas
it was found in cells apparently without ACE2 (41). Moreover,
the lethal outcome observed in patients with COVID-19may also
be driven by the severity of the lung damage. In this regard, a
preclinical study suggested a beneficial role of RAS blockers in
limiting the SARS-COV-1-induced lung injury (42), so that, a
protective role is played by RAS inhibitors. This finding could
rise a new hypothesis in which the activation of the classic RAS,
rather than its inhibition, may predispose patients toward a more
deleterious outcome.

Finally, another aspect that should be considered is the
potential harm associated with the withdrawal of a RAS inhibitor
in a patient with a stable cardiovascular condition. In fact,
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RAS inhibitors are known to determine clinical benefits and to
protect both myocardium and kidney. Therefore, their sudden
withdrawal may expose patients to an unjustified risk related to
decompensation and symptoms exacerbation, especially in high
cardiovascular risk patients. In this regard, clinical trials have
demonstrated a rapid relapse of the dilated cardiomyopathy or
a decline of the clinical condition after the discontinuation of the
pharmacological treatment with a RAS inhibitor (43).

Moreover, there are solid evidence on the effect of RAS
inhibitors in reducing mortality in patients with cardiovascular
diseases. These drugs are indeed the cornerstone therapy for a
favorable prognosis in patients with heart failure, with the highest
level of evidence in reducing mortality (44). Finally, Scientific
Societies have expressed their opinion on the use of RAS
inhibitors, highlighting the absence of evidence suggesting an
eventual discontinuation of ACE-inhibitors, or ARBs in patients
with COVID-19. Therefore, they recommend to continue the
treatment with the usual anti-hypertensive agent in patients with
COVID-19 (45–49). This recommendation has been supported
by different observational studies published in the last few
months. In this regards, a population-based case–control study
carried out in the Lombardy region of Italy did not show any
association between the use of ARBs or ACE-inhibitors with
COVID-19 among all patients (adjusted odds ratio, 0.95 [95%
confidence interval (CI), 0.86 to 1.05] for ARBs and 0.96 [95% CI,
0.87 to 1.07] for ACE inhibitors) or among patients with a severe
or fatal course of the disease (adjusted odds ratio, 0.83 [95% CI,
0.63 to 1.10] for ARBs and 0.91 [95% CI, 0.69 to 1.21] for ACE
inhibitors) (50).

Accordingly, another Italian nested case-control study showed
no increased risk of being infected by SARS-COV-2 in patients
treated with RAS inhibitors (51). Moreover, a case-population
study showed that RAS inhibitors had an adjusted odds ratio
for COVID-19 requiring admission to hospital of 0.94 (95%
CI, 0.77 to 1.15) compared with users of other antihypertensive
drugs (52). In relation to the mortality outcome, instead, a
retrospective observational study showed similar mortality rates
between the RAS inhibitor and non-RAS inhibitor cohorts (2.2
vs. 3.6%, adjusted hazard ratio [HR] 0.85; 95% CI, 0.28 to
2.58) (53). Similarly, a Korean nationwide population-based
cohort study showed no difference for mortality between RAS
inhibitors users and non-users (adjusted odds ratio, 0.88; 95%
CI, 0.53 to 1.44) (54). Finally, a retrospective, multi-center study
demonstrated a lower risk of COVID-19 mortality in inhospital
patients with hypertension and hospitalized due to COVID-19
who received ACE inhibitor/ARB compared to those who did
not receive an ACE inhibitor/ARB (adjusted HR, 0.37; 95% CI,
0.15 to 0.89) (55). Different other published studies supported
the aforementioned findings (56–58). Moreover, it is ongoing
an observational study that will enroll about 2,000 participants
to assess if the chronic intake of RAS inhibitors modifies the
prevalence and severity of clinical manifestations of COVID-19
(ClinicalTrials.gov identifier, NCT04331574).

Clinical trials are also ongoing to assess instead clinical
benefits of continuing or not the treatment with ARBs or
ACE inhibitors in patients with COVID-19 (NCT04330300,
NCT04351581, NCT04353596, and NCT04329195). In

particular, the NCT04330300 is a randomized, open label,
parallel assignment clinical trial that will randomize patients
with primary essential hypertension who are already taking ACE
inhibitor/ARB to either switch to an alternative antihypertensive
agent or continue with the ACE inhibitor/ARB treatment. The
NCT04351581 is a randomized, single mask (outcome assessor),
parallel assignment clinical trial that will randomize hospitalized
patients with COVID-19 to continue or discontinue their
treatment with the ACE inhibitor or ARB. The NCT04353596
is also a randomized, single mask (outcome assessor), parallel
assignment clinical trial that will randomize symptomatic
SARS-CoV2-infected patients to stop/replace the chronic
treatment with the ACE inhibitor/ARB or to continue this
chronic treatment. The NCT04329195 is instead a randomized,
open label, parallel assignment clinical trial that will randomize
patients with a history of cardiovascular disease treated with
RAS blockers, and infected by SARS-CoV-2 to stop or continue
the treatment with the RAS blocker. Moreover, the substudy of
the Austrian Coronavirus Adaptive Clinical Trial (ACOVACT),
which is a randomized, controlled, multicenter, open-label
basket trial that aims to compare various antiviral treatments for
COVID-19, will also compare the sub-arm with RAS blockade
vs. no RAS blockade for patients with blood pressure >120/80
mmHg (NCT04351724). Characteristics of the ongoing clinical
trials are showed in Table 1.

NEW PHARMACOLOGICAL APPROACHES
FOR PREVENTING VIRAL ENTRY OF
SARS-COV-2 WITH A FOCUS ON THE
DISRUPTION OF S PROTEIN/ACE2
INTERACTION

To prevent viral infection, molecules like camostat
mesylate, nafamostat mesylate, gabexate, umifenovir, and
hydroxychloroquine/chloroquine are being considered (26).
Nafamostat and camostat are inhibitors of the protease
TMPRSS211 (26). Gabexate has instead multiple mechanisms
of action. It has anticoagulant and anti-platelet activities on one
hand, and it is a serine protease inhibitor with antiviral and
anti-inflammatory properties on the other (59, 60).

While these drugs act on the protease inhibition, umifenovir
and hydroxychloroquine/chloroquine directly influence the S
protein/ACE2 interaction (Table 2) (26). Hydroxychloroquine
and chloroquine, in addition to their use for malaria and
autoimmune diseases, may be effective also for the treatment
of COVID-19. These drugs are able to elevate endosomal pH
and interfere with ACE2 glycosylation (26, 70). The efficacy
of chloroquine was already demonstrated with SARS-COV-
1 infection, in which the treatment was effective either if
administrated prior or after the infection, suggesting that
chloroquine may have both a prophylactic and therapeutic use
(70). Moreover, preliminary in vitro results demonstrated that
remdesivir and chloroquine are highly effective in the inhibition
of SARS-COV-2 infection (71). Clinical findings also confirmed
the efficacy of chloroquine in terms of reduction of exacerbation
of pneumonia and duration of symptoms in a cohort of 100
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TABLE 1 | Characteristics of ongoing clinical trials on drugs acting either by influencing the RAS or disrupting the viral attachment to ACE2 in patients with COVID-19.

Clinical trial

number

Clinical

phase;

multicenter

Arms Estimated

enrollment

Primary outcome Estimated study

completion date

NCT04330300 4; No • Experimental arm: switching to an

alternative anti-hypertensive medication

(specifically a calcium channel blocker

or thiazide/thiazide-like diuretic at an

equipotent blood pressure lowering

dose). The choice of the alternative

anti-hypertensive will be at the discretion

of the patient’s treating physician.

• Comparator arm: continuing the

treatment with ACE inhibitor/ARB

2,414 1. Number of COVID-19 positive

participants who die, require

intubation in intensive care unit, or

require hospitalization for

non-invasive ventilation at 12

months. Time from randomization

to the first occurrence of any of the

clinical events above.

March 1, 2021

NCT04351581 Not reported;

No

• Experimental arm: continuing the

treatment with ACE inhibitor/ARB. The

clinicians will be encouraged to continue

the medication throughout the hospital

admission but it will be permissible for

the clinician to stop treatment if

necessary (e.g., due to hypotension).

• Experimental arm: discontinuing the

treatment with ACE inhibitor/ARB. If

hypertensive treatment is necessary

during hospital admission, the clinicians

will first be encouraged to start

non-ACE inhibitor/non-ARB treatment.

215 1. Days alive and out of hospital

within 14 days after recruitment

December 2020

NCT04353596 4; Yes • Experimental arm: chronic treatment

with ACE inhibitor or ARB will be

stopped or replaced.

• Comparator arm: no intervention, which

means to continue the treatment with

ACE inhibitor or ARB.

208 1. Combination of maximum

Sequential Organ Failure

Assessment (SOFA) Score and

death at 30 days.

2. Composite of admission to an

intensive care unit, the use of

mechanical ventilation, or all-cause

death at 30 days.

May 15, 2022

NCT04329195 3; No • Experimental arm: discontinuation of

RAS blocker therapy

• Comparator arm: continuation of RAS

blocker therapy

554 1. Time to clinical improvement from

day 0 to day 28 (improvement of

two points on a seven-category

ordinal scale, or live discharge

from the hospital, whichever

comes first)

August 9, 2020

NCT04351724

substudy

2/3; Yes • Experimental arm: candesartan at 4mg

once daily and titrated to normotension

• Comparator arm: non-RAS

antihypertensive agents titrated to

normotension. Those with normal blood

pressure may be controlled without

further treatment.

500 1. Sustained improvement (>48 h) of

one point on the WHO Scale

within 29 days (daily evaluation).

December 31,

2020

NCT04260594 4; Not

reported

• Experimental arm: umifenovir tablets (2

tablets/time, 3 times/day for 14–20

days) + basic treatment

• Comparator arm: basic treatment

• The basic treatment is based on the

condition of the patient.

380 1. Virus negative conversion rate in

the first week

December 30,

2020

NCT04252885 4; No • Experimental arm: standard treatment +

lopinavir/ritonavir. Specifically, 50

participants are given ordinary treatment

plus a regimen of lopinavir (200mg) and

ritonavir (50mg) (oral, q12h, every time

2 tablets of each, taking for 7–14 days).

125 1. The rate of virus inhibition at Day

0, 2, 4, 7, 10, 14, and 21. Novel

corona viral nucleic acid is

measured in nose/throat swab at

each time point.

July 31, 2020

(Continued)
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TABLE 1 | Continued

Clinical trial

number

Clinical

phase;

multicenter

Arms Estimated

enrollment

Primary outcome Estimated study

completion date

• Comparator arm: standard treatment +

umifenovir. Specifically, 50 participants

are given ordinary treatment plus a

regimen of umifenovir (100mg) (oral, tid,

200mg each time, taking for 7–14

days).

• No intervention arm: standard

treatment. Specifically, 25 cases are

only given ordinary treatment.

NCT04255017 4; No • Experimental arm: addition of umifenovir

(0.2 g once, 3 times a day for 2 weeks)

• Experimental arm: addition of oseltamivir

(75mg once, twice a day for 2 weeks)

• Experimental arm: addition of

lopinavir/ritonavir (500mg once, twice a

day for 2 weeks)

• No intervention arm: symptomatic

supportive treatment

400 1. Rate of disease remission at 2

weeks. Defined for mild patients

as fever, cough and other

symptoms relieved with improved

lung CT, and for severe patients as

fever, cough and other symptoms

relieved with improved lung CT,

SPO2> 93% or PaO2/FiO2 > 300

mmHg (1 mmHg = 0.133 Kpa);

2. Time for lung recovery at 2 weeks.

Defined as the comparison of the

average time of lung imaging

recovery after 2 weeks of

treatment in each group.

July 1, 2020

NCT04350684 4; No • Experimental arm: umifenovir +

interferon-β 1a + lopinavir/ritonavir +

single dose of hydroxychloroquine +

standards of care

• Comparator arm: interferon-β 1a +

lopinavir/ritonavir + single dose of

hydroxychloroquine + standards of care

40 1. Time to clinical improvement from

the date of randomization until 14

days later. Improvement of two

points on a seven-category ordinal

scale (recommended by the World

Health Organization: COVID-2019)

R&D. Geneva: World Health

Organization) or discharge from

the hospital, whichever came first.

April 24, 2020

NCT04312009 2; Yes • Experimental arm: losartan (50mg daily,

oral)

• Control arm: placebo (microcrystalline

methylcellulose, gelatin capsule, oral)

200 1. Difference in Estimated Positive

End-expiratory Pressure (PEEP

adjusted) P/F Ratio at 7 days.

Outcome calculated from the

partial pressure of oxygen or

peripheral saturation of oxygen by

pulse oximetry divided by the

fraction of inspired oxygen (PaO2

or SaO2: FiO2 ratio). PaO2 is

preferentially used if available. A

correction is applied for

endotracheal intubation and/or

positive end-expiratory pressure.

Patients discharged prior to day 7

will have a home pulse oximeter

send home for measurement of

the day 7 value, and will be

adjusted for home O2 use, if

applicable. Patients who died will

be applied a penalty with a P/F

ratio of 0.

April 1, 2021

NCT04311177 2; Yes • Experimental arm: losartan (25mg daily,

oral)

• Comparator arm: placebo

(microcrystalline methylcellulose, gelatin

capsule, oral)

580 1. Hospital Admission within 15 days.

Outcome reported as the number

of participants per arm admitted to

inpatient hospital care due to

COVID-19-related disease within

15 days of randomization.

April 1, 2021

(Continued)
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TABLE 1 | Continued

Clinical trial

number

Clinical

phase;

multicenter

Arms Estimated

enrollment

Primary outcome Estimated study

completion date

NCT04328012 2/3; Yes • Experimental arm: lopinavir/ritonavir

(400 mg/200 mg, oral, BID X 5–14 days

depending on availability)

• Experimental arm: hydroxychloroquine

(400mg BID on Day 0, and 200mg BID

Days 1–4, days 1–13 if available)

• Experimental arm: losartan (25mg, oral,

daily X 5–14 days depending on

availability)

• Comparator arm: placebo (BID X

14 days)

4,000 1. National Institute of Allergy and

Infectious Diseases COVID-19

Ordinal Severity Scale (NCOSS) at

60 days. Difference in NCOSS

scores between the different

treatment groups

April 1, 2021

NCT04335786 4; Yes • Experimental arm: valsartan for 14 days

at a dosage and frequency titrated to

blood pressure with 80mg or 160mg

tablets up to a maximum dose of

160mg b.i.d.

• Comparator arm: placebo for 14 days

(matching 80 or 160mg placebo tablets

at a dosage and frequency titrated to

systolic blood pressure)

651 1. First occurrence of intensive care

unit admission, mechanical

ventilation or death within 14 days.

Death is defined as

all-cause mortality

December 2021

NCT04360551 2; No • Experimental arm: telmisartan (40mg,

oral, daily X 21 days)

• Comparator arm: placebo (once daily X

21 days)

40 1. Maximum clinical severity of

disease over the 21 day period of

study. Based on a modified World

Health Organization (WHO)

COVID-19 7-point ordinal scale

June 30, 2021

subjects (72, 73). This finding led the China Authority to include
these medicines in the recommendations for the prevention
and treatment of COVID-19 pneumonia (73). Many other
clinical studies are ongoing to evaluate the efficacy and safety
of hydroxychloroquine for the pre-exposure prophylaxis,
post-exposure prophylaxis, and treatment of COVID-19 (www.
clinicaltrials.gov) (74). However, it should be noted that current
evidence on the effects of chloroquine is conflicting. Authors
of a recent systematic review underlined that, even though a
rationale to justify clinical research on chloroquine in patients
with COVID-19 exists, high-quality clinical trials are urgently
needed (75). In addition, a further literature review (76) reported
that there is limited in vitro evidence on the efficacy of this
drug against SARS-COV-2 and that clinical data based on
studies with small sample size and affected by methodological
limitations (77, 78). Therefore, high quality randomized clinical
trials are strongly needed. Umifenovir interferes instead with
the attachment of viral envelope protein to host cells (26).
Umifenovir is an antiviral agent actually authorized in Russia,
but not in Europe, for the treatment of Influenza A and B. This
drug is considered safe and it is patented for the SARS treatment
(79). The opinion of the Italian Medicine Agency on this drug
is that evidence on its efficacy are not sufficient to support its
use in patients with COVID-19 (80). Currently, a randomized,
open label, parallel assignment clinical study is evaluating the
efficacy and safety of umifenovir for the treatment of pneumonia
in patients infected with SARS-COV-2 (NCT04260594). In this

study, patients will be randomized to receive umifenovir plus
basic treatment or just the basic treatment (Table 1). Moreover,
two clinical trials are ongoing to assess the efficacy and safety
of umifenovir and lopinavir/ritonavir (NCT04252885) or
umifenovir, oseltamivir, and lopinavir/ritonavir (NCT04255017).
Specifically, the NCT04252885 is a randomized, open label,
parallel assignment clinical trial that will randomize patients
with SARS-COV-2 infection in three groups (2:2:1). One group
will receive the standard treatment plus lopinavir/ritonavir; the
second group will receive standard treatment plus umifenovir;
finally, the third group will just receive the standard treatment.
The NCT04255017 is instead a randomized, single mask
(participants), parallel assignment clinical trial that will
randomize COVID-19 patients in four arms. One arm will
receive the treatment with umifenovir; the second arm
will receive the treatment with oseltamivir; the third arm
will receive the treatment with lopinavir/ritonavir; the last
arm will just receive the symptomatic supportive treatment
(Table 1). Another small, randomized, triple mask (Participant,
Care Provider, Investigator), parallel assignment clinical
trial will be conducted on patients who have a positive test
confirming COVID-19 to evaluate the combined treatment with
umifenovir, interferon-β 1a, lopinavir/ritonavir, single dose of
hydroxychloroquine, and the standards of care compared to the
same combined treatment without umifenovir (NCT04350684).

In addition, speculations were done on the possible use for
COVID-19 of new compounds, never approved before, which
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TABLE 2 | Mechanism of action, main adverse events and potential drug-drug interactions of inhibitors of viral invasion interfering with the S protein/ACE2 interaction,

RAS inhibitors, and analogous ACE2 and A1-7 under clinical evaluation for the treatment of COVID-19.

Therapeutic

class

Drugs Main mechanism of

action

Main adverse events Drug-drug interactions References

Inhibitors of S

protein/ACE2

interaction

Chloroquine/

Hydroxychloroquine

Increase of endosomal pH

and interference with ACE2

glycosylation

Cardiovascular disorders,

including prolongation of QT

Digoxin, class IA and III

antiarrhythmic, tricyclic

antidepressants, antipsychotics

(61, 62)

Umifenovir Interference with the

attachment of the viral

protein to host cells

Gastrointestinal symptoms

and increased transaminase

As UDP-glucuronosyltransferase 1A9

and 2B7 inhibitor, umifenovir can

increase levels of its substrates

(paracetamol, buprenorphine, etc.)

Cytochrome 3A4 inducers can

reduce umifenovir levels

(63, 64)

ARBs Losartan Blocks the AII-induced lung

injury

Dizziness, anemia, renal

failure, asthenia,

hyperkaliemia

Fluconazole and

Rifampicine can increase losartan

levels,

Potassium-sparing diuretics can

increase the risk of hyperkaelemia

(65, 66)

Analogous of

ACE2 and A1-7

A1-7 Restores the beneficial

effect of the non-classic

RAS

Headache, fatigue, injection

site reaction

Not Available (29, 67, 68)

ACE2 Restores the beneficial

effect of the non-classic

RAS

Hypernatremia, rash,

dysphagia, and pneumonia

Not Available (69)

have shown the ability of interfering with S protein/ACE2
interaction (74). The compound SSAA09E2 showed the ability
of blocking the early interaction of SARS-S protein with ACE2 in
ACE2-expressing 293T cells (81). Moreover, the agent VE607 also
showed a significant inhibition of SARS-pseudovirus entry in the
same cellular model (82).

NEW PHARMACOLOGICAL PERSPECTIVE
FOR COVID-19 ACTING ON THE RAS

Based on the beneficial role of the non-classic RAS, which
seems lacking in patients with COVID-19, hypotheses have been
made on the potential therapeutic approach of restoring the
ACE2/A1-7 pathway. This hypothesis is based on preclinical
evidence showing an improvement of oxygenation, reduction of
inflammation, and reduction of tissue fibrosis after infusion of
A1-7 in two models of ARDS (65, 83). Evidence also showed
that the administration of the soluble human recombinant ACE2
was able to reverse the lung-injury process in preclinical models
of other viral infections (84, 85). The rationale to administer
soluble ACE2 is to stimulate the RAS protective pathway without
increasing the ACE2 transmembrane form that could instead
potentiate the viral entry into the cells. Clinical evidence on
this aspect is scarce (86). A phase 2 trial conducted in patients
with ARDS showed that ACE2 infusion safely reduced the AII
level, but this trial was not powered enough to show efficacy
in terms of pulmonary function (69). Restoring the ACE2
activity may also be beneficial for the myocardial protection in
patients with COVID-19 (87). To date, clinical researches are

ongoing to assess the clinical impact of a restoration of the non-
classic RAS (ACE2 and A1-7) in patients with COVID-19. Is
underway a controlled trial aimed to assess the efficacy, safety
and clinical impact of A1-7 infusion in a cohort of COVID-
19 patients requiring mechanical ventilation (NCT04332666). It
was, instead, suspended a further clinical trial that aimed to assess
preliminary biologic, physiologic, and clinical data with the use
of ACE2 recombinant compared to the standard care in patients
with COVID-19 (NCT04287686).

In addition, based on the organ protective effects of RAS
inhibitors, many studies are being conducted to investigate
their efficacy in COVID-19 patients. The beneficial effects of
ACE inhibitors and ARB may be related to the prevalence of
ACE2/A1-7 effects as demonstrated in experimental studies
(88, 89). Moreover, experimental evidence strongly suggests
that AII could promote acute lung injury induced by different
coronaviruses, including SARS-COV-1 and SARS-COV-2
(42, 65). Therefore, the use of RAS inhibitors may block the
deleterious effect associated with AII. Two trials are ongoing to
investigate the role of losartan for the treatment of COVID-19
in patients who have not previously received a RAS inhibitor
and are either hospitalized (NCT04312009) or not hospitalized
(NCT04311177). In particular, both trails (NCT04312009 and
NCT04311177) are randomized, quadruple mask (participant,
care provider, investigator, outcomes assessor), parallel
assignment clinical trials that will compare the treatment
with losartan vs. placebo in COVID-19 patients, including
those with ARDS. Moreover, a pragmatic adaptive, randomized,
quadruple mask (participant, care provider, investigator,
outcomes assessor), parallel assignment trial is comparing the
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treatment with lopinavir/ritonavir, or hydroxychloroquine, or
losartan vs. placebo in patients with COVID-19 (NCT04328012).
Another randomized, quadruple mask (participant, care
provider, investigator, outcomes assessor), parallel assignment
clinical trial will evaluate the treatment with valsartan compared
to placebo for the prevention of ARDS in hospitalized patients
with COVID-19 (NCT04335786). Finally, a pilot, randomized,
triple mask (participant, care provider, investigator), parallel
assignment clinical trial is ongoing to assess the safety and
efficacy of telmisartan compared to placebo for the mitigation
of pulmonary and cardiac complications in COVID-19 patients
(NCT04360551). Characteristics of the mentioned clinical trials
are showed in Table 1. The mechanism of action, main adverse
events and potential drug-drug interactions of RAS inhibitors
and analogous of A1-7 and ACE2 under clinical evaluation for
COVID-19 are summarized in Table 1.

Finally, other compounds that may be useful for the treatment
of COVID-19, but not currently evaluated, are molecules that
may adjust the imbalance between AT1 and AT2 receptors such
as compound 21 (C-21), CGP-42112A, and L-163491 (26). C-21
and CGP-42112A are two agonists of AT2 receptors, whereas L-
163491 has a dual action as a partial agonist of AT2 receptors and
a partial antagonist of AT1 receptors (26).

CONCLUSION

The RAS may play a complex role in SARS-COV-2 infection.
SARS-COV-2 internalization may cause a reduction of ACE2 on
cell surface. A reduction in ACE2 can further contribute to the
pulmonary function deterioration and the myocardial damage.
However, there is a paucity of clinical evidence on the efficacy
of restoring the ACE2 functionality for the treatment of viral-
induced lung injury. A clinical trial is ongoing to evaluate the

effect of A1-7 in COVID-19 patients. To date, there is no effective
drug for the treatment of COVID-19 and few clinical data are
available. Some clinical trials are ongoing to evaluate the efficacy
of drugs that could interfere with the S protein/ACE2 interaction
such as umifenovir and hydroxychloroquine/chloroquine.

Data instead on the increased mRNA expression and levels
of ACE2 after treatment with RAS inhibitors are scarce and to
date not associated with an increased mortality in patients with
COVID-19. Currently, clinical trials are ongoing to investigate
the use of a RAS inhibitor for the reduction of the lung damage
in patients with COVID-19. Substantial evidence is needed to
guide decision-making on the use of ACE inhibitors and ARBs
in such patients, until then we need to base on the available
data that place RAS inhibitors among the safe choices for
cardiovascular diseases.
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INTRODUCTION

As Covid-19 can severely implicate the respiratory and cardiovascular systems, potential
pulmonary, and/or cardiovascular sequelae may be anticipated in patients following severe
and critical SARS-CoV-2 infection meriting coordinated post-discharge management to identify
residual effects and tomitigate potential worsening of pre-existing conditions. According to current
literature, 14% of patients with SARS- CoV-2 infection require hospitalization, of these, 5–14%
have severe and 2–5% have critical manifestations of infection (1–4). While Covid-19 is known
to primarily cause substantial respiratory pathology in hospitalized patients, such as pneumonia
(75%) and acute respiratory distress syndrome (ARDS) (15%), it can also result in systemic
complications affecting multiple organ systems including the cardiovascular system such as venous
and arterial thromboembolic events (10–25%; 31–59% of ICU patients), myocardial injury (20–
30%, >25% of critically ill; >55% in those with pre-existing CVD), cardiomyopathy (7–33% of
critically ill), arrhythmias (17%, 44% of ICU patients), and cerebrovascular disease (up to 8%).
Additionally, acute kidney injury (9%), hepatocellular injury (19%), hyperglycaemia and ketosis,
ocular symptoms, and dermatologic complications have been reported (2, 4–7).

Although long-term outcomes of patients surviving severe SARS-CoV-2 infection are unknown,
these patients have the potential to suffer substantial sequelae comparable to those in patients
surviving ARDS, sepsis, and other acute illnesses. Survival from sepsis, for example, is associated
with increased risks for mortality up to 2 years, new cognitive impairment, new physical disability,
recurrent infections, and continued health deterioration (4). Long-term sequelae observed in
survivors of severe ARDS during H1N1 influenza include significant exertion dyspnea, decreased
diffusion capacity across the blood-gas barrier, as well as reduced quality of life including reduced
exercise capacity, anxiety, depression, and/ or development of post-traumatic stress disorder (8).

Follow-up CT imaging at 4 weeks in patients with Severe Acute Respiratory syndrome (SARS)
showed that one third of patients with persistent respiratory symptoms had findings of fibrosis,
including interlobular and intralobular reticulation, traction bronchiectasis and, more seldomly,
honeycombing (9). In another CT study of convalescing SARS patients 51 days after symptom
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start, follow-up CT showed air trapping (92%) ground-glass
opacities GGO (90%) and reticulation (70%). While GGO and
reticulation resolved by 5 months, air trapping caused by
damage to ciliated respiratory epithelium persisted in 80% of
patients (10). In Middle-East Respiratory Syndrome (MERS),
33% of patients showed evidence of lung fibrosis, affecting
primarily the elderly, patients with prolonged ICU stays and
those with greater lung involvement during the acute phase of
infection (9).

With respect to cardiac sequelae following severe respiratory
disease in recovered SARS patients, cardiac impairment
was observed by echocardiography studies in short-term
30-days follow-up, especially in more critically ill patients
(10). In the majority of patients with community-acquired
pneumonia (CAP), cardiac injury was seen in 30-days follow-
up, likely caused by myocardial oxygen supply and demand
mismatch as well as an activated inflammation/coagulation
system (11).

The European Society of Cardiology recognizes that SARS-
CoV-2 infection has major implications on the cardiovascular
system and that patients within the context of Covid-19 have
increased risk of morbidity and mortality, especially those
with established cardiovascular disease, common in patients
with severe infection (12). Severe and critical SARS-CoV-2
infection is associated with acute myocardial injury, cardiac
arrhythmias, likely caused by infection-induced myocarditis
or ischemia, all with potential for new disease development.
Following pneumonia, hypercoagulability, and systemic
inflammatory activity can persist thus exposing patients
to elevated long-term CV risk, justifying surveillance (12).
An interdisciplinary model for scheduling follow-up care
may serve as a practical tool for healthcare professionals
to ensure that any infection-related sequelae following
hospitalization for severe SARS-CoV-2 infection are identified
and appropriately managed.

METHODOLOGY

European Center for Disease Prevention and Control reports
(ECDC), Center for Disease Control (CDC USA) and
National Institutes of Health (NIH USA) reports, WHO
Interim Guidance Reports, and current 2020 PubMed
articles evaluating SARS-CoV-2 virus manifestations,
diagnosis, severity, and discharge criteria of patients with
confirmed Covid-19 were reviewed. PubMed Articles
describing short and long-term outcomes in SARS, MERS,
pneumonia, acute respiratory syndrome ARDS, and sepsis
were evaluated.

RATIONALE

The ECDC published a technical report in March 2020
comparing diverging international discharge and de-isolation
criteria of patients hospitalized with Covid-19 found in
national guidelines of Italy, China, Singapore, and the

USA, and offered its own recommendations for discharge
based on:

• Clinical criteria (e.g., no fever >3 days), improved respiratory
symptoms, pulmonary imaging evidencing obvious absorption
of inflammation, clinical assessment

• Laboratory evidence of SARS-CoV-2 clearance in respiratory
samples, 2–4 negative RT- PCR tests for respiratory tract
samples (nasopharynx and throat swabs with sampling
interval ≥24 h) and if possible, serology with appearance of
specific IgG (13).

With respect to post-discharge follow-up care, however, guidance
is scant. The CDC China recommends that patients have
follow-up visits 2 and 4 weeks after discharge, the National
Centre for Infectious Diseases Singapore recommends clinic
follow-up if indicated and daily wellness calls until day 14
after exposure, and the ECDC recommends 14 days of further
isolation following discharge with regular health monitoring
such as follow-up visits and phone calls, although specific
guidance with respect to follow-up scope and content is not yet
given (13).

The WHO report Interim Guidance: Clinical Management of
Covid 19, released 27 May 2020 however anticipates potential
sequelae in patients with severe and critical SARS-CoV-
2 infection following treatment with mechanical ventilation,
sedation, and/or prolonged bed rest based on evidence
from general critical care populations. Post-intensive care
syndrome (PICS) and severe respiratory illness may result in
“a range of impairments including (but not limited to) physical
deconditioning, reduced exercise tolerance, persisting fatigue,
difficulties with activities of daily living, respiratory, swallow,
cognitive, and mental health impairments” (14). According to
WHO data, older people and patients of all ages with chronic
diseases may be most susceptible to its impacts, including
some patients recovering from severe COVID-19 who did not
require admission to an ICU. The WHO recommends that
patients must be referred for tailored inpatient, outpatient
or community-based follow-up from post-acute to long term
as indicated according to patient needs, with involvement of
primary health care providers, relevant specialists, rehabilitation
professionals, mental health, and psychosocial providers and
social care services for coordinated care (14). A coordinated
post-discharge care concept for patients surviving Covid-
19 is therefore warranted to identify any cardiopulmonary
sequelae and to mitigate possible worsening of preexisting
disease following severe and critical SARS-Cov-2 infection. The
literature has shown benefit of a well-structured transition
phase to improve treatment outcomes and reduce readmission
rates in management of other diseases such as heart failure,
which may also develop in some patients following the
infection (15–17).

While data examining residual effects after recovery from
Covid-19 are still sparse, a number of sequelae especially
affecting lung and heart function can be extrapolated from
current literature. Initially defined by its pulmonary pathology
and likely mediated via binding of SARS-CoV2 to ACE2 on
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TABLE 1 | Interdisciplinary model for scheduling post-discharge cardiopulmonary care following severe and critical SARS-CoV-2 infection.

Discharge ❖ Scheduling for patients following severe or critical SARS-CoV-2 infection

❖ Scheduling for patients following moderate SARS-CoV-2 infection with exacerbation/worsening of preexisting comorbidities

Medical professionals

at discharge

• Schedule lab work (see parameters below)

• Schedule chest CT scan for 1–2 months post discharge (unenhanced low dose CT), at index hospital if possible; chest x-ray (CXR) if CT not

available

• Schedule follow-up with General Practitioner at 1–2 months post-discharge

• Evaluate, prescribe, discuss dischargemedications, any O2 use, care plan / appointments with patient, provide written instructions

• If transfer to inpatient rehabilitation or long-term care facility, provide written instructions and care plan to managing physician

• Involve social worker/psychologist/nursewhere needed to address short, intermediate, long-term care/support (e.g., PTSD, psychological

disorders, care provision)

• Discuss potential participation and consent patient for any national/international registries or clinical trials and schedule appointments

per protocol

1–2 months

post-discharge

❖ Diagnostic Testing, Care Coordination by GP/Internist,

❖ Referral and continued Follow-up when indicated

Laboratory • Complete Blood Count, C-Reactive Protein, LDH, AST/ALT, Urea, Glucose, Thrombin Time, Fibrinogen, Ferritin

• Cardiac Biomarkers: CK, CK-MB, Troponin, NT-pBNP

• For diabetes patients, also: Hemoglobin A1c

• For Cancer patients, additional testing as instructed by managing oncologist

Radiologist • Chest CT, or if not available, chest x-ray (CXR)

General

practitioner/internist

• Clinical evaluation of symptoms (dyspnea, fatigue, psychological disorders)

• Auscultation (determine signs of pulmonary fibrosis),

• Oxygen saturation

• ECG

• Evaluation of laboratory, radiology and clinical findings, discussion with patient

• Referral for further specialist examinations (e.g., pulmonologist, cardiologist) if indicated

• Referral to neurologist, nephrologist, endocrinologist by suspicion of sequelae

• Evaluate, prescribe, discuss discharge medications, any O2 use, and care plan with patient, provide written instructions

• Involve social worker/psychologist if further support needed

Pulmonologist

(if indicated)

• CT evaluation and discussion with patient

• Physical exam: signs and symptoms

• Lung function test

• 6min walk test

• Blood-gas test

• Reevaluation of medications, O2 use

• Determine need for rehabilitation or intermediate/long-term care

• Address primary/secondary prevention measures where applicable

• Plan 6 and 12 month follow-up by any evidence of reduced functional capacity

• Communicate findings and treatment plan to patient and general practitioner

Cardiologist

(if indicated)

• Physical exam: signs and symptoms

• ECG

• Transthoracic echocardiography

• Reevaluation/adjustments of medications

• For patients with signs of heart failure: enrollment in heart failure program; for all HF patients: evaluate need for visiting heart failure

nurse/rehabilitation program

• For patients with arrhythmias, plan further evaluation (i.e., Holter monitoring, event recorder)

• Address primary/secondary prevention measures where applicable

• Schedule follow-up if appropriate

• Communicate findings and treatment plan to patient and general practitioner

After 2 months Follow-up as needed and at the discretion of managing specialists

CT, computed tomography; CXR, chest X-ray; LDH, lactate acid dehydrogenase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; CK, Creatinkinase; CK-MB,

Creatinkinase-MB; NT-pBNP, N-terminal pro b-type Natriuretic Peptide; O2, oxygen; QoL, Quality of Life.
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lung epithelia, Covid-19 may have significant effects on long
term-outcome with respect to pulmonary function. According
to Shi et al., lung abnormalities such as bilateral ground-glass
opacities progressing to or coexisting with consolidations were
observable in CT imaging within 1–3 weeks of SARS-Cov-2
infection (18). Pulmonary fibrosis may occur due to scarring of
the lung tissue, as was observed in SARS and MERS, potentially
causing significant reduction in lung function and exercise
capacity (19, 20), thus warranting follow-up in surviving Covid-
19 target populations. Thoracic imaging with chest radiography
(CRX) and computed tomography (CT) are key tools for
pulmonary disease diagnosis andmanagement (21). CT, however,
is more sensitive for detecting parenchymal lung disease, disease
progression, and alternate diagnoses. Therefore, in patients with
reduced lung capacity and radiological signs of fibrosis at 1–2
months, continued follow-up according to ATS/ACCP guidelines
will be required.

Recent publications have also shown direct endothelial cell
involvement of vascular beds of different organs by the SARS-
CoV-2 virus (22). This should be considered as a reason for
cardiovascular events, endotheliitis of lung, heart, kidney, and
liver, as well as liver cell necrosis. Covid-19 is characterized by
coagulation activation with a high rate of venous and arterial
thromboembolic events, including venous thromboembolism,
pulmonary embolism, disseminated intravascular coagulation,
or cardiovascular events (23). Coagulation testing is therefore
warranted and subsequent therapy may be indicated.

Covid-19 may induce new cardiac pathologies and/or
exacerbate underlying cardiovascular disease (24). Thus,
cardiologists will aim to evaluate residual cardiovascular
effects and myocardial injury following SARS-Cov-2 infection.
Systemic inflammatory response coupled with localized vascular
inflammation may lead to plaque rupture and activation
of coagulation cascades, endangering patients for acute
coronary syndromes (25). Heart failure may develop following
myocarditis, sepsis, or multi-organ failure during infection,
or may be caused by treatment side effects. Inflammation and
ACE2 downregulation with ensuing endothelial dysfunction
can translate into diastolic dysfunction, while hypoxemia may
lead to right ventricular dysfunction indicative of myocardial
injury. Thus, transthoracic echocardiography may be considered
to evaluate left and right ventricular global function, any
regional dysfunction, end-diastolic cavity dimensions as
well as pericardial thickening or effusion (26). Additionally,
cardiac MRI may better reflect structural pathologies of
inflammatory myocardial damage. Cardiac arrhythmias, possibly
caused by metabolic disarray, hypoxia, neuro-hormonal,
or inflammatory stress, have also been associated with the
infection (27) and if present will need follow-up evaluation.
Cardiologists should be aware of the risk for development of
chronic thromboembolic pulmonary hypertension in patients
who experienced pulmonary embolism during infection (28).
Follow-up is also an opportunity to address primary and
secondary prevention strategies for cardiovascular risk control
in all patients.

As the short, intermediate and long-term effects of Covid-19
are unknown, patients should be encouraged to participate in

national and international registries or clinical studies to facilitate
study of this disease. The monitoring of immune effects is also of
particular importance.

POST-DISCHARGE CARE MODEL

The proposed interdisciplinary model for scheduling post-
discharge cardiopulmonary care of patients following SARS-Cov-
2 infection (see Table 1) may serve as a practical guide for
healthcare professionals to ensure that patients surviving severe
and critical infection receive adequate cardiopulmonary follow-
up care as we learn more about the residual and potentially
chronic effects of the SARS-Cov-2 infection.

Target patient populations for post-discharge Covid-19
follow-up care include:

• Patients who experienced severe illness∗ defined as
individuals who had respiratory frequency >30 breaths
per minute, SpO2 < 94% on room air at sea level, a ratio
of arterial partial pressure of oxygen to fraction of inspired
oxygen (PaO2/FiO2) <300 mmHg, or lung infiltrates 50%
(e.g., patients treated at an ICU requiring invasive ventilation
or CPAP during SARS-CoV-2 infection)

• Patients who experienced critical illness∗, defined as
individuals who had respiratory failure, septic shock, and/or
multiple organ dysfunction (e.g., patients treated at an ICU
requiring ECMO during SARS-CoV-2 infection)

• Patients with chronic conditions (e.g., COPD,
cardiomyopathy, coronary artery disease, cancer, chronic
kidney disease, hepatic disease, and uncontrolled diabetes)
in the presence of disease exacerbation or progression
during/following moderate∗, severe and critical SARS-CoV-2
infection, where moderate infection is defined as individuals
with evidence of lower respiratory disease by clinical
assessment, imaging and a saturation of oxygen (SpO2)> 94%
on room air at sea level.
∗ denotes NIH definitions of moderate, severe and critical
illness (5).

As no guidelines on the timing of follow-up care for Covid-
19 patients yet exist, this model schedules follow-up to occur
at 1–2 months post-discharge based on several considerations.
According to the previously cited radiological studies evaluating
sequelae in patients following SARS and MERS infection,
radiological follow-up was performed 1–2 months after start of
infection (9, 10). In patients with confirmed pulmonary fibrosis,
the American Thoracic Society recommends mid- to long-term
follow up in 4–6-months intervals (29). With respect to cardiac
involvement and the timing of follow-ups, the ACCF/AHA
Guideline for the Management of Heart Failure was consulted
with respect to recommendations for transition of care following
hospitalization for acute cardiac decompensation. A follow-up
visit within 7–14 days and/or a telephone follow-up within 3
days of discharge for acute cardiac decompensation is deemed
a Class IIa recommendation (17). The 2016 European Society of
Cardiology Guidelines for the diagnosis and treatment of acute
and chronic heart failure detail the benefits of regular monitoring
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of heart failure patients, especially during periods of instability
or for optimization of medications, noting benefits especially
in older patients. Although timing of follow-up is not detailed,
the ESC recommends provision of written action plans and
prescheduling follow-up appointments shortly after discharge
of patients with acute heart failure to reduce readmission rates
(16). Therefore, scheduling transition care for Covid-19 patients
potentially suffering from residual cardiopulmonary effects of
the infection shortly after discharge is merited. The planning of
post-discharge evaluations in the dynamic context of a pandemic,
however, must be adapted with respect to post-discharge
isolation recommendations, logistics, resource utilization, and
health care system overburden. Thus, evaluation within 1–4
weeks post discharge at the height of a pandemic may not
feasible for many patients. The model below suggests scheduling
follow-up at 1–2 months, if not sooner, according to need
and availability.

CARE PATHWAY

Hospital discharge personnel coordinate follow-up laboratory
and radiological examinations, schedule a subsequent
appointment with the patient’s general practitioner or internist,
and provide patient with written instructions. The patient’s
primary care physician or internist will serve as follow-up care
coordinator. The interdisciplinary model provides guidance for
specialist referral and testing dependent upon the patient’s signs
and symptoms, as well as radiological and laboratory findings.
Due to the association of a more severe course of Covid-19 in
those patients with underlying comorbidities, especially those
with concomitant cardiovascular and pulmonary diseases, timely
follow-up is imperative to identify any worsening of conditions
and to initiate or adapt guideline-recommended therapies.

COST ANALYSIS

We estimate that the costs per patient of the basic follow-
up (Radiology, Lab, GP) to be e 1,026 according to the
Austrian tariff system. In patients requiring specialist evaluation,
an additional e 249 for pulmonary consultation and e 527
for cardiological consultation are estimated. However, cost-
effectiveness cannot yet be determined until intermediate and
long-term data become available for analysis.

CONCLUSION

Short, intermediate and long-term effects following severe and
critical SARS-CoV-2 infection are unknown, and significant
sequelae may be expected, especially in patient populations
experiencing ARDS, sepsis, and/or multiple organ dysfunction,
as well as patients with exacerbation or progression of
preexisting pulmonary or cardiovascular disease. Coordinated
post-discharge management of Covid-19 patients is essential
to identify and manage potential pulmonary or cardiovascular
sequelae and mitigate worsening of pre-existing conditions
following infection. This interdisciplinary model for scheduling
follow-up care may serve as a practical tool for healthcare
professionals to ensure that patients receive adequate treatment
and post-discharge care following hospitalization for severe and
critical SARS-CoV-2 infection.
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INTRODUCTION

Almost 2 million new cancer diagnoses will be made and more than 600,000 cancer deaths will
occur in 2020, the equivalent of 5,000 new cases and 1,600 deaths daily (1). Juxtaposed with these
staggering numbers is the prevalence of ∼17 million cancer survivors in the United States, with
a projected estimate of 26 million in 2040 (2); advances in cancer treatments have significantly
improved survival across cancers. With growing numbers of survivors comes a growing number
of individuals at risk for or living with higher rates of cardiovascular disease than in the
general population. In fact, cardiovascular disease is a leading cause of death in cancer survivors,
second only to cancer recurrence or the development of new primary cancers (3). Consequently,
Cardio-Oncology has emerged as a new field of medicine to specifically address cardiovascular care
of cancer patients and survivors, with a particular focus on prevention.

Reminiscent of cardiovascular toxicities from cancer therapies, the recent coronavirus disease
of 2019 (COVID-19) pandemic is a clear example of how cardiotoxicities can arise unexpectedly
and how adaptable clinicians need to be to deal with a constant flow of new cardiotoxic agents
and their complications. The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has arisen as an emergent cardiotoxic agent, underlying COVID-19. By July 2020, more than 18
million confirmed cases and 600,000 deaths had been reported globally (4). In positive cases, direct
and indirect cardiovascular (CV) injury has been noted as a prominent feature (5, 6), mediated
by hypoxia, inflammation, demand ischemia, microvascular dysfunction, or thrombosis (7–10).
Around the world, our patients have been physically and socially distancing themselves from others
and avoiding physical entrance of health care facilities, in order to limit exposure in COVID-19.
Correspondingly, health care institutions have restricted non-emergent in-person visits, to curb
the rates of morbidity and mortality from COVID-19. Individuals with known CV disease or risk
factors have been at greater risk of morbidity and mortality in COVID-19 (11–16), as is similar
in Cardio-Oncology (17). Therefore, there is an urgent need for various avenues of innovation to
predict cardiovascular risk and customize preventive, diagnostic, andmanagement care plans in the
setting of cancer therapies, especially during the pandemic and beyond. Here, we briefly describe
forms of innovation implemented during the pandemic, as well as innovative tools being explored
for utility beyond the pandemic (Figure 1).
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FIGURE 1 | Various forms of Innovation advance Precision Medicine in Cardio-Oncology or COVID-19, with the use of Informatics to integrate Big Data from Artificial

Intelligence, Digital Health, Telemedicine, and Social Media. CO denotes either Cardio-Oncology or COVID-19 or both.

INNOVATION DURING THE PANDEMIC

Digital Health
Digital health technologies include mobile health (mHealth),
wearable devices, health information technologies, wireless
technologies, virtual platforms and applications, telehealth,
telemedicine, artificial intelligence, machine learning, and
personalized medicine, with a common goal of improving
health care outcomes and efficiency (18). With more and more
personalized health and lifestyle information available through
digital technologies, care providers are better able to monitor
patients’ conditions in real time or by retrieving remote data
recently stored by patients’ local devices, identify treatment side
effects, and personalize prevention and intervention strategies.
Digital technologies can also empower and engage patients to
proactively monitor their health while preventing unnecessary
hospital visits, which is especially critical in times of a pandemic
such as COVID-19 (19). With the implementation of shelter-in-
place and subsequent rapid adaptation of virtual visits during this
COVID-19 outbreak, the ability to remotely monitor patients’
clinical conditions through digital technologies has becomemore
important than ever.

Remote monitoring can enhance our care of cancer patients
and survivors. For example, a wearable cardiac rhythm
monitoring device such as an Apple watch can detect abnormal
heart rates or rhythms (20). As atrial fibrillation is a common
side effect of various cancer therapies, including multiple classes
of novel tyrosine kinase inhibitors, the ability to detect this
rhythm abnormality early and accurately through a wearable
cardiac rhythm monitoring device would have an important
impact in the ongoing care, as well as future treatment decisions,
for cancer patients (21). Abnormal rhythm strips detected
from these devices can now be shared and reviewed by the

care team, which can potentially alter the treatment course
and prevent undesirable toxicities. Another example is virtual
cardiac rehabilitation and monitoring (22). Cancer therapies
such as doxorubicin can cause myocardial injury and cardiac
dysfunction, requiring close monitoring and preferably a tailored
rehabilitation program as patients work to recover (23). Virtual
rehab programs enable remote collection and evaluation of
health data such as activity levels, blood pressures, heart
rate/rhythms, and weight, which can be reviewed and acted
upon when necessary by health care providers, allowing cancer
patients and survivors to safely and efficiently recover from their
cardiac complications. This has been of particular importance
during COVID-19 pandemic, as many have avoided or limited
outdoor physical activities. Guided virtual indoor rehabilitation
would allow cancer patients and survivors to continue physical
conditioning and rehabilitation and thereby remain physically
active during the pandemic.

Digital technologies can provide the unique ability to quickly
scale to larger populations with less time, money, and resources,
and thereby facilitate near real-time data insights that allow
for point-of-service execution (24). These technologies will be
critical in caring for cancer patients and survivors, as their
numbers continue to increase, with more cancer therapies and
related cardiotoxicity profiles dynamically changing daily.

Telemedicine
Telemedicine or telehealth is the delivery of healthcare at
a distance utilizing various technology platforms. Health
care systems have recently devoted increased resources to
implementation of telemedicine or telehealth services during
the pandemic, building upon prior goals of improving access
to specialty care, enhancing preventive services, reducing
health care costs, and improving patient and provider safety
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and satisfaction (25, 26). Numerous platforms have been
actualized (27), including those embedded within electronic
health records (e.g., In-Touch through EPIC) or third-
party vendors such as Doxy.me or Zoom. Many of the
software solutions are cloud-based, accessible (requiring
only a desktop, tablet, or smartphone), and free, and have
prioritized being HIPAA (Health Insurance Portability
and Accountability Act)-compliant. However, security
concerns have arisen with some vendors, leading to more
careful attention to cybersecurity to enable telemedicine.
Indeed, to facilitate wide-spread adoption of telemedicine,
great emphasis on protection of patient information
through cybersecurity technology will be key, in tandem
with the persistence of government-supported regulations
and initiatives.

Adoption of these platforms has been expedited during the
pandemic to dramatically reduce in-person clinical visits and
conform to social distancing (28). The US federal government
has taken steps to support rapid and widespread utilization of
telemedicine by allowing cross-state accreditation, developing
new telemedicine billing codes, and temporarily reducing strict
privacy restrictions while still protecting patients and providers
(29). As a result, practices across the country converted to
virtual clinics in a matter of weeks. This conversion has
been especially important for our cardio-oncology patients,
who are particularly vulnerable, given their high cardiovascular
disease burden and immunocompromised states placing them
at high risk for COVID-19 (30). Cardio-oncology, which relies
heavily on the patient history and our understanding of cancer
therapy regimens, is ideally suited to make the transition
to telemedicine.

A recent report described the virtual adaptation of a Cardio-
Oncology clinic (31). Suggestions for ensuring a successful
patient-centered telemedicine visit include making eye contact
with the patient, thanking the patient for inviting the provider
into their home, and intentionally offering an excellent “webside”
manner. It may become commonplace for initial cardio-
oncology consultations to occur via a virtual platform, with
follow-up visits (e.g., for reports on home blood pressures)
occurring via telephone or secure messaging. Telemedicine
could optimize cardio-oncologic care with (i) three-way
video or teleconferences enabling the patient/oncologist/cardio-
oncologist to collaboratively initiate treatment plans and
monitoring algorithms similar to virtual multidisciplinary tumor
boards, (ii) follow-up visits to monitor for hypertension and
review cardiac function on surveillance imaging in patients
on active cancer therapy, and (iii) access points to specialized
cardio-oncologist expertise for oncologists in the community
(32). While COVID-19 has exposed many limitations in our
healthcare system, the expansion and integration of telemedicine
in clinical practice will undoubtedly continue to play a larger role
than ever before (33), and we are well-poised in cardio-oncology
to help lead the way and benefit from this widespread adoption.
The Association of American Medical Colleges has submitted
a letter to the Centers for Medicare and Medicaid Services
to appeal for the permanence of the widescale telemonitoring

provisions made during the pandemic1. Bipartisan senators
and other groups have also submitted similar letters in their
respective spheres. With support from the senate and other
governmental bodies, telemedicine will likely prevail after
the pandemic.

Social Media
Social media provides an incredible opportunity for healthcare
workers and patients and their families to share and exchange
knowledge, research, and advocacy, and support in a global
community. Spreading education and awareness on social
media can propagate messages for prevention and disseminate
discoveries and innovation (34–36). Online resources provide
timely and timeless sources of information that can have
tremendous impact for patients and health professionals if
curated appropriately and accurately.

Social distancing during the COVID-19 pandemic has led
to enhanced experiences of social networking online, as both
patients and healthcare workers reached out to strengthen
community and further buttress knowledge, for example, on
Facebook (Facebook, Inc.; www.facebook.com) and Twitter
(Twitter, Inc.; www.twitter.com) (37–42). Community and
sharing of information were developed by patients among each
other, healthcare workers among each other, and with cross-
pollination between the two sets of communities as healthcare
workers themselves became patients in the pandemic.

Social media integrated with the rise of telemedicine or
telehealth, with creation of the hashtag #TelemedNow on Twitter
(43), with associated twitter chats and threads. Individuals from
various public and private healthcare sectors joined in the
real-time discussions to share stories, successes, and challenges
from implementing telemedicine or telehealth in response
to COVID-19.

At no point did the impact of social media wane during
the COVID-19 pandemic. In fact, social media became even
more important for innovation, information, and prevention.
Preventive Cardio-Oncology, Precision Cardio-Oncology, and
other Cardio-Oncology tweets would spread across Twitter
before the pandemic. These messages continued throughout
the time of COVID-19, as preventive and innovative cardio-
oncologic care of our patients remained of paramount value.
Several pandemic-related Cardio-Oncology papers have been
rapidly published, including one on the role of telehealth (31).
Within a few hours, this paper was being disseminated on social
media, to be assessed and validated or rebutted by healthcare
workers and patients alike. Cardio-Oncology can learn much
from the time of COVID-19. Rapid and persistent propagation
of information can place relevant details in the palms of cancer
patients and survivors and their healthcare providers in real-time.
Such innovation should help protect the hearts and wellness of
our patients and clinicians.

1https://www.aamc.org/system/files/2020-05/ocomm-hca-aamcletterto
CMS5132020.pdf
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INNOVATION BEYOND THE PANDEMIC

Artificial Intelligence
Much of digital health is driven by artificial intelligence. Remote
monitoring, wearables, mobile health (mHealth), voice apps,
voice analysis, and drones all depend on the simulation of
human intelligence. All of these components can be useful in
both the COVID-19 pandemic and the practice of Cardio-
Oncology. Many of these technologies are also being explored
for various scenarios in cardiology (44–51), and have great
clinical utility for cardio-oncology and COVID-19. Remote
monitoring from wearable biosensors and mHealth is being
investigated to improve outcomes in heart rhythm and heart
failure and other cardiovascular conditions (44, 46–50), and
may have utility for COVID-19 (19, 52–58) and Cardio-
Oncology (59–61). Voice apps and voice analysis have shown
promise in cardiology for heart failure, ischemic heart disease,
pulmonary hypertension, and other forms of cardiovascular
disease (45, 62–64), as well as cardio-oncology (65), and have
been considered for COVID-19. Drones built on artificial
intelligence are being used to deliver healthcare equipment,
medicines, personal protective equipment, and food, especially
to remote areas with high rates of illness with COVID-19, and
are also being dispatched to dense urban locations to urge
pedestrians to maintain social distancing (66–68). Similar drones
could be used to transport healthcare equipment, medicines,
and supplies to cancer patients and survivors with limited
mobilities and care support. Particularly in rural America,
where advanced cancer and heart care services are limited
(69), drones may facilitate delivery of point-of-care equipment
and specialty medicines recommended by cardio-oncologists
following remote assessment of cancer patients and survivors
through virtual care.

Artificial intelligence algorithms could also be used to track
cancer survivors and detect any early signs of cardiovascular
risk features, saving lives of those who fought and overcame
cancer years before. Other relevant AI applications currently
being explored include (1) in silico screening to develop novel
or repurposed therapeutics, (2) patient tracking by location or
geography, (3) online voice apps on smartphones, tablets, and
smart speakers to promote drug compliance as well as screen
for new symptoms or disseminate educational information, and
(4) big data predictive analytics to enhance prediction of disease
incidence, severity, spread, and recovery (42, 70–80). There is
a myriad of lessons to be learned from incredible technological
progress being made during these epic times. The algorithms
created or adapted for the era of COVID-19 should remain
available for use and wide application in medicine, and especially
in cardio-oncology, far beyond the pandemic.

Artificial intelligence has also been integrated with social
media and interaction during the pandemic (42, 81). Twitter
chatter has been monitored to assess individuals’ self-reports
of COVID-19 symptoms, testing experience, and recovery from
illness (81). Gaps in care for symptomatic individuals have
been revealed, due to limited testing capacity, and this has
likely compromised accurate case counts of COVID-19 positivity
at the city, state, and national, and global level. Interactive

chatbots have utilized artificial intelligence to spread COVID-
19 awareness and education and provide information and
patient guidance (42). Analysis of social media chatter could
help identify cancer patients and survivors with symptoms
suggestive of cardiovascular toxicity and connect them with
healthcare resources in cardio-oncology. Monitoring of social
media channels could also help recruit patients into cohort
studies and build national and international networks to optimize
connectivity and care of cancer survivors.

Precision
Recent advances in multi-omics technologies may help us to
collect in-depth large-scale data to better understand disease
mechanisms, identify populations at risk, and discover preventive
or therapeutic interventions (82). For example, the current
state of the sequencing technologies renders whole genome
sequencing to be performed in an accelerated and cost-
effective (<$1,000) fashion (83). The consequent exponentially
increasing genetic knowledge combinedwith deep cardiovascular
phenotyping of cancer patients may allow us to identify genetic
variants predicting either increased susceptibility or tolerance for
specific drug-induced cardiotoxicity and thereby to risk stratify
patients based on their genetic backgrounds (84). The same type
of genomic data may also be applied and utilized to identify those
at risk for COVID-19 complications. For example, a genomewide
association study was recently completed on two case–control
panels (835 patients and 1,255 control participants from Italy,
and 775 patients and 950 control participants from Spain). The
study identified COVID-19 susceptibility genetic loci (3p21.31
gene cluster) which could help risk stratify patients (85).

Additionally, novel biomarker discoveries may be possible
through transcriptomics, metabolomics, or proteomics of
patients’ biological samples (e.g., serum), to complement
current imaging-based screening strategies for early detection
of cardiotoxicities (86) in cancer and in COVID-19. This is
particularly relevant in the era of the COVID-19 pandemic,
as we work to avoid clinical encounters or diagnostic studies
such as echocardiography that would require in-person
interactions (87). More refined biomarkers discovered through
multi-omics investigations may allow physicians to closely
and accurately monitor cardiotoxicities while minimizing
in-person evaluations.

Finally, deeper understanding of ethnic disparities and
socioeconomic factors may be achieved through population data-
based epigenomics, environmentomics, or populomics, which
in turn allows clinicians to assess patients holistically and
tailor treatment strategies accordingly (88). Taken together,
with accumulating comprehensive omics data, physicians may
be able to deliver patients’ individualized care based on their
cancer therapies, genotypes, phenotypes, biomarker profiles,
lifestyle, and surrounding environment, enabling precision
cardio-oncology.

Big Data and Informatics
All aforementioned technologies have the potential to create an
ever-increasing volume of data on our patients in the COVID-
19 and post-pandemic world. Biomedical and clinical informatics
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FIGURE 2 | Realms of Big Data such as national medical societies, data science companies (which specialize in patient electronic medical record data management),

pharmaceutical industry partners, national databases, and multiple institutions can intersect with CO patient and survivor needs to optimize clinical care and research.

This approach can be used to investigate cardiovascular toxic disease or therapy, heart disease predating or as a consequence of CO, survivorship and prevention

initiatives, and other relevant themes. Regulatory processes will be needed to ensure preservation of privacy, fairness, inclusiveness, transparency, accountability, and

appropriate oversight (79), to ensure the safety of our patients and their protected information. ACC, American College of Cardiology; AHA, American Heart

Association; ASCO, American Society of Clinical Oncology; ASH, American Society of Hematology; CDC, Centers for Disease Control and Prevention; CO, either

Cardio-Oncology or COVID-19 or both; FAERS, Food and Drug Administration Adverse Event Reporting System; IDSA, Infectious Diseased Society of America; NIH,

National Institute of Health. CO denotes either Cardio-Oncology or COVID-19 or both.

can be useful for combining or mining the data and integrating
data sources with the electronic health records. In addition,
due to social distancing and reduced in-person work hours,
traditional pathways of clinical research have been put on
hold or disrupted completely. Big data generated from various
government and non-government sources can supplement and
help restart some of these endeavors amenable to informatics.

Claims-based information fromMedicare registries, as well as
Surveillance, Epidemiology, and End Results (SEER) databases,
in addition to Truven and Healthcare Cost and Utilization
Project (HCUP) datasets, can also reveal epidemiological insights
regarding incidence, prevalence, trends, costs, and “codable”
outcomes (89–91). The International Classification of Disease
(ICD) version 10 and Healthcare Common Procedure Coding
System (HCPCS) codes that have been created for COVID-19
will be helpful for capturing large-scale data on signs, symptoms,
exposure, testing, diagnosis and treatment of this condition (92,
93). These codes may be used across the globe, including in
countries which have nationalized healthcare system repositories
like Sweden (94), Denmark (95), and the United Kingdom (96).
These repositories can also overcome challenges faced when
mining anti-cancer therapy information, since drug coverage in
the US is heterogenous among insurance companies, resulting in
more variability of administration of particular neoplastic drugs.

Several barriers to meaningful collection and use of big
data are being quickly overcome during the pandemic, with
rapid data-sharing. Challenges with physical recruitment of

study participants for prospective studies have halted some pre-
existing clinical trials or cohort studies. However, new trials
and paradigms have emerged during the pandemic particularly
in cancer patients, to facilitate digital clinical trials and cohort
studies based on remote monitoring and virtual care (97, 98).
Such paradigms enable novel methodology and also allow for
continuation of biomedical inquiry in the midst of COVID-19.
These tools will not be limited to the pandemic and will likely
enrich our conduct of prospective studies in Cardio-Oncology.

Structured multi-pronged approaches should continue to be
developed (Figure 2), similar to a vision for integrative and
collaborative cardio-oncology practice and research laid out
in the 2019 Global Cardio-Oncology summit meeting (99).
Collective research and clinical practice targets in precision
cardio-oncology could be divided among institutions and
societies like the American College of Cardiology or American
Heart Association, in partnership with large cancer centers.
Industry partners should continue to sponsor clinical trials of
anti-cancer therapies. Large oncological organizations such as
the American Society of Clinical Oncology or the American
Society of Hematology should also participate, and privately
owned data science companies [e.g., Flatiron Health Inc. and
Tempus Labs Inc. (100)] should create databases which are
granular to the study of cardio-oncology epidemiology, multi-
omics, and biomarkers to inform basic, translational and clinical
research to further these aims. These companies work in the
field of data management of patient electronic medical record
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data into analyzable back ends with heavy focus in the field
of oncology. However, in light of the recent major retractions
of COVID-19 articles that used a large dataset from a private
enterprise, a detailed public reporting of data source architecture,
data dictionary, and signed attestation by all authors should be
mandated while collaborating with private enterprises.

CONCLUSION

The COVID-19 pandemic has dramatically transformed health
care and delivery, accelerating and actualizing a wide spectrum
of technology solutions. Over the course of just a few weeks,
outpatient practices across the country have been converted
to virtual clinics to conform to social distancing. Digital
technologies have also been rapidly incorporated into clinical
care to further complement virtual care. Social media has played
more important roles than ever in sharing and disseminating
important health care information particularly relevant to
cardiovascular complications of COVID-19. Healthcare and
biomedical data, as well as precision health, have been assimilated
through innovative ways to advance the care of our patients.
These advances, along with the lessons learned through our
experiences with COVID-19 will undoubtedly reshape our long-
term care of patients and survivors in cardio-oncology.

Clinical implementation of these forms of innovation was
heralded with the incorporation of “remote patient monitoring”
or telemonitoring in the 2016 European Society of Cardiology
guidelines for management of heart failure (101). The ACC
and AHA have now followed suit and expanded indications
for telehealth, remote monitoring, wearables, and other tools
in digital medicine throughout the specialty of Cardiology
during and after the pandemic (57). New guidelines and
recommendations in subsequent years should also encourage
the integration of remote monitoring, telemedicine, precision
medicine, informatics, and other forms of digital health in
electronic health records in Cardio-Oncology, among other
medical and surgical specialties. Social media and artificial
intelligence should also coalesce with these tools for synergistic
monitoring, assessment, and health education. Such integration
will help propel optimal care of patients and survivors further
along the innovation spectrum in the Digital Post-Pandemic Era.
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Background: Cardiac injury is recognized as one of the most common critical

complications during exacerbation of coronavirus disease 2019 (COVID-19). This study

aimed to investigate the effect of cardiac injury on the clinical course of COVID-19 and

to examine its potential mechanism and treatments.

Methods and Results: A total of 222 hospitalized patients with COVID-19 fromWuhan

were selected for the study during February 10 to March 28, 2020. Demographic,

laboratory, and clinical data on admission and during hospitalization were compared

between patients with COVID-19 with or without cardiac injury. On admission, cardiac

injury (n = 29) was associated with advanced age, more underlying coronary artery

disease, and a lower Pao2. Troponin levels were correlated with inflammatory markers

(C-reactive protein: r = 0.348, P < 0.001; interleukin 6: r = 0.558, P < 0.001) and

d-dimer levels (r = 0.598, P< 0.001). During hospitalization, another six patients suffered

from cardiac injury and cardiac injury (n = 35), resulting in higher rates of ventilation

(invasive: 51.4 vs. 1.6%, P < 0.001; non-invasive: 31.4 vs. 1.1%, P < 0.001) and

mortality (54.3 vs. 1.1%, P < 0.001). Cardiac injury on admission was a predictive

factor for mortality (adjusted hazard ratio= 4.73, 95% confidence interval= 1.35–16.63,

P = 0.015). Receiver operating characteristic curve analysis showed that, on admission,

a troponin level of 36.35 pg/mL was predictive for mortality with a sensitivity of 73.7%

and a specificity of 92.1%.

Conclusions: Cardiac injury complicates the disease course and increases the

mortality rate of COVID-19. Troponin levels should be checked at admission and

during hospitalization for triage, better monitoring, and managing those with COVID-19,

especially in the most severe patients.

Condensed Abstract: Cardiac injury is not uncommon in COVID-19.

In a cohort of 222 patients with COVID-19, cardiac injury was found in

29 patients on admission and in another 6 patients during hospitalization.

The admission level of troponin was well-correlated with inflammatory

factors and d-dimer levels and strongly predicted mortality. Cardiac injury

is a manifestation secondary to hypoxia and systemic infection, but
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which nevertheless further complicates the disease course and increases the mortality

rate. Troponin levels should be checked at admission and during hospitalization for

triage, better monitoring, and managing those with COVID-19, especially in the most

severe patients.

Keywords: COVID-19, cardiac injury, troponin, mortality, disease course

The escalating coronavirus disease 2019 (COVID-19) pandemic
has evolved into a major public health crisis. There is a wide
range of variation in reported mortality rates of COVID-19. The
mortality rate of COVID-19 is 2.3% (1) according to a report
from the Chinese Center for Disease Control and Prevention,
but it is close to 10% in European countries, such as Italy
and Spain (2). The mortality rate is <1% in population-based
studies that have included mild and asymptomatic cases. In
addition to severe respiratory distress, an overwhelming systemic
inflammatory reaction that leads to multiple organ system failure
appears to be the underlying cause for mortality of this disease
(3). Cardiac involvement is one of the most common critical
complications during exacerbation of COVID-19, especially in
patients with underlying chronic cardiovascular disease (4, 5).
Reports from China have shown that elevated troponin levels are
associated with a worse outcome, and other biomarkers include
lymphocytopenia and elevation of alanine aminotransferase, D-
dimer, or interleukin 6 (IL-6) levels (6, 7). Patients with COVID-
19 with underlying coronary artery disease and new cardiac
injury showed the highest mortality rate (4). A recent case
series of 18 patients with COVID-19 and ST-segment elevation
cardiac injury from New York showed a mortality rate of up
to 72% (8). Patients with non-coronary cardiac injury have a
relatively higher death rate than those who are diagnosed with
acute myocardial infarction. Early recognition of cardiac injury,
close monitoring, and managing heart dysfunction may prevent
excessive morbidity and mortality and improve prognosis of
patients with COVID-19.

In a Chinese cohort of patients in Wuhan with COVID-19
who have not previously been studied, we investigated the clinical
characteristics of these patients and the effect of COVID-19 on
the clinical course andmortality rate from cardiac injury.We also
discuss the potential mechanism and treatment strategy with the
aim of decreasing the rate of fatality in patients with a severe form
of COVID-19 infection.

METHODS

Study Population
All of the studied patients were hospitalized in the Sino-French
NewCity Branch of Tongji Hospital inWuhan, China, which was
the epicenter in the initial COVID-19 outbreak. This branch was

Abbreviations:COVID-19, coronavirus disease 2019; C-reactive protein, CRP; hs-
TnI, high-sensitivity troponin I; MI, myocardial infarction; ECMO, extracorporeal
membrane oxygenation; ARDS, acute respiratory distress syndrome; SARS-CoV-
2, severe acute respiratory syndrome coronavirus 2; BNP, B-type natriuretic
peptide; IL-6, interleukin 6; ECG, electrocardiogram; CRRT, continuous renal
replacement therapy.

set up to accept the most critically ill patients since February 10,
2020. Doctors were urgently recruited from several provinces in
China. The patients who were selected for the study were cared
for by the team that originated from Jilin Province, China. Adult
patients who were identified as having laboratory-confirmed
COVID-19 infection were enrolled. We excluded patients whose
cardiac enzymes were not checked and those with insufficient
laboratory data.

All patients were admitted for severe pneumonia due to
COVID-19 with unstable vital signs (saturation <93% at
room air), or they had severe chronic underlying diseases.
COVID-19 pneumonia was confirmed in all of the patients
by reverse transcriptase–polymerase chain reaction (RT-PCR)
assay or serological testing. All patients presented with positive
computed tomographic findings (ground-glass opacities and
consolidation with or without vascular enlargement, interlobular
septal thickening, and air bronchogram sign) (9).

Laboratory Testing
Nasal pharyngeal swabs or upper or lower respiratory tract
samples were collected in all of the patients to test for
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) by nucleic acid RT-PCR. On admission, all patients had a
comprehensive laboratory examination, including measurement
of B-type natriuretic peptide (BNP) (normal limit = <241
pg/mL), high-sensitivity troponin I (hs-TnI) (normal limit =

<34.2 pg/mL), blood cytology, biochemistry, blood gases, a
coagulation panel, and inflammatory indicators. The entire
laboratory test was repeated at least once a week or more
frequently if the patient’s condition was unstable.

Definitions
Cardiac injury was defined as an increase in troponin levels
above the 99th percentile upper reference limit, regardless
of new abnormalities in an electrocardiogram (ECG) and
echocardiography (10). The diagnosis of myocardial infarction,
especially type 2 myocardial infarction, was not made because of
insufficient data in the period of initial urgency when medical
teams for COVID-19 were being assembled. Acute respiratory
distress syndrome (ARDS) was defined according to the Berlin
definition. Acute kidney injury was identified according to the
Kidney Disease: Improving Global Outcomes definition.

Treatment
Supportive treatment and antiviral medication (Chinese
herbal medication and antiviral medication, including
lopinavir/ritonavir, chloroquine phosphate, and arbidol) were
provided to patients at the discretion of the individual physician.
Low-dose (40mg) methylprednisolone was administered for 3 to
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5 days for unstable patients with persistent symptoms (febrile,
increasing dyspnea, desaturation).

High-flow nasal catheter oxygenation or non-invasive
mechanical ventilation was initiated when the patient’s
respiratory distress and/or hypoxemia was not improved
after standard oxygen therapy. If the patient’s condition did not
respond to these non-invasive measures or even deteriorated
within a short period of time (1–2 h), tracheal intubation and
invasive mechanical ventilation were used.

Ventilation in the prone position was performed for more
than 12 h per day. Indications of extracorporeal membrane
oxygenation (ECMO) included the following: (1) When FIO2

was >90% and the oxygenation index was < 80 mmHg for
longer than 3 to 4 h; and (2) for patients with only respiratory
failure when the airway platform pressure was ≥35 cmH2O, the
VV-ECMO mode was preferred, and if circulatory support was
required, the VA-ECMOmode was used.

Endpoints
The primary endpoint was death or recovery. Follow-up was
until March 28, 2020. Patients were considered as recovered
and ready for discharge if the following criteria were met:
temperature returned to normal for more than 3 days;
respiratory symptoms were resolved; pulmonary imaging showed
considerable resolution of inflammation; and there were two
consecutive negative nuclei acid tests on respiratory tract
samples, such as sputum and nasopharyngeal swabs (sampling
interval of at least 24 h apart).

The data were retrospectively collected by two examiners
from electronic medical record and were mutually checked for
accuracy. All of the data were analyzed by investigators who were
blinded to this study.

The protocol of this study was approved by the ethics
committee of the First Teaching Hospital of Jilin University.
Written informed consent was waived by the Ethics Commission
for Emerging Infectious Diseases.

Statistical Analysis
Continuous variables are expressed as median [interquartile
range (IQR)]. Categorical variables are presented as numbers
and percentages. Continuous values were compared by the
Mann–Whitney U-test. Comparison of categorical variables was
performed by the χ2 test or Fisher exact test as appropriate. The
Spearman correlation coefficient was used to assess the linear
correlation between hs-TnI levels and other laboratory results.

Receiver operating characteristic (ROC) curve analysis was
used for predicting mortality and identifying the optimal cutoff
value of plasma hs-TnI levels on the basis of Youden J statistic.
Optimal cutoff values were defined as the points on the ROC
curve where Youden index (sensitivity + specificity – 1) was the
highest. Survival curves were plotted using the Kaplan–Meier
method and compared between patients with cardiac injury
and those without cardiac injury on admission using the log-
rank test. The hazard ratio (HR) and 95% confidence interval
(CI) were calculated using multivariate Cox regression models
to identify independent predictors of all-cause mortality during
hospitalization. To avoid overfitting in the model, five variables

that have been reported to be associated with clinical outcomes by
previous studies were chosen formultivariable analysis, including
plasma hs-TnI levels, the percentage of lymphocytes, D-dimer
levels, and IL-6 levels on admission, and age.

All reported P-values were two-sided, and P < 0.05 was
considered statistically significant for all analyses. Statistics were
calculated using IBM SPSS Statistics version 25 (IBM Corp.,
Armonk, NY, USA). Statistical charts were generated using Excel
2016 (Microsoft, Redmond,WA) or Prism 8 (GraphPad Software
Inc., San Diego, CA, USA).

RESULTS

Baseline Characteristics
A total of 222 patients with sufficient medical information were
included in the final analysis. The median age of the patients was
63.0 years (IQR= 50.0–69.0 years), and 113 (50.9%) were men.

Cardiac Injury in Patients With COVID-19
Infection on Admission
Patients with elevated hs-TnI levels (n = 29) were older [median
(IQR) = 70.0 (65.5–80.0] vs. 60.5 (48.0–67.0) years; P < 0.001],
more likely to have hypertension (37.9 vs. 19.8%; P = 0.029)
and coronary artery disease (24.1 vs. 3.7%; P = 0.001), and
had a lower PaO2 (92.58 ± 2.42 vs. 88.82 ± 9.98 mmHg; P
< 0.001) compared with patients with normal hs-TnI levels (n
= 187) (Table 1). The baseline characteristics and laboratory
results are shown in Table 1. The white blood cell count [median
(IQR) = 6.35 (5.38–10.21) vs. 5.7 (4.2–6.9) × 109/L; P < 0.001],
neutrophil percentage [median (IQR) = 85.7% (74.3–92.3%) vs.
66.2% (56.3–75.0%); P < 0.001], and erythrocyte sedimentation
rate [median (IQR) = 56.5 (36.0–87.0) vs. 30 (14–58) mm/h; P
< 0.001] were significantly higher in patients with elevated hs-
TnI levels than in those with normal hs-TnI levels. However, the
lymphocyte percentage was significantly lower in patients with
elevated hs-TnI levels than in those with normal hs-TnI levels
[median (IQR) = 8.9% (5.2–13.5%) vs. 23.05% (15.8–31.5%),
P < 0.001]. Patients with elevated hs-TnI levels had a lower
estimated glomerular filtration rate [median (IQR)= 71.6 (44.1–
96.35) vs. 94.5 (77.8–105.4) mL/min · 1.73 m2, P = 0.003] and
albumin levels [median (IQR) = 28.7 (23.8–31.3) vs. 36.3 (32.2–
40.3) g/dL, P < 0.001] and higher aspartate aminotransferase
levels [median (IQR) = 28.5 (23.25–46.25) vs. 23 (18–32) U/L,
P = 0.033] and CK-MB levels [median (IQR) = 132 (55–294)
vs. 61 (36.5–95.0) µg/L, P = 0.049] compared with patients with
normal hs-TnI levels. High-sensitivity C-reactive protein levels
[median (IQR) = 78.9 (10.2–11.4) vs. 5.3 (1.5–31.5) mg/dL, P =

0.009] as an inflammatory biomarker were significantly higher in
patients with elevated hs-TnI levels than in those with normal
hs-TnI levels. Moreover, patients with elevated hs-TnI levels had
significantly higher levels of BNP [median (IQR)= 1,468 (382.5–
5,651.5) vs. 65.0 (36.5–185.0) pg/mL, P < 0.001] and D-dimer
[median (IQR) = 4.99 (2.3–21.0) vs. 0.6 (0.3–1.3) µg/mL, P <

0.001] than those with normal hs-TnI levels.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 August 2020 | Volume 7 | Article 147105

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


Wang et al. Cardiac Injury in Patients With COVID-19

TABLE 1 | Baseline characteristics and laboratory results of patients with COVID-19.

Characteristic All (n = 222) No Cardiac injury

(n = 187)

Cardiac injury

(n = 29)

P-value comparing

29 to 187

New cardiac

injury during

hospitalization

(n = 6)

P-value

comparing 6 to

187

Age, median (IQR), years 63 (50, 69) 60.5 (48.0–67.0) 70 (65.5, 80.0) <0.001 65.5 (65.0–70.5) 0.074

Gender (male), n (%) 113 (50.9) 96 (53.6) 12 (41.4) 0.221 5 (83.3) 0.223

Hypertension, n (%) 51 (23.0) 37 (19.8) 11 (37.9) 0.029 3 (50.0) 0.105

Diabetes, n (%) 30 (13.5) 23 (12.3) 7 (24.1) 0.086 0 (0.0) 1.000

Coronary artery disease, n (%) 14 (6.7) 7 (3.7) 7 (24.1) 0.001 0 (0.0) 1.000

Thyroid, n (%) 9 (4.1) 7 (3.7) 2 (6.9) 0.429 0 (0.0) 1.000

ACEI/ARB, n (%) 8 (3.6) 6 (3.2) 2 (6.9) 0.328 0 (0.0) 1.000

CCB, n (%) 13 (5.9) 9 (4.8) 3 (10.3) 0.226 1 (16.7) 0.276

Laboratory results on admission, median (IQR)

White blood cell × 10∧9/L 5.82 (4.34, 7.17) 5.7 (4.2–6.9) 6.35 (5.38, 10.21) <0.001 5.1 (4.7–7.8) 0.955

Neutrophil, % 68.0 (57.7, 80.0) 66.2 (56.3–75.0) 85.7 (74.3, 92.3) <0.001 82.0 (81.0–85.2) 0.003

Lymphocyte, % 21.3 (12.25,

29.35)

23.4 (15.8–31.5) 8.9 (5.2, 13.5) <0.001 11.6 (10.0–12.5) 0.004

Erythrocyte sedimentation rate, mm/h 34 (16, 63) 30.0 (14.0–58.0) 56.5 (36.0, 87.0) <0.001 50.0 (37.8–69.0) 0.137

Urea, mg/dL 4.9 (3.85, 6.6) 4.5 (3.8–6.2) 7.4 (4.5, 11.78) 0.023 7.8 (5.5–10.1) 0.044

Creatinine, µmoI/L 71 (60, 88) 70.0 (60.0–87.0) 83 (61, 109) 0.076 66.5 (51.8–91.0) 0.751

eGFR, mL/(min·1.73 m2) 92.85 (74.92, 104) 94.5 (77.8–105.4) 71.6 (44.1, 96.35) 0.003 79.4 (67.2–91.5) 0.142

ALT, U/L 25 (16, 42) 26.0 (16.8–43.0) 25.5 (14.75, 37) 0.733 21.0 (18.0–24.0) 0.399

AST, U/L 24 (18.5, 32.5) 22.5 (18.0–32.0) 28.5 (23.25, 46.25) 0.033 24.0 (21.0–65.0) 0.298

TBIL, µmol/L 9.8 (7.1, 12.02) 9.5 (7.0–11.4) 10.60 (8.03, 13.88) 0.143 18.3 (13.3–22.6) 0.002

DBIL, µmol/L 3.9 (2.93, 5.2) 3.6 (2.9–4.7) 4.9 (3.43, 5.98) 0.031 10.4 (6.2–13.6) 0.0001

IBIL, µmol/L 5.3 (4.2, 7.1) 5.3 (4.2–6.8) 5.4 (4.28, 7.8) 0.813 8.1 (7.1–9.7) 0.042

LDH, U/L 237.5 (191.25,

314.5)

227.0 (189.0–290.5) 342 (205.5, 480) 0.012 382.0

(265.0–613.0)

0.034

Total cholesterol, mg/dL 4.08 (3.38, 4.82) 4.2 (3.6–4.9) 3.67 (2.83, 4.47) 0.044 3.6 (3.4–3.6) 0.115

Triglyceride, mg/dL 1.35 (1.02, 2.0) 1.3 (1.0–2.0) 1.50 (0.98, 2.33) 0.909 1.5 (1.4–1.6) 0.811

HDL, mg/dL 1.0 (0.81, 1.18) 1.0 (0.8–1.2) 0.92 (0.74, 1.05) 0.082 0.8 (0.7–0.9) 0.157

LDL, mg/Dl 2.63 (1.96, 3.03) 2.7 (2.0–3.1) 1.85 (1.41, 2.84) 0.024 1.9 (1.6–2.0) 0.029

Creatine kinase–MB fraction, µg/L 65.5 (35.75,

129.0)

61.0 (36.5–95.0) 132 (55, 294) 0.049 84.0 (31.5–154.5) 0.932

Potassium, mEq/L 4.29 (3.98, 4.61) 4.3 (4.0–4.6) 4.49 (3.77, 5.09) 0.297 4.4 (4.0–4.7) 0.760

Sodium, mEq/L 140.2 (138.3,

142.75)

139.9 (138.5–141.9) 141.15 (137.88, 144.9) 0.098 144.1

(141.3–144.1)

0.143

Ferritin, µg/L 565 (287.3,

1,109.5)

545.5 (269.2–936.0) 862 (453.8, 1,264.5) 0.123 2,305.0

(2,128.0–8,288.5)

0.006

HCO3, mEq/L 24.55 (22.25,

26.08) ± 3.24

24.7 (23.0–26.1) 24.0 (20.15, 24.85) 0.051 26.2 (24.0–27.9) 0.393

C-reactive protein, mg/dL 10.2 (1.6, 49.8) 5.3 (1.5–31.5) 78.9 (10.2, 11.4) 0.009 124.8

(52.2–218.3)

0.005

BNP, pg/mL 115.5 (52.25,

668.0)

65.0 (36.5–185.0) 1,468 (382.5, 5,651.5) <0.001 336.0

(236.0–734.5)

0.007

Albumin, g/dL 35.45 (31.07,

39.80)

36.3 (32.2–40.3) 28.7 (23.8, 31.3) <0.001 33.4 (30.9–34.2) 0.134

d-Dimer, µg/mL 0.97 (0.41, 2.28) 0.6 (0.3–1.3) 4.99 (2.31, 21.0) <0.001 12.2 (3.1–21.0) 0.002

IL-6, pg/mL 9.66 (2.94, 36.35) 7.4 (2.6–19.5) 43.39 (10.9, 108.01) <0.001 72.8 (58.6–293.7) <0.001

Pao2, mean ± SD, mmHg 90.56 ± 6.85 92.58 ± 2.42 88.82 ± 9.98 <0.001 85.06 ± 13.88 <0.001

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker; eGFR, estimated glomerular filtration rate; ALT, alanine transaminase;

AST, aspartate aminotransferase; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin; LDH, lactic dehydrogenase; HDL, high density lipoprotein; LDL, low-density lipoprotein;

BNP, B-type natriuretic peptide; IL-6, interleukin 6.
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FIGURE 1 | Correlations between plasma hs-TnI levels on admission and IL-6 levels, D-dimer levels, lymphocytes, hs-CRP levels, and BNP levels. IL-6, interleukin 6;

BNP, B-type natriuretic peptide; CRP, C-reactive protein; hs-TnI, high-sensitivity troponin I.

Correlations of the Baseline Troponin Level
With Baseline Levels of Laboratory
Biomarkers
Plasma hs-TnI levels were positively correlated with plasma
IL-6 levels (Spearman r = 0.558, P < 0.001), plasma high-
sensitivity C-reactive protein levels (Spearman r = 0.348, P
< 0.001), plasma D-dimer levels (Spearman r = 0.598, P <

0.001), and plasma BNP levels (Spearman r = 0.743, P <

0.001) (Figure 1). Plasma hs-TnI levels were negatively correlated
with the lymphocyte percentage (Spearman r = −0.611,
P < 0.001).

Patients With Cardiac Injury During
Hospitalization
Comparison of complications, treatment, and outcomes
between patients with and those without cardiac injury during
hospitalization is shown in Table 2. During hospitalization,
six patients had newly developed elevation in troponin levels,
and a total of 35 patients were diagnosed with cardiac injury.
Patients with cardiac injury were significantly more likely to
develop complications, including acute kidney injury (17.1 vs.
1.1%, P < 0.001) and ARDS (60.0 vs. 2.1%, P < 0.001) compared
with those without cardiac injury. Results of the comparison of

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 August 2020 | Volume 7 | Article 147107

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


Wang et al. Cardiac Injury in Patients With COVID-19

TABLE 2 | Complications, treatment, and clinical outcome in patients with COVID-19 during hospitalization.

Characteristic All (n = 222) No cardiac injury (n = 187) Cardiac injury (n = 35) P-value

Complication

AKI, n (%) 8 (3.6) 2 (1.1) 6 (17.1) <0.001

ALF, n (%) 12 (5.4) 8 (4.3) 4 (11.4) 0.086

ARDS, n (%) 25 (11.3) 4 (2.1) 21 (60.0) <0.001

Therapy

Glucocorticoid, n (%) 62 (27.9) 44 (23.5) 18 (51.4) 0.001

Inotropics, n (%) 10 (4.5) 1 (0.5) 9 (25.7) <0.001

LMWH, n (%) 15 (6.8) 4 (2.1) 11 (31.4) <0.001

IVGc, n (%) 28 (12.6) 13 (7.0) 15 (42.9) <0.001

Antivirus, n (%) 20 (9.0) 13 (7.0) 7 (20.0) <0.001

Non-invasive mechanical ventilation, n (%) 13 (5.9) 2 (1.1) 11 (31.4) <0.001

Invasive mechanical ventilation, n (%) 21 (9.5) 3 (1.6) 18 (51.4) <0.001

CRRT, n (%) 10 (4.5) 1 (0.5) 9 (25.7) <0.001

ECMO, n (%) 2 (0.9) 0 (0.0) 2 (5.7) 0.001

Clinical outcome

Death, n (%) 21 (9.5) 2 (1.1) 19 (54.3) <0.001

AST, aspartate aminotransferase; AKI, acute kidney injury; ALF, acute liver failure; ARDS, acute respiratory distress syndrome; LMWH, low molecular weight heparin; IVGc, intravenous

glucocorticoids; CRRT, continuous renal replacement therapy; ECMO, extracorporeal membrane oxygenation.

baseline characteristics between patients with newly developed
cardiac injury during hospitalization (n = 6) and patients
without cardiac injury (n = 187) are presented in Table 1,
which suggested patients with newly developed cardiac injury
had higher baseline levels of hs-C-reactive protein, D-dimer,
IL-6, ferritin and neutrophil percentage, and lower level of
lymphocyte percentage.

Electrocardiograms were collected for 25 patients with cardiac
injury. ST-T elevation was not found in any of the patients.
Tachycardia was observed in all 25 patients. The next most
common ECG abnormality was non-specific T-wave changes
(32%). Atrial fibrillation was found in three patients. Limited
bedside echocardiography was selectively performed in 24
patients. Among these patients, an ejection fraction <50% was
observed in only one patient, and the most common finding was
diastolic dysfunction (52%). Moderate tricuspid regurgitation
was found in three patients.

With regard to treatment, the percentages of administering
antiviral agents (20.05 vs. 7.0%, P < 0.001), glucocorticoids
(51.4 vs. 23.5%, P = 0.001), inotropic agents (25.7 vs. 0.5%,
P < 0.001), intravenous immunoglobulin (42.9 vs. 7.0%, P <

0.001), and low-molecular-weight heparin (31.4 vs. 2.1%, P <

0.001) were significantly higher in patients with elevated hs-
TnI levels than in those with normal hs-TnI levels. Moreover,
invasive and non-invasive mechanical ventilation (invasive: 51.4
vs. 1.6%, P < 0.001; non-invasive: 31.4 vs. 1.1%, P < 0.001) and
continuous renal replacement therapy (25.7 vs. 0.5%, P < 0.001)
were more frequently required in patients with cardiac injury
than in those without cardiac injury. Notably, ECMO was used
to support the most ill patients with cardiac injury among all of
the included patients.

Among the 222 patients, 21 died during hospitalization, and
201 were discharged. A total of 19 (15/29 patients with cardiac

injury on admission and 4/6 patients with new cardiac injury
during hospitalization) of 35 (54.3%) patients died and 2 of 187
(1.1%) died in the cohorts with and without cardiac injury during
hospitalization, respectively. Three patients suffered cardiac
arrest before death. One patient died of ventricular fibrillation.
All those four patients were in the group of cardiac injury.

A total of 169 tests of hs-TnI were checked for patients
with cardiac injury during hospitalization. The median of hs-
TNI was 149.3 (IQR = 42.9–489.7) pg/mL in patients died
during hospitalization and 29.0 (IQR = 15.0–90.6) pg/mL in the
survivors. Correlations between results of hs-TnI and time from
admission in patients with cardiac injury are shown in Figure 2.
Among patients with cardiac injury, 17 patients had continuously
increased levels of hs-TnI during hospitalization compared with
the levels of hs-TnI on admission, and the mortality of these
patients was significantly higher than those patients without
continuously increased hs-TnI [13/17 (76.5%) vs. 6/18 (33.3%),
P = 0.010].

hs-TnI Levels on Admission and Predictors
of Mortality in Patients With COVID-19
Infection
The mortality rate was higher in patients with elevated hs-TnI
levels than in those with normal hs-TnI levels on admission (51.7
vs. 3.1%). Kaplan–Meier curves (Figure 3A) for mortality are
shown in Figure 3 (log-rank test, P < 0.001). The multivariate
Cox proportional hazardsmodel showed that the risk ofmortality
was significantly higher in patients with elevated hs-TnI levels
than in those with normal hs-TnI levels (adjustedHR= 4.73, 95%
CI = 1.35–16.63, P = 0.015). Additionally, increased D-dimer
levels (µg/mL) on admission were associated with a higher risk
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FIGURE 2 | Correlations between results of all hs-TnI checked and time from admission in patients hospitalized with COVID-19 and cardiac injury. (A) Correlations

between results of all hs-TnI checked and time from admission in survivors. (B) Correlations between results of all hs-TnI checked and time from admission in patients

who died during hospitalization.

FIGURE 3 | Survival curves of patients with COVID-19 with and without cardiac injury on admission and receiver operating characteristic curve analysis for plasma

hs-TnI levels as a predictor of death. (A) Kaplan–Meier curves with cumulative hazards of death for comparison of patients with and those without cardiac injury. The

mortality rate was higher in patients with cardiac injury on admission compared with those without cardiac injury on admission. (B) Receiver operating characteristic

(ROC) curve and the area under the ROC curve for plasma hs-TnI levels on admission to predict death.

TABLE 3 | Results of multivariable Cox regression analysis predicting death

among 35 COVID-19 patients who had myocardial infarction at admission or

during hospitalization vs. 187 COVID-19 patients who did not have myocardial

infarction.

Variable Hazard ratio 95% CI P-value

Lower Upper

Evaluated hs-TnI 4.73 1.35 16.63 0.015

d-Dimer (µg/mL) 1.10 1.02 1.17 0.011

of mortality (adjusted HR = 1.10, 95% CI: 1.02–1.17, P = 0.011)
(Table 3).

Receiver operating characteristic analysis (Figure 3B) for
plasma hs-TnI levels showed good discriminatory power for

mortality of patients with laboratory-confirmed SARS-CoV-2
infection. The area under the ROC curve was 0.880. The cutoff
for plasma hs-TnI levels with the highest prognostic value was
identified as 36.35 pg/mL. The sensitivity and specificity of the
cutoff value were 73.7 and 92.1%, respectively.

DISCUSSION

The clinical course of the 222 patients with COVID-19 infection
showed that cardiac injury was relatively common. A total
of 13% of the patients had cardiac injury on admission, and
15.8% of patients had cardiac injury during the complete
course of hospitalization. On admission, cardiac injury was
more common in patients with hypoxemia. Troponin levels
were correlated with the levels of inflammatory factors. These
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TABLE 4 | Previous studies which described reported incidence of cardiac injury and its association with mortality in COVID-19.

Study 1 (9) Study 2 (6) Study 3 (5) Study 4 (4) Study 5 (3) Study 6 (24)

First author Shaobo Shi Tao Guo Dawei Wang Fei Zhou Tao Chen Shaobo Shi

Publication date 3/25 3/27 2/7 3/9 3/26 5/6

Data source Renmin Hospital of

Wuhan University

Seventh Hospital of

Wuhan City

Zhongnan Hospital of

Wuhan University

Jinyintan Hospital and

Wuhan Pulmonary

Hospital

Tongji Hospital Renmin Hospital

of Wuhan

University

Date of data collection 1/20–2/10 1/23–2/23 1/1–2/28 12/29–1/31 1/13–2/12 1/1–2/23

Sample size 416 187 138 191 274 671

Grouping Cardiac injury

(n = 82)/

no cardiac injury

(n = 334)

Elevated TnT

(n = 52)/normal TnT

(n = 135)

ICU (n = 36)

/non-ICU (n = 102)

Death (n = 54)

/survivor (n = 137)

Deaths (n = 113)

/recovered

(n = 161)

Death (n = 62)

/survivor

(n = 609)

Study type Cohort Cohort Descriptive Case–control Descriptive Case–control

Overall age 64 (21–95) 58.50 (14.66) 56 (42–68) 56.0 (46.0–67.0) 62.0 (44.0–70.0) 63 (50–72)

Grouping age(year) 74 (34–95)/

60 (21–90)

71.40 (9.43)/

53.53 (13.22)

66 (57–78)/

51 (37–62)

69.0 (63.0–76.0)/

52.0 (45.0–58.0)

68.0 (62.0–77.0)/

51.0 (37.0–66.0)

74 (66–81)/

61 (49–70)

Overall hypertension

(percentage)

30.5 32.6 31.2 30 34 29.7

Grouping hypertension

(percentage)

59.8/23.4 63.5/20.7 58.3/21.6 48/23 48/24 59.7/26.6

Overall DM (percentage) 14.4 15.0 10.1 19 17 14.5

Grouping DM (percentage) 24.4/12.0 30.8/8.9 22.2/5.9 31/14 21/14 27.7/13.1

Overall CHD (percentage) 10.6 11.2 — 8 — 8.9

CHD (percentage) 29.3/6.0 32.7/3.0 — 24/1 — 33.9/6.4

Overall COPD (percentage) 2.9 2.1 2.9 3 — 3.4

COPD (percentage) 7.3/1.8 7.7/0 8.3/1.0 7/1 — 3.2/3.4

hs-TNI (pg/mL) 190 (80–1,120)/<6

(<6–9)

— 11.0 (5.6–26.4)/5.1

(2.1–9.8)

22.2 (5.6–83.1)/3.0

(1.1–5.5)

40.8

(14.7–157.8)/3.3

(1.9–7.0)

0.235 (0.042–

1.996)/0.006

(0.006–0.011)

Cardiac injury (percentage) 19.7 27.8 — — — 75.8/9.7

Overall mortality

(percentage)

13.7 23 4.3 28.3 14.1 9.2

Grouping mortality

(percentage)

51.2/4.5 59.6/8.9 — — — —

COVID-19, coronavirus disease 2019; DM, diabetes mellitus; CHD, chronic heart disease; COPD, chronic obstructive pulmonary disease; hs-Tni, high-sensitivity troponin I.

findings suggest that cardiac injury is most likely a secondary
manifestation from respiratory distress and systemic infection.
However, our findings could also be due to direct infection
with the virus. During hospitalization, cardiac injury tended to
be associated with multiorgan failure, more inotropic support
and ventilator use, and consequent higher mortality. Along with
elevated D-dimer levels, an increased troponin level up to 36
pg/mL on admission were predictive of death. Moreover, cardiac
injury during hospitalization could, to some extent, become a
confounding factor that contributes to mortality.

Comparison With Previous Studies on
COVID-19 From Wuhan
Our findings are consistent with the literature. Before the
submission of our study, there have been five relatively large
cohort studies that reported the incidence of cardiac injury and
its association with mortality (3–7). We compared these studies
with our study (Table 4). The mortality rate in our study was
lower than that in most of the other studies (9.5% in our study

vs. 4.3–28.3%). One of the reasons for this difference between
studies is that our patients presented with less comorbidities
than the other studies (less hypertension and less cardiac injury).
Moreover, the timing of enrollment in the study played a major
role in explaining the improved outcome in our study. Our study
recruited patients who were admitted after February 10, 2020,
when medical resources and staff were more readily available
in Wuhan. However, the previous studies analyzed patients
who were afflicted with COVID-19 in the early stage of the
Wuhan epidemic.

Possible Mechanism of Cardiac Injury
Cardiac injury is commonly found in patients with viral
infection, and therefore, it is not unique for COVID-19 infection.
Cardiac injury was found in 63.2% of patients who were
infected with influenza A (H7N9) virus in China in the 2015–
2017 outbreak, and these patients were associated with a high
mortality rate (11). During the SARS andMiddle East respiratory
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syndrome outbreaks, evidence of cardiac involvement was also
reported (12, 13).

Cardiac injury in COVID-19 infection could be due to
many reasons. Several case reports have shown acute myocardial
infarction (8), acute myocarditis (14), acute myopericarditis (15),
reverse takotsubo syndrome (16), and pulmonary embolism (17)
as the culprits for cardiac injury. However, cardiac injury in
our cohort appeared to be due to demand ischemia in response
to overwhelming inflammation and/or hypoxia. Elevation of
troponin levels is proportional to the levels of inflammatory
factors, among which IL-6 is themost significant predictive factor
for prognosis.

Cardiac injury in the setting of COVID-19 infection appears
to follow a different pattern from what is known in typical
acute viral myocarditis, which usually occurs after 1 week
of viral infection. COVID-19–infected patients show evidence
of cardiac injury only a couple of days after diagnosis of
pneumonia. Additionally, abnormal electrical conduction or
deadly arrhythmia is much more common in patients with acute
viral myocarditis than in COVID-19–infected patients in whom
tachycardia is most frequently observed. Although our study and
previous studies showed that malignant arrhythmia, especially
cardiac arrest, may occur at the end of the disease owing to
severe hypoxia or electrolyte disorder. Moreover, in contrast to
fulminant myocarditis, circulatory support was rarely required
in our cohort. A pathological report showed pronounced

pulmonary edemawith hyalinemembrane formation in the lungs
in those who died of ARDS due to COVID-19. However, there
were no obvious histological changes in cardiac tissue, as reported
in a previous case report (18). Endomyocardial biopsy from
one patient with COVID-19 who presented with cardiogenic
shock showed only low-grade myocardial inflammation, which
was inconsistent with fulminant myocarditis (19). Coronavirus
particles were also found from the biopsy, which suggested
either transient viremia or infected macrophage migration from
the lungs.

COVID-19 infection is distinguished from bacterial sepsis by
showing more cardiac involvement than other organs, such as
renal or liver impairment. There are several explanations for
such a discrepancy. A previous study showed that SARS-CoV-
2 shared angiotensin-converting enzyme 2 (ACE2) as the host
cellular receptor for virus spike (S) protein, and the expression
and distribution of ACE2 were key determinants for entry
of the virus (20). Patients who suffer from heart failure at
baseline have increased ACE2 expression at mRNA and protein
levels. If patients are infected by SARS-CoV-2, they might have
a higher risk of adverse cardiac events (e.g., a heart attack
and becoming critically ill). Paradoxically, older individuals,
especially those with preexisting cardiovascular comorbidities,
are more susceptible and succumb to the more severe form of
COVID-19 infection, even though ACE2 expression is notably
reduced with aging. This seemingly implausible observation

FIGURE 4 | Triage and treatment of patients with COVID-19 based on hs-TnI levels at admission and the etiology of cardiac injury. CAD, coronary artery disease; BNP,

B-type natriuretic peptide; ECG, electrocardiogram; MI, myocardial infarction; CRRT, continuous renal replacement therapy; ECMO, extracorporeal membrane

oxygenation; hs-TnI, high-sensitivity troponin I.
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could be argued by emphasizing the other perspective of ACE
function, of which upregulation could lead to a positive immune
response (21).

Treatment Strategy of Cardiac Injury in
Patients With COVID-19
Despite the fact that cardiac injury in COVID-19 infection
is secondary to hypoxia and an inflammatory storm, cardiac
involvement can portend a worse outcome and deteriorate the
general well-being of infected patients. An example of this
situation is that a rise in BNP levels indicates that normal heart
function has become compromised. When severe pneumonia
leads to septic shock found in COVID-19 infection, managing
fluid balance becomes important. Similarly, cardiac injury and
myocardial suppression might further predispose patients to
volume and pressure overload, which could further deteriorate
into severe pulmonary edema and cardiogenic shock. Therefore,
early detection and intervention are effective in preventing
adverse cardiac events (Figure 4).

Fortunately, myocardial suppression is reversible upon
improvement of underlying respiratory distress. Although
antiviral medication was anecdotally used in the patients in our
study, some medications were discontinued in the middle of the
course because of side effects. Steroids were used only when
patients were febrile or their overall condition became worse.
A low dosage of steroids for 1 week is suggested, while oral
conversion and tapering are not necessary. Supportive treatment,
such as immunoglobulin infusion, is frequently used to boost
the immune system. Theoretically, IL-6 antibody could be used,
but to date, there is no evidence that it is effective. To minimize
inflammation, oxygenation is important. Discrete use of NIPV
and early and prompt conversion to mechanical ventilation,
while weighing the balance of applying ECMO to indicated
patients, are paramount for decreasing the mortality rate. Our
study showed that the longest ECMO support can last as long as
30 days, and patients still have a chance for extubation.

In our patients, angiotensin receptor blockers/ACE
inhibitors were used in 3.6% of patients. Currently, there
is no recommendation for stopping angiotensin receptor
blockers/ACE inhibitors, especially for patients with heart
failure. Continued administration of angiotensin receptor
blockers/ACE inhibitors is recommended (22). Anticoagulation
medication is frequently used in patients with cardiac injury, and
antiplatelet medication is used only for patients with underlying
coronary artery disease.

A comprehensive flowchart of triage and treatment of patients
with COVID-19 patients based on troponin levels at admission
and the etiology of cardiac injury is shown in the Central
Illustration. A recent study showed that type 2 myocardial
infarction and cardiac injury were associated with increased long-
term mortality (23). Therefore, long-term follow-up of patients
with COVID-19 and cardiac injury is required.

Study Limitations
A limitation of this study is its retrospective design, especially
because we studied patients in an urgently constructed hospital
for the Wuhan COVID-19 outbreak. Specific limitations

are as follows. First, data collection, especially ECG and
echocardiographic data, was not complete. Therefore, the rate
of myocardial infarction (mainly type 2) could not be obtained.
Second, based on available evidence of our cohort and other
cohorts, cardiac injury is mainly due to an oxygen supply demand
imbalance and an inflammatory response. A coronary angiogram
is rarely required in this situation. Therefore, there was no
evidence of coronary status. Third, most of the data regarding
cardiac injury were from Wuhan, China. To date, data from
Italy, Spain, and the United States are sparse: In view of a more
advanced age and a higher mortality rate in those epidemic
areas, better knowledge of the incidence of cardiac injury and its
contribution to morbidity and mortality in COVID-19 may lead
to an improved prognosis.

CONCLUSIONS

Cardiac injury is not uncommon and is relatively typical for
COVID-19. Although cardiac injury is a manifestation secondary
to systemic infection or hypoxia, it can complicate the disease
course by compromising the patient’s general condition and
prolonging the course. We recommend checking troponin levels
at admission and during hospitalization for better monitoring,
managing, and predicating the prognosis of patients with
COVID-19, especially in the most severe patients.

PERSPECTIVES

Competency in Medical Knowledge: Cardiac injury in COVID-
19 is a manifestation secondary to hypoxia and systemic infection
and further complicates the disease course and increases the
mortality rate.

Competency in Patient Care: Troponin levels should be
checked at admission and during hospitalization for triage, better
monitoring, and managing patients with COVID-19, especially
in the most severe patients.

Translational Outlook: Cardiac injury is common in severe
cases of COVID-19, and long-term follow-up for patients who
survive from the severe form of COVID-19 might be required.
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Large population studies such as the UK Biobank provide great opportunities for

understanding the pathophysiology, health impact and prognostic factors associated

with COVID-19, a condition that has had significant impact on almost everyone around

the world. We highlight the vast opportunities, challenges and limitations for research

and collaboration from the UK Biobank and other large population studies in helping us

better understand and manage both current and potential future pandemics.

Keywords: COVID-19, UK Biobank, population studies, precision medicine, epidemiology

BACKGROUND

The Coronavirus disease 2019 (COVID-19) pandemic has had a profound impact on health and the
way people live globally. Our knowledge of the disease is increasing at a fast pace and thus far has
largely been from observational studies and registries (1, 2), with an increasing number of clinical
trials underway assessing treatment options, vaccination and other preventative strategies to limit
the morbidity and mortality associated with it (www.covid-trials.org).

There have been reports that the disease has worse outcomes in those who are older, have
cardiovascular disease, and may potentially be linked to certain medications, as well as socially
disparate groups. The studies to date, whilst essential given the extraordinary circumstances,
are prone to potential limitations inherent in clinical observational studies that generally lack
systematic assessment and initially included mostly those who had been moderate or severely
affected by COVID-19 and thus required hospitalization (3). The main presentations have been
with cough and fever and confirmed cases were initially based on positive nasal and throat swabs for
SARS-CoV-2 leading to respiratory failure. Oxygen support, non-invasive or invasive ventilation
have been the main stay of treatment to date with reports of propensity to thromboembolic
complications and potential cardiac manifestations (4).

LARGE POPULATION STUDIES

Large longitudinal population studies provide a powerful way of tracking the health of a large group
of the population over time (5). The impact of factors such as environmental, genetic and lifestyle
choices on health and outcomes can be assessed to enable researchers to better understand the
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drivers for health and potential differences between groups of
people. With the ultimate aim of improving health through
public health policies and their delivery. A number of large
population studies are under way around the world including the
UK Biobank study, the China Kadoorie Biobank, USA Million
Veteran Program, and the Prospective study of 500,000 adults
in Chennai, India (6–9). Each study will have variations in
the number of people enrolled, although these specific ones
aim to involve between 500,000 or more adults. Each study
varies in the populations enrolled (including age and ethnicity)
and extent of factor measurement (imaging and genetic testing,
for example). For the purpose of this manuscript we will
discuss the UK Biobank study and other population studies to
assess the opportunities and challenges in relation to the recent
COVID-19 pandemic.

UK Biobank Cohort Study
The UK Biobank is a prospective cohort study with deep
phenotype and genotype data collected for over 500,000
individuals aged between 40 and 69-years-old at recruitment
between 2006 and 2010, from across England, Scotland and
Wales (6). The rich dataset contains biological measurements,
lifestyle questionnaires and health-related information, blood
and urine biomarkers for all participants. Genome-wide
genotype data collected on all participants are providing
opportunities for genetic association discoveries and genetic basis
of complex traits that could guide future therapeutic targets (10).

Additional information in a large subset are available or in
the process of being collected, such as deep imaging (MRI of
the heart, brain and abdomen, carotid ultrasound scanning and
bone densitometry) in 100,000 with a target completion in 2023
(11, 12). Almost half of these participants have already been
scanned. There is also funding confirmed to allow follow-up
scanning in about 10,000 of these volunteers.

The number of UK Biobank participants scanned pre-COVID
was under just below 50,000. The imaging centers stopped
scanning participants on the 13th March due to COVID-19 and
will resume scanning when deemed safe. Although only a 1/5 of
the UK Biobank are planned to have imaging, it still provides
detailed imaging information on 100,000 individuals which is
substantial and unprecedented for any national biobank. Another
advantage is the on-going rescanning effort which will enable the
assessment of pre- and post-COVID changes.

Follow-up health information is provided by robust linkage
to primary care electronic health records, death and cancer
registries and hospital admission records. With increasing
outcome information generated over time the epidemiological
opportunities of the UK Biobank study will be vast.

The open source nature of the UK Biobank study is novel
and therefore allow any researcher to benefit from the size
and scope of the study through an application process. This
is particularly commendable given longitudinal studies are
notoriously expensive and logistically challenging to execute.

UK Biobanks and COVID-19
With the COVID-19 pandemic affecting so many people, the UK
Biobank study provides great opportunity for epidemiological

analysis and allow us to explore characteristics that are associated
with poorer outcomes in COVID-19 patients along with those
that may be protective. The association of lifestyle, comorbidities,
medication and phenotypic information with outcomes will
become an invaluable source as more data becomes available on
those that are tested for presence of COVID-19, especially as the
UK government plans to ramp up targets for testing in the general
population and not just those admitted to hospital or health care
workers (Figure 1).

Results of COVID-19 tests for UK Biobank participants are
provided by Public Health England for participants residing
in England. These are being updated on a weekly basis and
include both positive and negative test results. On a monthly
basis, information directly linked to primary care data, hospital
inpatient data, and death data will be made available along
with critical care data for those individuals that have been
confirmed as having COVID-19. Table 1 provides examples
of large population studies and which studies are actively
collecting COVID-19 related information. Even at the time of
revising the manuscript for the journal it was clear that a large
number of the Biobanks were taking active steps in increasing
the COVID-19 related data to help us better understand
the disease.

The UK Biobank for example has now also initiated
a coronavirus antibody study where they will invite a
representative sample of 20,000 of the total 500,000 participants
who express an interest in participation. They will be asked
to self-collect 0.5 mls of blood from finger prick for antibody
testing. This will be repeated monthly for at least 6-months.
Children and grandchildren of the participants, who are over
the age of 18 years will also invited to provide blood samples for
both antibody testing and genetic testing to additionally assess
for genetic susceptibility in young adults.

OPPORTUNITIES

The growing COVID-19 related information for a cohort with
a rich phenotype and genotype assessment along with regular
outcome measure updates will allow researchers to define the
relevance of wide-ranging genetic and non-genetic factors to
severity and outcomes based on age, lifestyle, co-morbidities,
prescribed medications, environmental, and regional factors.
The outcome data now and in the future will provide a
comprehensive analysis of the mortality rates and associated
morbidity in the UK cohort. Particularly where the data are
able to help identify risk factors that predispose to poorer
outcomes and those that could be protective thus guiding
lifestyle and prevention recommendations. This creates a colossal
opportunity for detailed analysis of the cohort and the impact of
the disease on longer term health and well-being of survivors that
will guide future research and public health policies.

In those who have already undergone deep imaging
phenotyping, follow-up scanning will provide novel insights in
understanding the downstream, long-term effects of COVID-19
exposure on biological systems. Analysis of the subset of
participants undergoing follow-up imaging could also provide
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FIGURE 1 | Overview of the UK Biobank Study—A unique multimodal population study of 500,000 with recent addition of COVID-19 related data.

better understanding of pathophysiology using the pre- and
post-COVID-19 imaging data.

The UK Biobank is already one of the largest contributors
to an international consortium to investigate the genetic
determinants of vulnerability to COVID-19, disease severity
and outcomes (https://www.covid19hg.org). The second-round
meta-analyses of the genome-wide association studies of
COVID-19 status had been released. This initiative may
not only enrich our knowledge of COVID-19 biology but
provide the genetic evidence for drug targets and assist in
the development of genetically informed risk assessment of
COVID-19 susceptibility. The genetic data also allow the conduct
of Mendelian randomization studies which permit evaluation of
causality in observational settings (13).

CHALLENGES AND LIMITATIONS AND
FUTURE PERSPECTIVES

There is already a large interest from researchers globally in the
UK Biobank study which will lead to healthy competition for
research and publication. As large groups of researchers may
be working in silos on similar projects there may large efforts
with those being quickest getting publications. Due to the need
for timely submissions for publication there is a potential risk
for less rigor or quality control checks during data cleaning and
analysis (14).

The UK Biobank enrolled middle and older aged adults only
and Caucasians making up the vast majority of participants, with
limited number of other ethnicities (15). No participants were
under the age of 40 at enrolment 16 years ago. Thus, only those
who are about 56 years and older at the time of the COVID-19
pandemic are included. The recently proposed inclusion of

children and grandchildren of participants for antibody testing
will partly reduce this limitation. There is also evidence of
healthy-volunteer bias in the UK Biobank cohort. Therefore,
although the UK Biobank data are valid for the investigation
of biological associations given its large sample size and the
heterogeneity of measurements, it cannot be used to ascertain
true disease prevalence in the population (16).

Impact of delayed uptake of population screening through
swabbing in the UK in those with milder disease along with lack
of systematic symptom data may limit the research potentials.
There is also a chance that key findings may only be generated
once we have passed the worst period of the pandemic.

Data sharing that allow combination of large cohorts from
around the world including the UK Biobank study and other
larger population initiatives will increase the richness of the data
and allow better assessment of geographical variations, ethnic
differences and similarities to better guide public health policies
and ways of managing future pandemics.

CONCLUSIONS

COVID-19 has had a global impact and will change our health
care approaches in the future. The UK Biobank population study
can offer great opportunities given the detailed systematic nature
of the assessments along with the growing linkage to the current
COVID-19 testing and outcome data. The true potentials of the
UK Biobank and other large population-based research studies
will become evident as the data accumulate over time and may
be enhanced further by linking large population-based studies
which can allow limitations such as ethnic and geographical
differences and guide optimisation of public health policies.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 August 2020 | Volume 7 | Article 156116

https://www.covid19hg.org
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


K
h
a
n
jie

t
a
l.

C
O
V
ID
-1
9
a
n
d
U
K
B
io
b
a
n
k

TABLE 1 | Overview of Large Biobanks around the world and where COVID-19 related data is already becoming available.

Country Year

enrolled

Number

enrolled

Additional

ongoing

Enrolment

Variables collected SARS-CoV-2

information being

made available

Funding Additional

information

Biological

measures

Surveys Blood Urine Stool Scalp

hair

Genetics

UK Biobank 2007–2010 500k Subset of 100k

with imaging

data

(2014–2023)

Subset 50k

exercise stress

test with ECG

Subset 100k

with Activity

monitor

(2013–2015)

Anthropometrics

Blood pressure

Lung vital capacity

Bone density

Intra ocular

pressure

Self-

completed

lifestyle and

general

health

+ + – – 500k with

microarray

50k WES

(planned

130k 2020)

WGS

planned

Yes

COVID-19 test results

(hospitalized and public

screening) with linking

to electronic health

records. Tested positive

−1,150, tested

negative 6,118 (June

2020)

Serial antibody testing

in 20k participants and

invitation to their

children and

grandchildren

underway

UK DoH

MRC

Wellcome

Trust

£62M to

date

Phased releases for

imaging, WES, WGS

data.

Primary care data,

Hospital-linked

admissions

Cancer registry data

linked

Death status linked

China Kadoorie

Biobank

2004–2008 510k

30–79 y/o

Subgroup 25k

tested every few

years

Baseline clinical

variables

Medical and

lifestyle

+ – – – ∼100k with

candidate

array (384

SNPs)

Up to

∼100k with

GWAS array

(700k

SNPs)

No Chinese

government

Joint venture

between University of

oxford and Chinese

Academy of Medical

Sciences

8 years follow-up

data available

China Taizhou

Biobank

2004 100k Planned Anthropometrics

Tissue

Disease-oriented

Interviewer-

conducted

surveys

+ – – – Unknown No Chinese

government

Fudan University

Institute of Health

Sciences

Includes CSF, frozen

tissue, FFPE

National Cancer

Tissue Biobank

Chennai, India*

500,000 Cancer biobank – Public-private

partnership

USA

Million Veteran

Program

2011 825k Target 1M – EHR Self-

completed

Lifestyle

Health

+ – – – GWAS array

WES

WGS

Yes

Questionnaire on

participants physical

and mental health and

experiences underway

(June 2020)

Summary data on

COVID-19 deaths,

active and

convalescent cases

DoH United States

Department of

Veterans Affairs

(Continued)
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TABLE 1 | Continued

Country Year

enrolled

Number

enrolled

Additional

ongoing

Enrolment

Variables collected SARS-CoV-2

information being

made available

Funding Additional

information

Biological

measures

Surveys Blood Urine Stool Scalp

hair

Genetics

USA All of Us 2015 ∼350k to

date

Goal to target

1M by 2022

Anthropometrics

EHR

Self-

completed

questionnaires

+ + – – Yes

Antibody testing

planned in 10,000

COVID-19

Questionnaire on

participants physical

and mental health and

experiences underway

Collection of relevant

electronic health record

data from >200k

participants

NIH

Google

Verily life

Sciences

Was built on the

NHGRI “The

American project,”

launched as

“Precision Medicine

Initiative” 2016 and

renamed to “All of

Us” in 2016

Lifelines Cohort

Study

Netherlands

2006–2013 167k

25–50 y/o

and 3

generations

invited

(includes

offspring,

partners

and parents

Add on studies

reviewed on

request

e.g., Omics

profiling agreed

in subset of 10k

Anthropometrics

Blood pressure

ECG

Lung vital capacity

Cognitive

Lifestyle

Health

Personality

Work

Living

environment

+ + + + GWAS array

completed

Planned

microbiome

Yes

COVID-19

Questionnaires

completed by >

70,000 participants on

physical and mental

health and experiences

(June 2020)

30-year longitudinal

study

deCODE

Iceland

1996-

present

230k to

date

Planned

enrolment entire

Icelandic

population of

364k

Medical records

Genealogical

records

Unknown + – – – GWAS array

(337k)

WES

WGS (15k)

Yes,

9,199 individuals

invited (symptomatic

and their contacts),

1,221 (13.3%) positive

for SARS-CoV-2

10,797 population

volunteers (0.8%

positive) +

Randomly selected

screening of 2,283

(0.6% positive)

Virus sequenced from

643 individuals (April

2020)

Private

initiative

Amgen

Finland Fingen 2018–2024 Planned

500k

No EHR + – – — GWAS

arrary

(500k)

Yes

264 cases tested

positive for COVID-19

(June 11 release)

203,376 populations

controls

Finnish

Universities

and Private

partners

Private includes

pharmaceutical

companies

230k samples

collected to date

DoH, Department of Health; ECG, electrocardiograph, FFPE, formalin-fixed, paraffin-embedded; GWAS, genome wide association studies; k, Thousand; NHGRI, National Human Genome Research Institute; SNP, single nucleotide

polymorphisms; WES, whole exome sequencing; WGS, whole genome sequencing; y/o, Years-old; *limited information available.
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Women have higher risk for developing TdP in response to ventricular

repolarization prolonging drugs. Hundreds of trials are administering chloroquine

and hydroxychloroquine with/without azithromycin to COVID-19 patients. While an

overall prolonged QTc has been reported in COVID-19 patients undergoing these

treatments, the question on even higher QTc elevation risk in thousands of female

COVID-19 patients undergoing these treatments remains unanswered. We therefore

explore data reported and shared with us to evaluate safety and efficacy of antimalaria

pharmacotherapies in female COVID-19 patients. Although we observed longer mean

QTc intervals in female patients in 2 of the 3 cohorts reviewed, the sex disproportionality

in COVID-19 hospitalizations precludes a clear sex mediated QTc interval elevation risk

association in the female COVID-19 patients undergoing acute treatment regimens.

Adoption of study designs that include observation of sex mediated differential triggering

of cardiac electrical activity by these drugs is warranted.

Keywords: COVID, QTc changes, hydroxychloroquine, chloroquin, azithromycin (AZM), QTc, hydroxychloroquine

(HCQ), women

INTRODUCTION

Female gender is a known risk factor for QTc prolongation and one of the highest pro-arrhythmic
risk factors (1–3). Women are at a significantly greater risk than men for developing the potentially
fatal ventricular arrhythmia torsades de pointes (TdP) in response to certain drugs that prolong
ventricular repolarization (1, 4). TdP occurs three times more commonly in women than in men,
and female gender is also an independent risk factor for the incidence of syncope and sudden death
in the inherited long QT syndrome (LQTS) (5, 6).

In the current coronavirus disease 2019 (COVID-19) pandemic crisis, without validated
treatment options available for management, hundreds of trials are administering chloroquine
and hydroxychloroquine with/without azithromycin to COVID-19 patients in monitored settings,
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TABLE 1 | Corrected QT (QTc) Interval prolongation review from different studies.

Drug/s N Sex F,

(%)

Baseline QTc

(ms)

QTc max (ms) 1QTc

(ms)

QTc> 500

(%)

TdP QTc based

Rx Red./Term.

(n)

Efficacy Study

(ref.)

CQ 95 (34) 432 (360–505) 466 (383–549) 34 (25–43) 23 No 22 Unknown 22

Total 40 (20) 414 (392–428) 454 (420–480) 35 (10–66) 17.5 No 17 Unknown 27

HCQ 22

HCQ + AZ 18

HCQ + AZ 251 (25) 439 ± 29 473 ± 36 34 ± 35 13 1 VT (TdP?) 8 Unknown 9

Total 90 (49) 455 (430–474) 476 (445–500) 21 (1–39) 20 1TdP 10 Unknown 24

HCQ 90 474 (454–487) 479.5 (443.5–501.5) 5.5 (14–31)

HCQ + AZ 53 442 (427–461) 458 (449–492) 23 (10–40)

CQ + AZ + Os 81 (25) 424.7 (27.4) Unknown Unknown 15 2 VT Unknown Maybe 26

Low Dose 40 421.9 (24.0) Unknown Unknown 11 Lethality

High Dose 41 427.8 (31.0) Unknown Unknown 18.9

while associated benefits and risks remained debated.
Chloroquine, hydroxychloroquine, and azithromycin are
individually implicated in prolonging corrected heart rate (QTc),
a predictor of TdP (7–10). Concurrent use of QTc altering
drugs can result in synergistic increase in risk of ventricular
arrhythmias and sudden death (11, 12), a setting recreated by the
current COVID-19 treatment regimens.

Factors associated with increased QT prolongation
cardiotoxicity risk in females include hormonal mediated
differentiation in cardiac electrical activities, greater genetic
predisposition for Long QT Syndrome (LQTS) and a higher
propensity for drug acquired LQTS driven by drug-drug
Interactions (13). The baseline QTc is longer in women than
in men (14–16). Endogenous estrogen is associated with QTc
lengthening, while testosterone and progesterone shorten the
action potential (16, 17). Small QTc prolongation also has been
reported with some fourth generation oral contraceptives (18).
Women have a higher predisposition to genetic mutations that
potentiate TdP and have a higher risk of TdP with Long QT
syndrome (LQTS) type 1 and type 2, caused by mutations in
potassium channel gene KCNQ1 (KvLQT1) and mutations
in potassium channel gene KCNH2 (also known as hERG),
respectively (19, 20).

Furthermore, female gender is increasingly recognized as
an independent risk factor for acquired LQTS which mainly
occurs on exposure to an environmental stressor, most common
being an adverse drug reaction leading to drug induced LQTS
(DI-LQTS). The mechanisms underlying QT prolongation by
medications in acquired LQTS almost always involve blockage
of the inward potassium rectifier (IKr) channel, also known as
the human ether-a-go-go-related gene (hERG) channel (21). IKr
channel controls the movement of potassium out of the myocytes
and conducts a rapid IKr current, a critical current in the phase
3 repolarization of the cardiac action potential (22). LQTS and

Abbreviations:CQ, Chloroquine; HCQ, Hydroxychloroquine; AZ, Azithromycin;
Os, Oseltamivir; ms, milliseconds; 1QTc, Change in corrected QT interval; VT,
Polymorphic ventricular tachycardia; TdP, torsades de pointes; Rx, Drug; Red.,
Reduction in dose; Term., Termination.

the QT interval prolongation relative to the administration of IKr
blockers is greater in women and accompanied by a propensity
of drug-induced polymorphic ventricular arrhythmia (5, 23).
The estrogen-mediated reduced repolarization reserve in women
is believed to be responsible for their higher susceptibility to
DI-LQTS (5).

Although the higher risk in females is well-recognized,
mechanisms underlying these sex-based risk differences are
notably poorly understood. Using a combined experimental
and computational approach using “male” and “female”
computational model representations of human ventricular
cardiac myocytes, a recent study provides first evidence
linking structure to function mechanisms underlying higher
risk for acquired long-QT-dependent arrhythmias in females
(24). Structural modeling presented two distinct, plausible
mechanisms of estrogen action enhancing torsadogenic effects:
estradiol interaction with hERG mutations in the pore loop
containing G604 or with common TdP-related blockers in the
intra-cavity binding site. The model predicted increased risk for
arrhythmia in females when acute sympathetic nervous system
discharge was applied in the settings of both inherited and
acquired long-QT syndrome.

Another study models prediction of potential cardiac
adverse events caused by combination COVID-19 treatments
by combining simulations of pharmacokinetics (PK)
with quantitative systems pharmacology (QSP) modeling
of ventricular myocytes (25). Their simulation results
predicted that drug combinations can lead to greater cellular
action potential prolongation compared to drugs given
in isolation. The simulations of different patient groups
also predicted that females with pre-existing heart disease
are especially susceptible to drug-induced arrhythmias,
compared males with disease or healthy individuals of
either sex.

Despite the high cardiotoxicity risk associated with
combination treatments of Chloroquine, hydroxychloroquine
and azithromycin in female COVID-19 patients, clinical data
supportive of this risk outcome is still not available. We provide
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first look at clinical QTc data elongation patterns in male vs.
female COVID-19 patients from multiple clinical trials across
different geographical regions.

RESULTS AND DISCUSSION

With surveillance of the COVID-19 management interventions,
studies are now reporting safety concerns, including the risk
of QTc prolongation in patients receiving these treatments
(Table 1). Re-iterating the predicate hypotheses, all these studies
report clinically relevant QTc interval increase in COVID-19
patients receiving these pharmacotherapies and recommend
continuous QTc interval monitoring and strict cutoffs for
therapy cessation (9, 26–32). While an overall prolonged QTc
is observed in COVID-19 patients undergoing these treatments,
the question on even higher QTc elevation risk in thousands of
female COVID-19 patients undergoing these treatments remains
unanswered. We therefore look deeper into the data reported
(28, 30) and additional data shared with us (9, 26, 27, 29, 31) to
assess if sex mediated disparities in the QTc alterations exist in
COVID-19 treatments.

In recent report from on New York and Italy COVID-
19 patient cohort, Chorin et al. (9, 29) reported significantly
prolonged QTc intervals in COVID-19 patients treated with
hydroxychloroquine and azithromycin. Additional data shared
with us on a cohort of 251 patients shows that the average baseline
QTc in male patients was 441 ± 30ms while maximum QTc
during treatment (QTcmax) was 476± 36ms (Table 2A). For the
female patients, mean baseline QTc of 438 ± 26 and QTc max of
468 ± 38 were observed. This translates into an average increase
of 35ms in the male patients and 30ms in female patients after
treatment with hydroxychloroquine and azithromycin. Sample
QTc elevation illustrations in two female patients are shown
(Table 2D).

Another retrospective, observational cohort conducted on
95 COVID-19 patients in Netherlands also reported clinically
relevant prolonged QTc intervals in patients undergoing
chloroquine therapy (26). Additional data shared with us reveals
that female patients made up 34% of the cohort and their average
baseline QTc of 438ms (346–514) was elevated to 476ms (415–
600) post-chloroquine administration (manual interpretation).
In male patients, a baseline mean QTc of 429ms (369–609)
increased to 461ms (385–557) post-treatment. An increase of
32ms in male patients (n= 63) and 38ms in female patients (n=
32) was recorded during chloroquine treatment (Table 2B). Eight
of 32 females (25%) had a QTC> 500ms post-chloroquine vs. 14
of 64 males (22%).

Recent publication by Bessière et al. (31) on data from
49 COVID-19 ICU patients in France reveals QTc interval
increase in 93% patients after the administration of the antiviral
therapy with hydroxychloroquine alone or in combination with
azithromycin. The overall median baseline QTc was 414ms and
max QTc after antiviral therapy was 454ms. This cohort include
20% female patients and a 52ms mean increase was observed in
their baseline QTc average of 411 ± 26ms to a maximal average
value of 463 ± 29 during treatment. The baseline QTc average

TABLE 2 | (A–C) QTc prolongation comparison in male and female Coronavirus

Disease 2019 patients.

Total Males Females

(A) Chorin et al. (9)

Number 251 188 63

Baseline QTc (ms) 439 ± 29 441 ± 30 438 ± 26

QTc max (ms) 473 ± 36 476 ± 36 468 ± 38

1QTc (ms) 34 ± 35 NA NA

(B) van den Broek et al. (26)

Number 95 32 63

Baseline QTc (ms) 432 (360–505) 429 (369–609) 438 (346–514)

QTc max (ms) (95% CI) 466 (383–549) 461 (385–557) 476 (415–600)

1QTc (ms) (95% CI) 34 (25–43) 32 (21–44) 38 (22–54)

(C) Bessière et al. (31)

Number 40 32 8

Baseline QTc (ms) 414 (392–428) 413 ± 30 411 ± 26

QTc max (ms) 454 (420–480) 452 ± 45 463 ± 29

1QTc (ms) 35 (10–66) 38 ± 36 52 ± 31

(D)

(D) QTc interval prolongation sample illustrations in 2 female patients. Inset images show

magnification of lead V5. (i). Baseline ECG for a 50 years old female patient before the

initiation of HY/AZ. QTc interval = 450ms. (ii). QTc interval prolonged to 567ms on day

5. (iii) Baseline ECG for another 68 years old female patient before the initiation of HY/AZ.

QTc interval = 429ms. (iv). QTc interval prolonged to 530ms on day 4. NA, Not Available.

of 413 ± 30 in males was elevated to 452 ± 45 after treatment
(Table 2C). None of the female patients showed QTc >500 ms.

Data from New York state department of health retrospective
cohort of 1,438 patients hospitalized COVID-19 patients
treatment with hydroxychloroquine, azithromycin, or both,
indicated that cardiac arrest was more likely in patients
receiving hydroxychloroquine and azithromycin, compared
to hydroxychloroquine alone and azithromycin alone (27).
Additional data (personal communication) on male and
female patient distribution revealed QTc prolongation was
observed in 13.0% male and 12.0% female patients in
the HCQ and azithromycin cohort. In the HCQ alone
cohort prolongation was observed in 16.8% males and 16.7%
female patients. For the azithromycin alone cohort, they
observed 7.8% percent prolongation in males and 9.2%
prolongation in female patients and in the no treatment
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cohort, 11.7% prolongation in males and 5.1% prolongation in
female patients.

CONCLUSIONS

Although we observed longer mean QTc intervals in female
patients in 2 of the 3 cohorts reviewed, no conclusive sex
mediated QTc interval elongation is apparent amongst the
COVID-19 patients undergoing acute chloroquine and
hydroxychloroquine with/without azithromycin treatment
regimens (9, 26, 27, 29, 31). Since a greater proportion of
COVID-19 patients admitted to the hospitals are males, the sex
disproportionality in hospitalizations precludes a distinctive risk
association in the female COVID-19 patients (27). None of the
studies included had an outcome measure of investigating sex
mediated differential QTc response in COVID-19 patients and
given the diverse study designs, our retrospective, observational
analysis lacks statistical validation. Additionally, the results
could also be skewed by co-consumption of other medications
and underlying co-morbidities. While validation from optimally

designed trials is still required, adoption of study designs that
include observation of sex mediated differential triggering of
cardiac electrical activity by these drugs is warranted.
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The Dual Role of Echocardiography
in the Diagnosis of Acute Cardiac
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2019 (COVID-19)
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2nd Department of Cardiology, COVID-19 Infection Reference Center, Attikon University Hospital, National and Kapodistrian

University of Athens, Athens, Greece

The Coronavirus Disease 2019 (COVID-19) pandemic, being caused by an easily and

rapidly spreading novel betacoronavirus, has created a state of emergency for people,

the scientific community, healthcare systems and states, while the global financial

consequences are still unfolding. Cardiovascular complications have been reported

for COVID-19-infected patients and are associated with a worse prognosis. ECG

and biomarkers may raise suspicion of cardiac involvement. However, transthoracic

echocardiography is a fast and reliable bedside method to establish the diagnosis of

cardiac complications, including acute coronary syndromes, pericarditis, myocarditis,

and pulmonary embolism. Early detection of cardiac dysfunction by speckle tracking

echocardiography during off-line analysis may be used to identify a high-risk population

for development of heart failure in the acute setting. Precautionary measures are

mandatory for operators and equipment to avoid viral dispersion. No specific treatment

is yet available for severe acute respiratory syndrome coronavirus 2 (SARS-CoV 2), and a

variety of antiviral, immune-modifying, and antioxidant agents are therefore under intense

investigation. Echocardiography, including assessment of myocardial deformation, may

provide a useful tool to monitor the effects of the various treatment regimens on cardiac

function both acutely and in the midterm.

Keywords: coronavirus, transthoracic echo, Coronavirus disease 2019, SARS-CoV 2, global longitudinal strain,

antiviral treatment, anti-inflammatory treatment

INTRODUCTION

A novel enveloped, single-stranded, positive-sense RNA betacoronavirus belonging to the family
of coronaviruses has been identified as the causative agent of the novel viral pneumonia that
started in the city of Wuhan, Hubei Province, China, on December 12, 2019, (1) and has turned
into a global health emergency. The Coronavirus Disease 2019 pandemic counts, as of June 4,
2020, over 6.5 million confirmed cases in 188 countries and regions in the world and 384.815
fatalities (2), rapidly doubling the number of deaths within a month. The consequences of the
pandemic in terms of its effects on the world population and global economy are still unfolding.
The disease varies considerably from an asymptomatic or mild form without pneumonia to mild
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forms of pneumonia to severe pneumonia with lung
consolidation that can lead to respiratory failure, sepsis,
and multiorgan failure (3). Compared to the previous two
coronaviruses that cause severe disease in humans, SARS
(Severe Acute Respiratory Syndrome) and MERS (Middle
East Respiratory Syndrome), SARS exhibits environmental
stability (4) and MERS requires close and prolong contact for
contamination (5), while the current coronavirus shows easy and
high transmissibility, partly related to the high viral load early in
the course of the disease (6).

Cardiovascular complications are relatively common,
occurring in up to 25% of COVID-19 patients (7, 8) (Table 1).
Myocardial injury is associated with a 37% in-hospital mortality
even in patients without prior cardiovascular disease (9, 15).
Cases of acute myocarditis have been reported presenting either
as fulminant myocarditis or with symptoms mimicking an
acute coronary syndrome (ACS) (16, 17). Pathology evidence
of myocardial infiltration by a limited number of monocytes,
lymphocytes, and/or neutrophils (18), and rarely associated
epicarditis (19) may be suggestive of either activation of
the systemic immune response or myocardial inflammatory
infiltration due to viral-induced myocyte lysis. Patients
presenting with ST elevation myocardial infarction (STEMI)
either as an initial manifestation of the disease or during the
course of hospitalization for COVID-19 disease (20) were treated
with primary percutaneous intervention (PCI). Interestingly,
39% of patients had no evidence of obstructive coronary artery
disease on coronary angiography, a finding that questions
thrombolysis as a therapeutic alternative to timely coronary
angiography and possibly primary PCI. Myocardial injury
(11, 14) may also be attributed to myocardial supply/demand
mismatch precipitated by hypoxemia, hypotension, tachycardia,
and an uncontrolled inflammatory response, leading to cytokine
release syndrome (10).

TABLE 1 | Cardiovascular complications in COVID 19 hospitalized patients in selected studies.

Study City, Country Total study

population

Acute

myocarditis

DVT /Pulmonary

embolism

Acute cardiac

injury*

ACS Ischemic

stroke

Huang et al. (6) Wuhan, China 41 patients – – 5/41 (12%)

Yang et al. (7) Wuhan, China 52 critically ill ICU

patients

– – 12/52 (23%)

Shi et al. (8) Wuhan, China 416 hospitalized

patients

– – 82/416 (19.7%)

Guao et al. (9) Wuhan, China 187 hospitalized

patients

- - 52/187 (27.8%)

Middeldorp et al. (10) Amsterdam, the

Netherlands

198 hospitalized

patients

– 39/198 (20%)

13% DVT 6.6%PE

Bombard et al. (11) Paris, France 135 patients – 32/135 (24% PE)

Lodigiani et al. (12) Milan, Italy 388 hospitalized

patients

– 26/388 (6.7%) 16/388

(4.4% VTE)

10/388 (2.8% PE)

4/388 (1.1%) 9/388 (2.5%)

Inciardi et al. (13) Brescia Lombardy

Italy

99 hospitalized patients – 12/99 (12%) 3/99 Arterial

thromboembolism

Chen et al. (14) Wuhan, China 274 hospitalized

patients

– 89/203 (44%)

*hs Trop≥99th percentile, ECG changes, Echocardiography abnormalities.

Pulmonary embolism (12, 13, 21, 22) occurs frequently
occurring in up to a quarter of all COVID-19 patients despite
prophylactic antithrombotic treatment. The activation of
the coagulation cascade by inflammatory cytokines, direct
endothelial injury of lung microcirculation, antiplatelet
activation, and suppression of the fibrinolytic system are all
involved synergistically in the mechanism of venous thrombosis
(23). Sudden hemodynamic compromise, the need for increased
oxygen supplementation in discordance with radiological
disease severity or elevations in D-dimers, especially >1 g/l,
should prompt further diagnostic work-up with Computed
Tomography Pulmonary Angiography (CTPA) to confirm
pulmonary embolism.

ECHOCARDIOGRAPHY FOR THE
DIAGNOSIS OF ACUTE
CARDIOVASCULAR COMPLICATIONS
DURING THE COURSE OF COVID-19

Echocardiography is a first-line imaging method to diagnose
overt and subtle myocardial dysfunction (14). Localized wall
motion abnormalities may be suggestive of a culprit coronary
artery lesion leading to an ACS, whereas a diffuse pattern
of abnormal segmental longitudinal myocardial strain by
echocardiography may support the diagnosis of myocarditis
over this of an acute coronary syndrome. Signs indicative
of acute pulmonary embolism (PE) should be sought. Right
ventricular dilatation from a PLAX view or a basal RV/LV
ratio > 1 in a four chamber view can be easily measured
as well as pulmonary artery diameter from a short axis view.
RV dysfunction can be assessed both qualitatively and with
the integration of simple and fast measurements of TDI and
TAPSE. Right ventricular systolic hypokinesis is associated with
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worse 30–day prognosis (24). The presence of a Mc-ConnelI
sign increases the sensitivity for the diagnosis though specificity
on its own is only 33% (25). Echocardiographic evidence of
RV pressure overload expressed by systolic and diastolic septal

flattening can be noticed (26). Estimation of pulmonary artery
systolic pressure from tricuspid systolic gradient and a usually
increased inferior vena cava diameter combined with a short
acceleration time and midsystolic notch in the PW Doppler

FIGURE 1 | Transthoracic echocardiography for hospitalized COVID 19 disease patients. *NT-pro BNP level on admission ≥300 pg/ml (9). **NT-pro BNP level during

hospitalization ≥940 pg/ml (16, 17). ***One experienced sonographer/cardiologist. Use PPE. Disinfect equipment in and out of the ward. EF, ejection fraction; WMA,

wall motion abnormality; LV, left ventricle; RV, right ventricle, IVS, interventricular septum; GLS, global longitudinal strain by offline analysis; Cardiac POCUS, cardiac

point of care cardiac ultrasound.
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of the RVOT(‘60/60; sign) (26) further indicates increased PA
pressure and proximal thromboemboli (27). In clinical practice,
hemodynamic instability should lead to a cardiac Point of care
Ultrasound (POCUS) (28, 29) to determine the presence of left
ventricular dysfunction and/or right ventricular dilatation or a
large pericardial effusion (Figure 1). Handheld echo devices are
the most suitable for this indication as they are portable, more
easily disinfected compared to traditional ultrasound machines,
while images can be stored and transferred to a PC. On the
other hand, in an hemodynamically stable patient with COVID-
19 infection, a high clinical suspicion of cardiac involvement,
supported by one abnormal diagnostic parameter acquired on
admission-that is ECG, CXR, hs Troponin I, NT-proBNP, D-
dimers, FDP’s—should lead to consideration of a transthoracic
echocardiogram (TTE). Solely one abnormal laboratory test
cannot be the only criterion for a TTE in a stable COVID-
19 infection patient, since their positive predictive value for
a specific disease may be low, especially in patients with
concomitant chronic diseases and thus lead to a TTE patients’
without cardiac involvement. For example, D-dimers may be
elevated in various diseases where activation of coagulation and
fibrinolysis is present such as cancer patients with COVID 19
(30) or chronic kidney disease (31). For NT-pro BNP values,
a level greater that 300 pg/ml (32) should be considered as
abnormal. Although, when taking age into consideration, a
higher NTproBNP level >1,800 pg/ml should be used to suspect
acute heart failure in patients older than >75 years, (33, 34),
anything lower than those NT pro-BNP values, at a cut-off level
of 940 pg/ml, has been related to adverse outcomes in critically
ill patients admitted to ICU (35). Elevated hs cardiac Troponin
I is even more specific to myocardial injury than CTnT (36)
and may be attributed to multiple and overlapping mechanisms.
Cardiac Troponin I can be measured on admission and during
hospitalization of COVID- 19 patients in conjunction to NT-pro
BNP and thus guide the need for TTE.

On the contrary, when two of the initial diagnostic parameters
are abnormal, a complete TTE should be performed to diagnose
possible cardiac involvement and ventricular dysfunction. Even
the combination of two elevated laboratory biomarkers alone,
should lead to a complete TTE, as hsTrop T and NT-proBNP
levels were linearly correlated and considerably increased in
non-survivor COVID-19 patients (15). As cardiac complications
may occur within 15 days of admission monitoring of NT-
proBNP, troponins and D-dimers in combination with the
patients’ clinical status are recommended throughout this
period (37).

Notable considerations exist when estimating left and
right ventricular systolic function, one being the presence
of tachycardia, related to numerous factors such as fever,
hypoxemia, cytokine production, and systemic inflammation.
Ventricular systolic function is negatively affected in the presence
of tachycardia due to the force–frequency relationship. Diastolic
function estimations parameters are also affected by tachycardia,
since fusion of transmitral E and A waves makes estimation
of their ratio and the DT time inaccurate (38). In that case, a
TR maximum velocity jet for estimation of PA systolic pressure
may be an indicator of LV filling pressures. An impaired global

longitudinal strain of the LV or RV may also indicate the
initiation of myocardial damage particularly in patients with
elevated troponins.

Echocardiography exams should be performed by experienced
practitioners to ensure quick acquisition of high quality images
(24) and thus minimize possible viral exposure.

TEE carries a high risk of spreading aerosolized viral material
within an exam environment. It should be avoided during the
pandemic (39). It should be only carried out when there is an
absolute indication (e.g., bacterial endocarditis), and the results
are expected to modify patient’s management. In that case,
the exam should be carefully designed by the patient’s medical
team (40).

CONSIDERATIONS FOR HEALTH CARE
PROFESSIONALS

Safety is of utmost importance for the personnel involved
in echocardiography of suspected or confirmed COVID-19
patients. Frequent and meticulous handwashing is mandatory.
Personal Protective Equipment (PPE) should be used depending
on the risk level. Face masks, headcovers, eye shields, gloves,
gowns, and shoe covers should be used when examining high risk
patients. Detailed description for the PPE is provided by WHO,
ASE and EACVI (24, 34, 41). Institutions provide their own
detailed protocols in line with international societies’ guidance
and local experience.

CONSIDERATIONS FOR EQUIPMENT
DISINFECTION

Equipment used for Echocardiography studies should be
thoroughly disinfected at the end of the exam, in the examination
room and again at the hallway (8). Dedicated machines for
scanning suspected or confirmed patients may be preferable at
this time. Manufacturer’s guidance for proper disinfection of
the different types of machines should be followed as well as
instructions given by certain disinfectant producers.

ECHOCARDIOGRAPHY FOR MONITORING
TREATMENT EFFECT ON MYOCARDIAL
FUNCTION

A number of different pharmacological agents (42)—antivirals,
investigational antivirals, and immune-system-mediating
agents—are currently under investigation for COVID-19
treatment in 1,833 clinical trials enrolled at Clinical Trials.gov
as of May 30, 2020, under the search terms COVID-19
and SARS-CoV-2.

Chloroquine and hydroxychloroquine are used as antimalarial
chemotherapeutic agents. They are also used in the treatment
of different autoimmune diseases due to their multitargeted
mechanism of action. They inhibit release of inflammatory
cytokines by mononuclear cells (43) and interfere with Toll-
like receptor signaling pathways and cyclic GMP-AMP (cGamP)
synthase (cGaS) activity. In COVID-19 infection, it has been
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shown in vitro that chloroquine can inhibit viral binding to ACE2
receptor (44). They are both contraindicated in G6PD deficiency.
QT prolongation and possible TdP may occur, especially in
patients with hypokalemia, hypomagnesemia, hypocalcemia, or
on concomitant use of QT prolonging drugs. Serious cardiac
side effects occur especially in high cumulative doses after
long term treatment, though low cumulative doses (45) may
also result in heart failure. Conduction disorders were the
main side effect reported in a systematic review (38), affecting
85% of patients. Other non-specific adverse cardiac events
include ventricular hypertrophy (22%), hypokinesia (9.4%), heart
failure (26.8%), pulmonary arterial hypertension (3.9%), and
valvular dysfunction (7.1%), which can be readily ruled in by
echocardiography (37). Both agents increase the bioavailability
of metoprolol via inhibition of CYP2D6-catalyzed pathways
(46). Frequent ECG is recommended, while TTE may reveal
early myocardial dysfunction leading to possible treatment
discontinuation. A number of ongoing clinical trials (47, 48)
examine the therapeutic benefit hydroxychloroquine in COVID-
19-infected patients as well as its role in chemoprophylaxis for
exposed healthcare workers (49).

Recombinant human angiotensin converting enzyme 2
(ACE−2) has experimental (50) and clinical data (51) on the
attenuation of acute lung injury by lessening angiotensin II levels
and possibly IL-6.

Convalescent plasma treatment may be promising in terms of
viral load and even mortality (52).

Corticosteroids have conflicting evidence for their effect on
SARS CO-V 2 infection as they may delay viral clearance from
blood and respiratory tract based on data from previous
coronaviruses outbreaks (53). On the contrary, a small
retrospective clinical trial of early, low-dose, short-term
administration of methylprednisolone was associated with
improved outcomes in patients with COVID 19 pneumonia (54),
revealing the need for further clinical studies.

Remdesevir, a nucleotide analog inhibiting viral RNA
polymerases, has an Emergency Use Authorization (EUA) from
FDA for suspected or confirmed COVID 19 adult and children
patients with severe disease since May 2020 (55). It has been
shown to inhibit SARS and MERS in an in vitromodel of human
epithelial airway cells (56) and is also under clinical investigation
(57–60). Preliminary results in limited number of patients point
to further clinical studies (61).

The combination lopinavir/ritonavir is used in treating HIV-
1 infection—they are both aspartase protease inhibitors, and
ritonavir increases its plasma half-life. This drug combination
has been reported to reduce viral load in clinical case reports
(62), although the first clinical trial did not show statistically
significant benefit (63). HAART (Highly Active Antiretroviral
Treatment), especially protease inhibitors, have been associated
with endothelial dysfunction and subclinical atherosclerosis
(64–66). HAART may promote metabolic factors such as
hyperlipidemia and induce atherosclerotic lesion formation
through a CD-36 dependent accumulation of cholesterol in
macrophages (30, 67, 68). These mechanisms, combined with
the possible myocardial injury associated with the infection itself
(9), may contribute to vascular and myocardial dysfunction.

Therefore, for patients that have recovered from SARS-CoV-
2 infection under protease inhibitor treatment, vascular, and
ventricular function should be assessed by TTE at the end of
the treatment and possibly at a 3- to 6-month intervals. The
combination can also promote QT and PR interval prolongation
as well as second and third degree AV block (11). Moreover,
lopinavir/ritonavir are CYP3A4 inhibitors. They therefore
cannot be used concomitantly with chloroquine (69), while
antiplatelet and anticoagulant drugs may need dose adjustment
or monitoring (59). Combination therapy of lopinavir /ritonavir,
ribavirin and interferon b-1b was superior to lopinavir/ritonavir
in a phase 2 clinical trial in terms of symptom alleviation, viral
shedding, and hospital stay (70).

Monoclonal antibodies, such as tocilizumab (71), sarilumab
(72), and bevasizumab (73), are under investigation to control
the cytokine surge associated with the severe form of COVID-
19 infection manifested as acute respiratory distress syndrome
and multiorgan failure. IL-6 inhibition with biological agents
such as tocilizumab and sarilumab may show a beneficial
effect in controlling the excessive cytokine production (74)
and evolution to alveoli consolidation. As has been recently
shown in mechanically ventilated patients with COVID-19
infection (75), excessive IL-6 production is associated with
lymphopenia and immunoparesis as assessed by low expression
of the humanleukocyte antigen (HLA)-DR on CD14-monocytes,
and this effect is reversed by tocilizumab. Additionally, IL-
1b production is major factor contributing to the macrophage
activation syndrome (Haemophagocytic lymphohistiocytosis
syndrome) which characterizes significant number of the
critically ill COVID-19 infected patients. Another possible
mechanism for monoclonal antibodies beneficial effect could
be mediated by preserving endothelial glycocalyx integrity.
Damage of endothelial glycocalyx increases vascular permeability
to circulating blood cell inflammatory markers and proteins
(76) and may thus mediate lung injury and initiate SARS in
COVID-19 as has been previously shown in septic patients.
Anti-inflammatory treatment may exert beneficial effect on
endothelial glycocalyx and thus may offer protection from
evolution to alveoli exudation (77). Moreover, anti-inflammatory
treatment with tocilizumab but also anakinra—an IL 1 receptor
antagonist—exhibit beneficial effects on vascular function and
myocardial function (78), as has been shown in patients with
rheumatoid arthritis.

Additional protective mechanisms for IL-6 and IL-1 inhibitors
may be related to regulation of ROS production, which hampers
cellular functions, such as with the proteasome, leading to
impaired endogenous protein degradation and mitochondrial
dysfunction, augmenting the damage promoted by the direct
interaction of SARS-COV proteins with the proteasome (79).
ROS may activate the STAT/IL-6 axis (80) and promote IL-8
expression in pulmonary epithelial cells stimulated with lipid-
associated membrane proteins from Mycoplasma pneumonia
(81), triggering cytokine release and immune cell infiltration
in the lung cells. Agents with inherent antioxidant properties
such as N-acetylcysteine (NAC) and vitamin C may also be
shown to be effective. The beneficial anti-inflammatory effect
of monoclonal antibody treatment on myocardial function
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in COVID-19 infected patients may by easily monitored by
an improvement in global longitudinal strain (GLS) toward
normal values (81), as has been previously shown in patients
with rheumatoid arthritis and uncontrolled inflammation (78,
79). The lowest expected normal values for GLS are −16.7%
in men and −17.8% in women, according to a recently
proposed consensus document, and these are similar to the
values reported after remission of the acute inflammatory
exacerbations by biological agents in patients with rheumatoid
arthritis (78, 79).

CONCLUSION

The COVID-19 pandemic, still unfolding around the world,
has created a significant worldwide human, scientific, financial,
and psychological burden, requiring innovative and cooperative
strategies to combat the pandemic and its unprecedented
consequences. TTE is required to guide clinical management
of patients with abnormal ECG and/or biomarkers, as it may

diagnose early cardiac involvement in the acute setting. Antiviral,
anti-inflammatory, and antioxidant treatment agents as well as
hyperimmune plasma are being investigated in a multitude of
clinical trials. Echocardiography provides a valid method to
monitor myocardial effect of potential treatments for COVID-19
during hospitalization and in the mid-term follow up.
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Coronavirus disease 2019 (COVID-19) is a new viral infection causing acute respiratory distress
syndrome (ARDS) that has spread around the world counting 32,429,965 cases and 985,823
deaths as of September 26, 20201. Because of the high percentage of COVID-19–related hospital
admission, in Italy a reduction in cardiovascular disease hospitalization was observed, which could
contribute to an increased rate of cardiovascular death out-of-hospital (1, 2). Acute heart failure
(AHF) syndromes are characterized by a rapid symptom onset requiring fast hospitalization and
treatment. Similarly, COVID-19–related ARDS needs hospital admission both for diagnosis and
for treatment. However, dyspnea represents a common symptom of these pathological conditions,
and for this reason, there is an unmet need of established in-hospital route to better manage the
two diseases and to reduce in-hospital infection spread.

First, after presentation to the emergency department (ED), it is mandatory to distinguish
two different routes: one is for known positive coronavirus patients and the other for unknown
coronavirus patients. In case of positive coronavirus patients, they should recover in the “red
zone” of the ED, where AHF patients should undergo clinical, laboratory, and instrumental
assessment by clinicians with the support of a cardiologist advisor provided with showerproof
single-use coat, gloves, facial protection, and FFP3 mask (3, 4). AHF diagnosis should be done
following the latest guidelines criteria (5). Venous blood sample, arterial blood gas analysis,
electrocardiogram, and chest x-ray are mandatory to identify the main diagnosis of each patient
(viral infection ARDS or cardiovascular disease or cardiovascular involvement during COVID-
19). Chest computed tomography scan should be performed according to clinical suspect of
interstitial pneumonia. Monitoring electrocardiogram should be useful because of the high risk
of arrhythmias in COVID-19 patients. In these patients, echocardiography should be performed
in case of new-onset AHF (without medical history of HF), suspected pericardial tamponade,
suspected acute pulmonary embolism, suspected AHF associated to acute coronary syndrome
(ACS), and suspected acute valvular heart diseases. However, there are some limitations to
using echocardiography in COVID-19 patients: (1) high risk of clinician contamination during
echocardiography; (2) higher rate of echocardiography failure due to severe respiratory distress.
The first concern should be avoided using the latest fast-echo protocol for COVID-19 patients
with handheld tablet ultrasound, which provides appropriate information about cardiac conditions,
limiting contact and contamination (6). The second concern should be overcome by the use of a
contrast agent that enhances the identification/exclusion of ventricular thrombosis, abnormalities
in wall motions, and computation of left ventricular ejection fraction (7). AHF treatment should
be shared between the cardiologist advisor and ED clinicians, taking into account renal function
deterioration, diuresis, electrolytes unbalance, andARDS complication. ARDS complication should
be managed in the “red zone” of the intensive care unit (ICU) together with ICU clinicians. In case

1https://covid19.who.int/
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FIGURE 1 | Flow chart for AHF patients hospital admission during COVID-19. ACS, acute coronary syndrome; AHF, acute heart failure; ARDS, acute respiratory

distress syndrome; BNP, B-type natriuretic peptide; CBC, count blood cell; CRP, C-reactive protein; CT, computed tomography; ECG, electrocardiogram; ED,

emergency department; ICU, intensive care unit; ICHU, intensive care heart unit; IV, invasive ventilation; PCT, procalcitonin.

of coronavirus-positive AHF patients, who do not show ARDS
and do not require invasive ventilation (IV), these patients
should be allocated into internal medicine ward, which should be
organized as COVID-19 care unit. In this unit, patients should
be managed by internal medicine clinicians together with a
cardiologist advisor. In case of unknown for COVID-19 AHF
patients, it is necessary to limit infection among patients and
health care workers. It should be optimal to recognize a “gray
zone” within the ED where patients should be screened for
coronavirus. In this “gray zone,” patients should be far at least for
2m, and healthcare workers should wear showerproof single-use

coat, gloves, facial protection, and FFP3 mask (3, 4). Recovered
patients should undergo nasopharyngeal swabbing at hospital
admission and after 24–48 h. The cardiologist advisor should
support clinicians for AHF diagnosis and treatment during
coronavirus infection assessment, wearing showerproof single-
use coat, gloves, facial protection, and FFP3 mask. In case of
positive coronavirus nasopharyngeal swab, AHF patients should
be managed in the “red zone” together with ED clinicians; these
patients should be transferred to the ICU or COVID-19 care
unit according to ARDS complications and the need for IV. In
case of two negative coronavirus nasopharyngeal swab results,
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AHF patients could be transferred in the cardiology ward (“green
zone”) and should be managed and treated by cardiologists.
In the “green zone,” cardiologist and other healthcare workers
should wear disposable paper gown, surgical masks, and
gloves. All patients may wear surgical masks during the
hospitalization period. Cardiac biomarkers (D-dimer, troponin,
and natriuretic peptide) monitoring should be performed
in all patients to recognize treatment efficacy, worsening
heart failure, and acute cardiovascular complication related or

not to COVID-19, such as acute pulmonary embolism or
ACS (Figure 1).
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Background: Italy has one of the world’s oldest populations, and suffered one the

highest death tolls from Coronavirus disease 2019 (COVID-19) worldwide. Older people

with cardiovascular diseases (CVDs), and in particular hypertension, are at higher risk of

hospitalization and death for COVID-19.Whether hypertensionmedicationsmay increase

the risk for death in older COVID 19 inpatients at the highest risk for the disease is

currently unknown.

Methods: Data from 5,625 COVID-19 inpatients were manually extracted from medical

charts from 61 hospitals across Italy. From the initial 5,625 patients, 3,179 were included

in the study as they were either discharged or deceased at the time of the data analysis.

Primary outcome was inpatient death or recovery. Mixed effects logistic regression

models were adjusted for sex, age, and number of comorbidities, with a random effect

for site.

Results: A large proportion of participating inpatients were ≥65 years old (58%),

male (68%), non-smokers (93%) with comorbidities (66%). Each additional comorbidity

increased the risk of death by 35% [adjOR = 1.35 (1.2, 1.5) p < 0.001]. Use of ACE

inhibitors, ARBs, beta-blockers or Ca-antagonists was not associated with significantly

increased risk of death. There was a marginal negative association between ARB

use and death, and a marginal positive association between diuretic use and death.
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Conclusions: This Italian nationwide observational study of COVID-19 inpatients, the

majority of which≥65 years old, indicates that there is a linear direct relationship between

the number of comorbidities and the risk of death. Among CVDs, hypertension and

pre-existing cardiomyopathy were significantly associated with risk of death. The use

of hypertension medications reported to be safe in younger cohorts, do not contribute

significantly to increased COVID-19 related deaths in an older population that suffered

one of the highest death tolls worldwide.

Keywords: COVID-19, comorbidities, ACE inhibitors, mortality, cohort study

INTRODUCTION

Italy, after Japan, tops the list of the world’s oldest countries,
with over 22% of its population aged 65 or older (1). Italy has
been one of the hardest hit countries during the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic.
As of September 1 2020 over 35,500 persons had died due
to Coronavirus disease 2019 (COVID-19), especially in the
northern regions of the country, with 84.5% of deaths occurring
in patients age 70 or older (Istituto Superiore di Sanitá,
ISS, https://www.epicentro.iss.it/coronavirus/), and a crude case
fatality rate in the region Lombardy of 18.3% (2). Previous
study showed that comorbid conditions play a relevant role in
increasing the risk of death in patients with COVID-19 (3–
9). In particular, hypertension and underlying cardiovascular
diseases (CVDs) have been strongly associated with death
in COVID-19 inpatients (7, 10, 11), and case fatality rates
tend to be high in older people and hypertensive individuals
(12). Indeed, the prevalence of CVDs in COVID-19 patients
across studies ranges from 8 to 42% (13). Hypertension, heart
failure (HF) and ischemic heart disease are often treated with
renin-angiotensin-aldosterone system (RAAS) blockers such as
angiotensin-converting enzyme (ACE) inhibitors or angiotensin
receptor blockers (ARBs). The use of ACE inhibitors/ARBs in
patients with COVID-19 or at risk of infection with the virus is
currently a subject of intense debate (14, 15), due to the evidence
that SARS-CoV-2 uses the ACE2 receptor for entry into target
cells (16). ACE2 and its related axis are an endogenous counter-
regulatory system, with effects opposite to those of the ACE
axis (17, 18). Nonetheless, ACE inhibitor/ARBs have also been
associated with a reduction of mortality and re-hospitalization
in patients with cardiovascular diseases due to their anti-
thrombotic and anti-inflammatory effects, and protective effects
against endothelial dysfunction (13). Whether the use of ACE
inhibitors and ARB affects the mortality of COVID-19 patients
has been debated. The only and largest survey published so
far assessing the association between comorbidities, use of ACE
inhibitors/ARBs, and COVID-19 death included 4,480 patients
from Denmark (12). The authors found no evidence that either
ACE inhibitors or ARB increased the risk for death among
persons hospitalized for COVID-19. However, the COVID-19-
related death burden in Denmark has been tremendously lower
than Italy (628 vs. 35,595, respectively, as of September 1 2020)
which poses questions on the heterogeneity of the Italian and
Danish populations and the ways COVID-19 hit and was handled

by the two countries. A second study from China also excluded
subjects aged ≥75 years (19). To date, there is no study available
of the relation between chronic use of ACE inhibitors and ARB,
considered separately, and mortality in hospitalized COVID-19
patients that includes sufficient patients in the older age group,
and that accounts for concomitant cardiovascular therapies
or comorbid conditions. Moreover, due to higher fatality of
COVID-19 infection in patients affected by CVDs, there is
an unmet need to understand the link between cardiovascular
therapies, CVD and COVID-19 severity and mortality.

In this study, we describe baseline characteristics and factors
associated with death among 3,179 patients hospitalized for
COVID-19, who were either discharged or died, and who were
residents of 19 out of Italy’s 21 regions, including the main
islands. In assessing potential risks for death, we specifically
assessed the comorbidities and the role of pre-hospitalization
ACE inhibitors and ARBs and other commonly used CVD
medications (such as beta-blockers, calcium channel blockers and
diuretics). By age distribution, our sample is representative of
older people, that are most severely affected by COVID-19 since
the beginning of the pandemic (5, 6).

METHODS

Patient Inclusion
Data for 5,625 patients hospitalized for COVID-19 and with
a positive nasopharyngeal swab for SARS-CoV-2 virus were
manually extracted from medical charts from 61 hospitals across
Italy. Patients were included in this analysis if they had been
either discharged or had died at the time of ascertainment (n
= 3,179, Figure 1, 56 sites). The status for each patient was
reported at the time of data collection by the local investigators
and represents an assessment of the patient’s condition between
March 25 and April 22, 2020. All the patients’ information
was obtained by manual review of the medical charts by
the attending physician or nurse during their shifts. Each
participating center was provided, upon enrollment, with a
database to fill with patients’ demographic, social, and clinical
information and detailed instructions about the data collection.
Smoking history was manually extracted from the chart for each
patient. Information about smoking was not available for 316
patients. The collection and analysis of data in the registry have
been deemed exempt from ethics review.
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FIGURE 1 | Italian Cartographic representation of the study subjects: Cartographic representation of the patients in this study cohort, with the area of each red circle

proportional to the combined number of patients from each compact metropolitan area.

Comorbidities
Investigators manually extracted information about preexisting
comorbidities known or suspected to be associated with COVID-
19 mortality from the chart of each patient that was still
hospitalized in their hospital or discharged within 30 days

from the collection of the data. Information was available
for atrial fibrillation, blood cancer, organ cancer, coronary
artery disease, cardiomyopathy, chronic heart failure, chronic
obstructive pulmonary disease (COPD), chronic renal failure,
diabetes, hypertension, obesity, and stroke. We used a count
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of the reported number of comorbidities for each patient to
assess their combined effect on mortality. Patients missing
comorbidity information were excluded from these analyses
(n= 17, Figure 2).

Cardiovascular Medications
For this study, we specifically targeted extraction of detailed
information from the patient’s chart regarding use of ACE

inhibitors and ARB at the time of admission. We also extracted
information about other medications usually prescribed for
hypertension (beta-blockers, diuretics, and Ca-antagonists).

Statistics
A generalized linear mixed model, mixed-effects logistic
regression, was used to assess the relations of sex, age,
comorbidity count and hypertension medication use to death

FIGURE 2 | Flow chart of patient sample sizes.

FIGURE 3 | Risk factors for mortality—all risk factors were included in the model, clustered by site (n = 2,868). ARB, Angiotensin receptor blocker; ACEi, Angiotensin

converting enzyme inhibitor; BB, Beta-blocker; Di, Diuretic; CA, Ca-antagonist.
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relative to recovery (STATA 16, StataCorp, College Station, TX,
USA). The primary outcome was inpatient mortality. Since
data were clustered by hospital site, site was included in the
models as a random effect to account for potential within site
correlation of patient characteristics. The number of patients
contributed by each hospital site varied, ranging from 2 to 242
patients (Supplementary Figure 1). A dummy category for those
patients missing smoking information was included in the model
for Figure 3.

RESULTS

There were 3,179 patients with complete data for sex, age, status,
and comorbidities (Table 1); 2,282 (71.8%) had been discharged
from the hospital and 897 (28.2%) had died. The median age
was 69.0 years, with an interquartile range of 57 to 78 years
(Supplementary Figure 2).

Risk Factors for Death
The relation of age and death was non-linear; very few
patients under the age of 50 died (Table 1). Males were
more likely to die than females and patients aged ≥65
years were over six times more likely to die compared to
younger patients (Table 2). Current smoking was unrelated to
death in either univariate or multivariable analyses (Figure 3).
Hypertension (47.2%) was the most frequent comorbidity,
followed by diabetes (16.3%), coronary artery disease (11.3%),
atrial fibrillation (8.1%), and obesity (6.9%) (Table 1). In a
model including all comorbidities and adjusted for sex, age and
site, the comorbidities cardiomyopathy, COPD, chronic renal
failure, hypertension, obesity, organ cancer, and stroke were all
independent risk factors for death (Table 3). Interestingly, while
only 5.9% of COVID-19 inpatients had COPD, the latter was
highly and significantly associated with increased risk of death
(Table 3). In addition to evaluating the relation of the individual
comorbidities to death, the count of comorbidities reported for
each patient was strongly associated with risk of death (Table 2),
with the odds for death increasing by 35% for each additional
comorbidity (evaluated as an ordinal count; adjOR =1.35 [1.2,
1.5] p < 0.001), after adjusting for sex, age, and site.

Analysis of Variability Across Geographic
Regions and Hospitals
There were differences in the number of comorbidities
across the hospitals and regional areas that provided data
(Supplementary Table 1). Patients from the Central Italy were
reported to have the fewest number of comorbidities and those
from the Northeastern region to have the most. Therefore,
in order to assess whether the geographic/hospital variation
in diagnostic labeling of comorbidities could have influenced
the meaning of the associations made between comorbidities
and mortality, in addition to the random effect adjustment for
hospital site, we added regional area to the multivariable model
shown in Table 2. There was no appreciable change in the
relation of any risk factor to death, including comorbidity count,
after this additional adjustment (data not shown).

TABLE 1 | Characteristics of all patients, recovered patients and deceased

patients.

Characteristic Group All

patients

(n = 3,179)

Recovered

(n = 2,282)

Deceased

(n = 897)

N % N % N %

Sex Female 1,008 31.7 764 33.5 244 27.2

Male 2,171 68.3 1,518 66.5 653 72.8

Age <20 10 0.3 10 0.4 0 0

20<30 35 1.1 34 1.5 1 0.1

30<40 102 3.2 101 4.4 1 0.1

40<50 260 8.2 250 11.0 10 1.1

50<60 547 17.2 497 21.8 50 5.6

60<70 707 22.2 572 25.1 135 15.1

70<80 828 26.1 525 23.0 303 33.8

80+ 690 21.7 293 12.8 397 44.3

Age <65 1,320 41.5 1,205 52.8 115 12.8

≥65 1,859 58.5 1,077 47.2 782 87.2

Each

comorbiditya
Atrial fibrillation 256 8.1 142 6.2 114 12.7

Blood cancer 28 0.9 19 0.8 9 1.0

Coronary artery

disease

359 11.3 186 8.2 173 19.3

Cardiomyopathy 105 3.3 54 2.4 51 5.7

Chronic heart

failure

119 3.7 59 2.6 60 6.7

COPD 188 5.9 98 4.3 90 10.0

Chronic renal

failure

157 4.9 72 3.2 85 9.5

Diabetes 518 16.3 319 14.0 199 22.2

Hypertension 1,500 47.2 960 42.1 540 60.2

Obesity 218 6.9 163 7.1 55 6.1

Organ cancer 135 4.3 82 3.6 53 5.9

Stroke 107 3.4 52 2.3 55 6.1

Comorbiditiesb 0 1,096 34.5 939 41.2 157 17.5

Count 1 1,043 32.8 756 33.1 287 32.0

2 644 20.3 388 17.0 256 28.5

3 274 8.6 144 6.3 130 14.5

≥4 122 3.8 55 2.4 67 7.5

Smokingc Never 1,963 68.6 1,437 68.9 526 67.7

Ex 692 24.2 496 23.8 196 25.2

Current 208 7.3 153 7.3 55 7.1

Raced Caucasian 2,983 97.5 2,133 96.6 850 99.8

Not caucasian 77 2.5 75 3.4 2 0.2

Regional areas Lombardia 1,397 43.9 901 39.5 496 55.3

Northeastern 634 19.9 481 21.1 153 17.1

Northwestern 380 12.0 272 11.9 108 12.0

Central 400 12.6 340 14.9 60 6.7

Southern 368 11.6 288 12.6 80 8.9

aPercentage with each comorbidity was calculated as the number with the comorbidity

divided by the total for that column.
bNumber of comorbidities were summed for each patient and included: atrial fibrillation,

blood cancer, organ cancer, coronary artery disease, cardiomyopathy, chronic heart

failure, COPD, chronic renal failure, diabetes, hypertension, obesity and stroke.
c316 patients were missing smoking information.
d119 patients were missing race information.
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TABLE 2 | Proportion of patient groups who died vs. recovered at the time of data collection.

Characteristic Group All patients (n = 3,179)

Univariate Multivariable

Outcome Death Death

Total N Recovered N Deceased N Deceased % ORa 95%CI P adjORc 95%CI P

Sex Female 1,008 764 244 24.2 ref ref

Male 2,171 1,518 653 30.1 1.42 1.2, 1.7 0.001 1.56 1.3, 1.9 <0.001

Age <65 1,320 1,205 115 8.7 ref ref

≥65 1,859 1,077 782 42.1 8.25 6.4, 10.6 <0.001 6.35 4.9, 8.2 <0.001

Comorbiditiesb 0 1,096 939 157 14.3 ref ref

1 1,043 756 287 27.5 2.59 2.0, 3.3 <0.001 1.71 1.3, 2.2 <0.001

2 644 388 256 39.8 4.54 3.5, 6.0 <0.001 2.52 1.9, 3.4 <0.001

3 274 144 130 47.5 6.69 4.7, 9.4 <0.001 3.29 2.3, 4.7 <0.001

≥4 122 55 67 54.9 9.26 5.7, 14.9 <0.001 4.49 2.7, 7.4 <0.001

Univariate and multivariable estimates for the relation of sex, age, and number of comorbidities to patient mortality, with clustering for site.
aOdds ratio for death estimated with clustering for site (56 sites).
bNumber of comorbidities were summed for each patient and included: atrial fibrillation, blood cancer, organ cancer, coronary artery disease, cardiomyopathy, chronic heart failure,

COPD, chronic renal failure, diabetes, hypertension, obesity and stroke.
cMultivariable model included sex, age divided into those <65 and those ≥65 years old, and the number of comorbidities as a categorical covariate with clustering for site as a

random effect.

TABLE 3 | Multivariable model for the risk of death associated with each

comorbidity after adjustment for sex and age, clustering for site as a random

effect.

Comorbidity All patients (n = 3,179)

Risk of death

adjOR 95%CI P

Atrial fibrillation 0.97 0.69, 1.36 0.874

Blood Cancer 0.93 0.29, 2.97 0.901

Coronary artery disease 1.11 0.83, 1.49 0.471

Cardiomyopathy 1.85 1.11, 3.11 0.019

Chronic heart failure 0.74 0.44, 1.23 0.240

COPD 1.93 1.31, 2.85 0.001

Chronic renal failure 1.71 1.09, 2.67 0.019

Diabetes 1.21 0.93, 1.58 0.149

Hypertension 1.24 1.00, 1.53 0.049

Obesity 2.03 1.30, 3.17 0.002

Organ cancer 1.67 1.04, 2.68 0.032

Stroke 2.00 1.22, 3.27 0.006

Male 1.85 1.47, 2.33 <0.001

Age, years 1.10 1.09, 1.11 <0.001

P < 0.05 are indicated in bold.

Risk of Death by Hypertension Medication
Use
Of the 3,179 patients, 2,868 had complete information for
hypertension medication use. Patients with no comorbidities
were less likely to use ARBs and ACE inhibitors but there
was no trend for increased use of ACE inhibitors or
ARBs among patients with one or more comorbidities

(Supplementary Table 2). The use of diuretics, beta-
blockers and Ca-antagonists increased significantly with
the number of comorbidities reported for each patient.
Comorbidities were strongly associated with age but not with sex
(Supplementary Table 2).

Most of the 951 patients taking either ACE inhibitors or ARB
at admission had hypertension, 87.9 and 90.3%, respectively,
and beta-blocker use was reported for 29.9%, diuretic use for
24.3% and Ca-antagonist use for 22.8%. After adjustment for
age, sex, number of comorbidities, smoking and site, we found
no increased risk of death associated with the use of ACE
inhibitors, ARBs, beta-blockers or Ca-antagonists (Figure 3
and Table 4). There was a marginal negative association
between ARB use and a marginal positive association
between diuretic use and death (Figure 3, p = 0.025 and
p= 0.020, respectively).

DISCUSSION

This is the first and largest Italian countrywide study to date of
COVID-19 inpatients, the majority of which was aged over 65,
who either died or were discharged from hospital in 19 out of
the 21 Italian regions, including the major islands (Figure 1).
We found, in line with previous publications (3–9), that pre-
existing comorbidities aremajor risk factors for death in COVID-
19 patients. We report that the number of comorbidities is
linearly and strongly associated with the risk of COVID 19-
related death. However, after adjusting for comorbidities, age,
and sex, we report that the lack of an association between
risk of inpatient death due to COVID-19 and use of CVD
medications reported in younger patients (3–9), extends to the
older population at highest risk for COVID-19. Diuretics were
associated with a marginal increased risk of death, and ARBs
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TABLE 4 | List of risk factors included in the model, clustered for site as a random effect.

Characteristic Group Patients with complete hypertension medication information (n = 2,868)

Death

Total N Recovered N Deceased N Deceased % adjOR 95%CI P

Comorbiditiesb 0 982 845 137 14.0 ref

1 927 690 237 25.6 1.64 1.19, 2.24 0.020

2 595 365 230 38.7 2.64 1.85, 3.78 <0.001

3 250 129 121 48.4 3.56 2.29, 5.55 <0.001

≥4 114 50 64 56.1 4.88 2.73, 8.72 <0.001

ARB No 2,446 1,767 679 27.8 ref

Yes 422 312 110 26.1 0.65 0.47, 0.89 0.025

ACE inhibitor No 2,339 1,742 597 25.5 ref

Yes 529 337 192 36.3 0.97 0.73, 1.29 0.929

Beta-blocker No 2,247 1,702 545 24.3 ref

Yes 621 377 244 39.3 0.85 0.65, 1.12 0.244

Diuretic No 2,456 1,870 586 23.9 ref

Yes 412 209 203 49.3 1.66 1.23, 2.25 0.020

Ca-antagonist No 2,488 1,842 646 26.0 ref

Yes 380 237 143 37.6 1.13 0.84, 1.53 0.773

Sex Female 904 684 220 24.3 ref

Male 1,964 1,395 569 29.0 1.65 1.29, 2.09 <0.001

Age <65years 1,207 1,100 107 8.9 ref

≥65 years 1,661 979 682 41.1 5.92 4.47, 7.83 <0.001

Smokingc No 1,771 1,293 478 27.0 ref

Ex 642 470 172 26.8 0.89 0.68, 1.17 0.412

Current 187 135 52 27.8 1.04 0.66, 1.62 0.879

Unknown 268 181 87 32.5 1.65 1.08, 2.52 0.020

The risk factors for mortality are also listed in Figure 3.
aMultivariable model included sex, age, number of comorbidities as a categorical covariate, smoking and each hypertension medication, with clustering for site as a random effect (55

sites); a dummy category for patients with missing smoking history was included in the model.
bNumber of comorbidities were summed for each patient and included: atrial fibrillation, blood cancer, organ cancer, coronary artery disease, cardiomyopathy, chronic heart failure,

COPD, chronic renal failure, diabetes, hypertension, obesity and stroke.
cPatients who were missing information about smoking were included as a separate smoking category in the model.

with a marginal decreased risk of death in this sample. Each
comorbidity increased mortality risk independently from age
and gender. Among CVD, cardiomyopathies and hypertension
were related to a poor outcome. These findings are in line with
Inciardi et al. (20) who showed that, in the Northern Italian
population, COVID-19 patients with pre-existing CVD had an
increased rate of death compared to patients without CVD.
The underlying systemic inflammation in patients with CVD
(21) might contribute to the increase immune responses and
inflammatory cascade known to lead to a worse prognosis in
COVID-19 patients (22).

Prior therapy with ACE inhibitors/ARBs was not related to
worse prognosis in this cohort. The use of ACE inhibitors and
ARB in patients with COVID-19 has been called into question
by some (14), due to the evidence that SARS-CoV-2 uses the
ACE2 receptor for entry into target cells (16). On the other hand,
it has been recently shown that treatment with ACE inhibitors
and ARBs does not increase ACE2 plasma levels in patients
with heart failure (23). A recent study by Fosbol et al. (12)
showed no association between risk of mortality in the Danish

population and ACE inhibitor/ARB use. However, the COVID-
19-related death burden in Denmark has been ∼57-fold lower
than Italy (https://coronavirus.jhu.edu/data/mortality), which
calls for further studies investigating the characteristics of the
Italian COVID-19 population. Additionally, Fosbol et al. did
not compare the use of ACE inhibitors to the use of ARB, and
the data were computed from national electronic health record
review. Here we report that a similar conclusion is applicable
to the Italian population. As the north of Italy, and especially
the region Lombardia, suffered from one of the highest COVID-
19 mortality rates worldwide (2), our data (carefully collected
by manual review of medical charts from Italian 56 hospital
distributed throughout the peninsula) are particularly important
in order to understand the characteristics of the Italian COVID-
19 patients with regional specificity. Also, in our study, a higher
number of inpatients taking either ACEi or ARB than the
Danish cohort was enrolled, thus allowing a stronger statistical
power to rule out the individual effects of ACE inhibitors and
ARB treatments. In another study, Reynolds et al. reported
that previous treatment with ACE inhibitors or ARBs was not
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associated with a higher risk of testing positive for COVID-19
(10). Similarly, Mancia et al. recently showed that the use of ARBs
and ACE inhibitors was more frequent among patients from one
Italian region (Lombardy) who were infected with SARS-CoV-
2 than among a large population of controls who were matched
for age, sex, and place of residence (9). However, in the same
study, neither ACE inhibitors nor ARBs showed an independent
association with COVID-19 in patients with mild-to-moderate
disease or in those with severe disease. Neither of these two
latter studies had mortality as primary outcome, but rather the
likelihood of the subjects of testing positive for COVID-19, or
experiencing severe manifestations of COVID-19.

In a study of 5,700 patients hospitalized with COVID-19
in the New York City area, the mortality rates for patients
with hypertension not taking an ACE inhibitors or ARBs at
admission, taking an ACE inhibitor, or taking an ARB were
comparable (8). Moreover, among 1,128 hospitalized COVID-19
patients with hypertension from Hubei, China, the inpatient use
of ACE inhibitors/ARB was reported to be associated with lower
risk of all-cause mortality compared with ACE inhibitors/ARB
non-users (19). However, in the first study (8) the results
were unadjusted for known confounders, including age, sex,
race, ethnicity, and comorbidities. In the second study (19),
the sample-size included only 188 patients who received ACE
inhibitors/ARB, and thus it did not have the power to test the
effects of ACE inhibitors and ARBs separately.

This is the first study assessing the safety of CVDmedications,
and in particular ACE inhibitors and ARB studied separately,
in a nation-wide representative sample of COVID-19 inpatients,
mostly aged >65. We provide strong evidence suggesting that,
regardless of a person’s risks for COVID19, the five drugs
most frequently used for the treatment of CVDs in outpatient
settings are not associated with increased inpatient mortality due
to COVID-19.

Among CVD therapies, diuretics were associated with a
marginally significant increased risk of mortality in our final
models. However, the proportion of patients who were using
diuretics at the time of admission increased markedly with the
number of comorbidities in each patient. Although we adjusted
for number of comorbidities, it is likely that residual confounding
may be present. Similarly, use of ARBs was associated with a small
decrease in death rates after adjustment for confounders, but the
effect was marginally significant and may have been influenced
by unaccounted confounding.

Our study has several strengths: (1) it is the first Italian
country-wide study describing the characteristics of a highly
heterogeneous cohort of COVID-19 inpatients both in terms
of severity of the clinical manifestations, and also in terms
of geographical distribution. We believe that the analyses
performed in this study are clinically informative given that
the north of Italy suffered from one of the highest mortalities
for COVID-19 worldwide; and (2) the availability of a sample
representative of the older people (>65 years of age) at highest
risk for morbidity and mortality due to COVID-19. Limitations
include: (1) the observational nature of the study, and the fact
that data on comorbidities were collected bymanual review of the
medical charts with no objective assessment; this methodological
limitation did not allow the disentanglement of the independent

associations of antihypertensive medications with mortality
(i.e., adequate control for disease related-, hypertension-, and
other medication use- related variables); (2) lack of other
outcome measures apart from death or hospital discharge, and
of information about the cause of death of the patients (such
as severe respiratory distress, acute kidney injury, myocardial
infarction, pulmonary, and systemic thromboemobilsm); (3)
the absence of information about specific treatments received
during hospitalization and in-hospital ACE inhibitors/ARBs
continuation or discontinuation; (4) the lack of a severity score
for COVID-19 patients during hospitalization; and (5) the
potential bias introduced by excluding patients that were still
hospitalized at the time of data collection. However, we felt that
including the latter could have introduced an even bigger bias,
because these individuals could have had associations between
the variables analyzed and the outcome that could be different
from patients that were included because they had an outcome.

In summary, the results of our nationwide Italian study
of a population of COVID19 inpatients, that suffered from
one of the highest mortality rates worldwide, confirms that
the number of comorbidities appears to be independently
associated with increased COVID-19-related death. Among
cardiovascular comorbidities both hypertension and pre-existing
cardiomyopathy were associated with COVID-19 risk of
death. Nonetheless, we provide reassuring evidence that use
of commonly-used CVD medications is not associated with
increased risk of death due to COVID-19, regardless of the
person’s risk for the disease due to age, sex, or comorbid
conditions. Our findings show that there is no need to interrupt
treatments for CVD in COVID-19 patients; in particular, the
treatment with ACE inhibitors/ARBs should be continued
in order to reduce potential cardiovascular derangement in
COVID-19 patients. Further studies are needed in order to shed
light onto the relationship between CVD therapies, underlying
CVD, and prognosis in COVID-19 patients.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of Arizona IRB waiver #2003521629. The
ethics committee approvals/waivers were also obtained from each
of the participating hospitals. The ethics committee waived the
requirement of written informed consent for participation.

AUTHOR CONTRIBUTIONS

FP, GR, EB, MB, MCa, BC, MCo, AC, FD’A, ED’E, GF, SGa, SGu,
SH, MK, LM, AP, RP, PP, VP, MP, CT, and RT collected the data.
FP, DAS, SGu, JCW, and FDiM analyzed the data and wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 October 2020 | Volume 7 | Article 585866143

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


Polverino et al. Italian Nation-Wide COVID-19 Cohort Study

FUNDING

This work was funded by the FAMRI and the Asthma and Airway
Disease Research Center, University of Arizona research funds.

ACKNOWLEDGMENTS

We thank all the investigators of the ItaliCO study
group for collecting the patients’ data included in
this manuscript.

ITALICO: ITALIAN NATIONAL STUDY ON
RISK FACTORS ASSOCIATED WITH
COVID-19

List of Contributors
F. Polverino MD PhD1, D. Stern MS1, M. Polverino MD2, F.
D’Amico MD3, E. D’Elia, MD PhD4, A. Agarossi MD5, S. Agati
MD6, E. Agosteo MD7, F. Ando’ MD8, M. Andreoni MD9, IF.
Angelillo DDS MPH10, G. Arcoleo MD11, C. Arena MD12, P.
Baiamonte MD11, E. Balestro MD13, L. Ball MD, PhD14, P. Banfi
MD15, G. Bartoletti MD16, R. Bartolotta RN17, M. Bassetti MD
PhD14, D. Battaglini MD14, M. Bellan MD PhD18, I. Benzoni
MD PhD19, R. Bertolini MD20, M. Bevilacqua MD21, M. Bezzi22

MD, A. Bianco MD23, A. Bisbano MD24,F. Bobbio MD18, G.
Bocchialini MD22, F. Bonetti MD20, F. Boni MD25, M. Bonifazi
MD26, G. Borgonovo MD25, S. Borre’ MD27, M. Bosio MD28,
G. Brachini MD29, I. Brunetti MD14, L. Calagna3, F. Calò10,
M. Candelli MD PhD30, A. Capuozzo MD2, T. Carr MD1, A.
Castellani MD22, F. Catalano MD PhD11, G. Catania MD31, E.
Catena MD5, M. Cattaneo32,33, A. Cattelan MD13, V. Ceruti
MD21, F. Chiumiento MD34, G. Cicchitto MD2, B. Cirillo MD29,
M. Confalonieri MD35, P. Confalonieri MD35, M. Contoli MD
PhD36, N. Coppola MD PhD10, A. Corsico MD28, R. Cosentina
MD3, R. CostantinoMD37, C. Crimi MD PhD38, A. Currà MD39,
M. D’Abbraccio MD40, A. Dalbeni MD21, F. Daleffe MD22, R.
Davide MD41, M. Del Donno MD42, F. Di Marco, MD PhD43,
F. Di Pastena MD44, F. Di Perna MD45, Z. Di Rosa MD46,
A. Di Sabatino MD28, O. Elesbani MD40, D. Elia MD32, V.
Esposito MD PhD47, L. Fabiani MD48, G. Falco MD25, G. Falo
MD35, C. Fanelli MD49, A. Fantin MD50, F. Ferrigno MD51, G.
Fiorentino MD46, F. Franceschi MD PhD30, M. Fronza MD52,
G. Gardini Gardenghi MD40, S. Gasparini MD26, D.R. Giacobbe
MD14, C. Giannotti MD5, G. Giannotti MD19, A. GidariMD53, F.
Giovanardi MD PhD25, P. Gnerre MD31, F. Gonnelli MD26, M.
Graziano MD54, S. Greco MD47, A. Grosso PhD28, S. Guarino
MD32, S. Guerra MD PhD1, S. Harari MD32, A. Iannarelli MD55,
P. Imitazione MD39, F. Inglese MD56, V. Iodice MD46, A. Izzo
MD43, C. La Greca MD16, M. Kraft MD1, A. Lax MD15, F.
LegittimoMD20, A. LeoMD57, S. LeoneMD53, V. Lepidini MD9,
M. Leto RN36, F. Licata MD23, F. Locati MD3, L. Lorini MD4, B.
Lucchetti MD20, I. Maida MD48, M. Macera MD10, E. Manzillo
MD46, A. March MD49, D. Mascheroni MD58, A. Mastroianni
MD17, I. Mauro MD2, M. Mazzitelli MD23, E. Mazzuca MD11,
L. Mennella MD16, C. Micheletto MD12, A. Mingoli MD29, P.
Minuz MD21, M. Moioli MD14, L. Monti MD58, R. Morgagni,

MD PhD9, L. Mucci MD59, M. Muselli MD47, S. Negri MD6,
C.G.A. Nobile MD60, S. Oldani MD61, C. Olivieri MD27, A. Papi
MD35, G. Parati MD62, L. Parodi MD31, R. Parrella MD PhD46,
E. Pastorelli MD27, V. Patruno MD49, F. Pellegrino MD7, P.
Pelosi MD FERS14, M.F. Pengo, MD PhD62, D. Pepe MD23, A.
Perotti MD5, R. Petrino MD27, M. Petrucci MD30, R.M. Piane
MD16, G. Pignataro MD PhD30, M. Pino MD23, M. Pirisi MD18,
V. Poletti MD61, F. Porru MD63, F. Pugliese MD29, R. Punzi
MD46, D.A. Ramaroli MD12, C. Robba MD PhD14, R. Rostagno
MD27, G. Ruocco MD64, U. Sabatini MD28, P.P. Sainaghi MD
PhD18, F. Salton MD34, C. Salzano MD65, A. Sanduzzi MD39, S.
Sanduzzi Zamparelli MD10, V. Sangiovanni MD46, D. Santopuoli
MD45, P. Sapienza MD29, L. Sarmati MD9, E. Schiaroli MD66,
F. Scienza MD27, M. Senni MD4, L. Serchisu PhD51, S. Sgherzi
MD57, D. Soddu MD18, D. Soranna MD61, C. Sorino MD PhD6,
S. Spadaro MD35, E. Stirpe MD49, C. Tana MD58, S. Tardivo
MD12, S. Tartaglia MD27, E. Teopompi MD20, R. Terribile MD27,
M. Tomchaney1, E. Torelli MD30, C. Torlasco MD61, C. Torti
MD23, E. Tupputi MD56, C. Ugolinelli MD5, A. Vatrella MD68,
A.G. Versace MD8, M. Villani MD68, L. Vincenzo MD40, C.A.
Volta MD35, N. Voraphani MD1, J.C. Woods PhD69, E. Zekaj
MD70, R. Zoppellari MD35, F.D. Martinez MD1

1Asthma and Airway Disease Research Center, University of
Arizona

2Ospedale Scarlato, Scafati
3ASST Bergamo Est, Seriate
4ASST Papa Giovanni XXIII, Bergamo
5Ospedale Sacco, Milano
6ASST Lariana, Ospedale Sant’Anna di Como
7Clinica San Carlo- Paderno Dugnano, Milano
8Policlinico di Messina, Messina
9Policlinico Universitario Tor Vergata, Roma
10Università Vanvitelli, Napoli
11A.O.O.R. Villa Sofia Cervello, Palermo
12Università di Verona, Verona
13Azienda Ospedaliera Universitaria di Padova, Padova
14Policlinico San Martino and Universita’ di Genova, Genova
15IRCCS Fondazione Don Carlo Gnocchi, Milano
16Azienda USL Toscana Nord Ovest, Ospedale di Lucca
17zienda Ospedaliera di Cosenza, Cosenza
18AOU Maggiore della Carità and Università del Piemonte

Orientale UPO, Novara, Italy
19Ospedale di Cremona, Cremona
20AUSL-IRCCS RE Ospedale di Guastalla
21Policlinico GB Rossi, Verona
22Spedali Civili di Brescia, Brescia
23Università degli studi Magna Graecia, Catanzaro
24Ospedale San Giovanni di Dio, Crotone
25AUSL-IRCCS, Reggio Emilia
26Polytechnic University of Marche Region, Azienda Ospedali

Riuniti, Ancona
27Ospedale S Andrea, Vercelli
28IRCCS Policlinico San Matteo Foundation, Pavia
29Universita La Sapienza, Roma
30Fondazione Universitaria Policlinico Gemelli - IRCCS.

Università Cattolica del Sacro Cuore di Roma, Roma
31Ospedale San Paolo, Savona

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 October 2020 | Volume 7 | Article 585866144

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


Polverino et al. Italian Nation-Wide COVID-19 Cohort Study

32Department of Medical Sciences, San Giuseppe Hospital
MultiMedica IRCCS, Milan, Italy

33Department of Clinical Sciences and Community Health,
University of Milan, Milan, Italy

34Ospedale di Eboli, Eboli
35Ospedale di Trieste, Trieste
36Universita’ di Ferrara, Ferrara
37Azienda Ospedaliera Pugliese Ciaccio, Catanzaro
38Azienda Ospedaliera Universitaria Policlinico-Vittorio

Emanuele, Catania
39Ospedale Giulio Jazzolino, Vibo Valentia
40Ospedale Monaldi and Federico II University, Napoli
41ASST del Garda, Ospedale di Desenzano del Garda
42Ospedale Rummo, Benevento
43ASST Papa Giovanni XXIII, Bergamo, and University of

Milan
44Ospedale Dono Svizzero, Formia
45Ospedale di Caserta, Caserta
46Ospedale Cardarelli, Campobasso
47Ospedale Cotugno, Napoli
48Universita’ de L’Aquila
49Ospedale di Sassari, Sassari
50Ospedale Universitario di Bolzano
51ASL Salerno, Scafati
52Ospedale di Bolzano, Bolzano
53Ospedale di Perugia, Perugia

54Azienda Sanitaria Locale and San Giuseppe Moscati
Hospital, Avellino

55Ospedale Santa Maria Goretti, Latina
56ASST Mantova, Mantova
57ASL BT. Pneumologia Andria
58IC Villa Aprica, Gruppo San Donato, Como
59ASL Lanciano Vasto Chieti, Chieti, Italy
60Università della Calabria, Cosenza
61Ospedale Morgagni, Forli’
62IRCCS Istituto Auxologico Italiano, Ospedale San Luca,

Milano
63Erasmus MC, Rotterdam
64Ospedale Regina Montis Regalis, Mondovì, Cuneo
65Hospital “Buon Consiglio-Fatebenefratelli,” Napoli
66Ospedale di Perugia, Perugia
67Universita’ di Salerno
68Ospedale di Crema, Crema
69Cincinnati Children’s Hospital and University

of Cincinnati
70IRCCS Istituto Ortopedico Galeazzi Milano

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2020.585866/full#supplementary-material

REFERENCES

1. International Institute for Applied Systems Analysis (IIASA). Aging
Demographic Data Sheet: Laxenburg, AI: International Institute for Applied
Systems Analysis (IIASA) (2018).

2. Odone A, Delmonte D, Scognamiglio T, Signorelli C. COVID-19 deaths
in Lombardy, Italy: data in context. Lancet Public Health. (2020)
5:e310. doi: 10.1016/S2468-2667(20)30099-2

3. Chen T, Wu D, Chen H, YanW, Yang D, Chen G, et al. Clinical characteristics
of 113 deceased patients with coronavirus disease 2019: retrospective study.
BMJ. (2020) 368:m1091. doi: 10.1136/bmj.m1091

4. Guan WJ, Liang WH, Zhao Y, Liang HR, Chen ZS, Li YM, et al. Comorbidity
and its impact on 1590 patients with Covid-19 in China: a nationwide analysis.
Eur Respir J. (2020) 55:2000547 doi: 10.1183/13993003.01227-2020

5. Onder G, Rezza G, Brusaferro S. Case-fatality rate and characteristics of
patients dying in relation to COVID-19 in Italy. JAMA. (2020) 323:1775–
6. doi: 10.1001/jama.2020.4683

6. Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A,
et al. Baseline characteristics and outcomes of 1591 patients infected with
SARS-CoV-2 admitted to ICUs of the Lombardy region, Italy. JAMA. (2020)
323:1574–81. doi: 10.1001/jama.2020.5394

7. GuanWJ, Ni ZY, Hu Y, LiangWH, Ou CQ, He JX, et al. Clinical characteristics
of coronavirus disease 2019 in China. N Engl J Med. (2020) 382:1708–
20. doi: 10.1056/NEJMoa2002032

8. Richardson S, Hirsch JS, Narasimhan M, Crawford JM, McGinn T, Davidson
KW, et al. Presenting characteristics, comorbidities, and outcomes among
5700 patients hospitalized with COVID-19 in the New York city area. JAMA.

(2020) 323:2052–9. doi: 10.1001/jama.2020.6775
9. Mancia G, Rea F, Ludergnani M, Apolone G, Corrao G. Renin-angiotensin-

aldosterone system blockers and the risk of covid-19. N Engl J Med. (2020)
382:2431–40. doi: 10.1056/NEJMoa2006923

10. Reynolds HR, Adhikari S, Pulgarin C, Troxel AB, Iturrate E, Johnson SB, et al.
Renin-angiotensin-aldosterone system inhibitors and risk of covid-19. N Engl

J Med. (2020) 382:2441–8. doi: 10.1056/NEJMoa2008975

11. Zheng YY, Ma YT, Zhang JY, Xie X. COVID-19 and the cardiovascular
system. Nat Rev Cardiol. (2020) 17:259–260. doi: 10.1038/s41569-0
20-0360-5

12. Fosbol EL, Butt JH, Ostergaard L, Andersson C, Selmer C, Kragholm K,
et al. Association of angiotensin-converting enzyme inhibitor or angiotensin
receptor blocker use with COVID-19 diagnosis and mortality. JAMA. (2020)
324:168–77. doi: 10.1001/jama.2020.11301

13. Tomasoni D, Italia L, Adamo M, Inciardi RM, Lombardi CM, Solomon
SD, et al. COVID-19 and heart failure: from infection to inflammation and
angiotensin II stimulation. Searching for evidence from a new disease. Eur J
Heart Fail. (2020) 22:957–66. doi: 10.1002/ejhf.1871

14. Fang L, Karakiulakis G, Roth M. Are patients with hypertension
and diabetes mellitus at increased risk for COVID-19 infection?
Lancet Respir Med. (2020) 8:e21. doi: 10.1016/S2213-2600(20)
30116-8

15. Vaduganathan M, Vardeny O, Michel T, McMurray JJV, Pfeffer MA,
Solomon SD. Renin-angiotensin-aldosterone system inhibitors in patients
with covid-19. N Engl J Med. (2020) 382:1653–9. doi: 10.1056/NEJMsr
2005760

16. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen
S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell. (2020) 181:271–
80.e278. doi: 10.1016/j.cell.2020.02.052

17. Hashimoto T, Perlot T, Rehman A, Trichereau J, Ishiguro H, Paolino M,
et al. ACE2 links amino acid malnutrition to microbial ecology and intestinal
inflammation. Nature. (2012) 487:477–81. doi: 10.1038/nature11228

18. Patel VB, Zhong JC, Grant MB, Oudit GY. Role of the ACE2/Angiotensin
1-7 axis of the renin-angiotensin system in heart failure. Circ Res. (2016)
118:1313–26. doi: 10.1161/CIRCRESAHA.116.307708

19. Zhang P, Zhu L, Cai J, Lei F, Qin JJ, Xie J, et al. Association of
inpatient use of angiotensin converting enzyme inhibitors and
angiotensin II receptor blockers with mortality among patients
with hypertension hospitalized with COVID-19. Circ Res. (2020)
126:1671–81. doi: 10.1161/CIRCRESAHA.120.317242

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 October 2020 | Volume 7 | Article 585866145

https://www.frontiersin.org/articles/10.3389/fcvm.2020.585866/full#supplementary-material
https://doi.org/10.1016/S2468-2667(20)30099-2
https://doi.org/10.1136/bmj.m1091
https://doi.org/10.1183/13993003.01227-2020
https://doi.org/10.1001/jama.2020.4683
https://doi.org/10.1001/jama.2020.5394
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1001/jama.2020.6775
https://doi.org/10.1056/NEJMoa2006923
https://doi.org/10.1056/NEJMoa2008975
https://doi.org/10.1038/s41569-020-0360-5
https://doi.org/10.1001/jama.2020.11301
https://doi.org/10.1002/ejhf.1871
https://doi.org/10.1016/S2213-2600(20)30116-8
https://doi.org/10.1056/NEJMsr2005760
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/nature11228
https://doi.org/10.1161/CIRCRESAHA.116.307708
https://doi.org/10.1161/CIRCRESAHA.120.317242
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Polverino et al. Italian Nation-Wide COVID-19 Cohort Study

20. Inciardi RM, Adamo M, Lupi L, Cani DS, Di Pasquale M, Tomasoni D,
et al. Characteristics and outcomes of patients hospitalized for COVID-
19 and cardiac disease in Northern Italy. Eur Heart J. (2020) 41:1821–
9. doi: 10.1093/eurheartj/ehaa388

21. Paquissi FC. The role of inflammation in cardiovascular diseases:
the predictive value of neutrophil-lymphocyte ratio as a marker
in peripheral arterial disease. Ther Clin Risk Manag. (2016)
12:851–60. doi: 10.2147/TCRM.S107635

22. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ, et al.
COVID-19: consider cytokine storm syndromes and immunosuppression.
Lancet. (2020) 395:1033–14. doi: 10.1016/S0140-6736(20)30628-0

23. Sama IE, Ravera A, Santema BT, van Goor H, Ter Maaten JM,
Cleland JGF, et al. Circulating plasma concentrations of angiotensin-
converting enzyme 2 in men and women with heart failure and effects
of renin-angiotensin-aldosterone inhibitors. Eur Heart J. (2020) 41:1810–
7. doi: 10.1093/eurheartj/ehaa373

Conflict of Interest: MB has served on advisory boards and has received travel
fundings, honoraria for speaking from Angelini, Astra Zeneca, bayer, Cubist,
Pfizer, Menarini. MCo has received personal fees from Chiesi, AstraZeneca,
Boehringer-Ingelheim, Alk-Abello, GSK, Novartis, Zambon, and scientific grants
from Chiesi and University of Ferrara, Italy. FDiM has received personal fees
from Chiesi, AstraZeneca, Boehringer-Ingelheim, GSK, Novartis, Zambon,

Guidotti/Malesci, Menarini, Mundipharma, TEVA, Almiral, Levante Pharma,
Sanophi, and scientific grants from AstraZeneca, Boehringer-Ingelheim, GSK,
Novartis. AP has received board membership and consultancy fees, payment
for lectures, grants for research, travel expenses reimbursements from GSK, AZ,
Boehringer Ingelheim, Chiesi Farmaceutici, TEVA< Mundipharma, Zambon,
Novartis, Menarini, Sanofi,Roche, Edmondpharma, Fondazione Maugeri,
Fondazione Chiesi. JW has received investigator initiated research funding from
Vertex pharmaceuticals.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Polverino, Stern, Ruocco, Balestro, Bassetti, Candelli, Cirillo,

Contoli, Corsico, D’Amico, D’Elia, Falco, Gasparini, Guerra, Harari, Kraft,

Mennella, Papi, Parrella, Pelosi, Poletti, Polverino, Tana, Terribile, Woods, Di

Marco, Martinez and the ItaliCO study group. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 October 2020 | Volume 7 | Article 585866146

https://doi.org/10.1093/eurheartj/ehaa388
https://doi.org/10.2147/TCRM.S107635
https://doi.org/10.1016/S0140-6736(20)30628-0
https://doi.org/10.1093/eurheartj/ehaa373
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


REVIEW
published: 26 October 2020

doi: 10.3389/fcvm.2020.598400

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 October 2020 | Volume 7 | Article 598400

Edited by:

Andrew F. James,

University of Bristol, United Kingdom

Reviewed by:

Jian Xu,

University of Oklahoma Health

Sciences Center, United States

Katsuya Hirano,

Kagawa University, Japan

*Correspondence:

Georgina M. Ellison-Hughes

georgina.ellison@kcl.ac.uk

Mark D. Ross

m.ross@napier.ac.uk

†These authors have contributed

equally to this work and share first

authorship

Specialty section:

This article was submitted to

Atherosclerosis and Vascular

Medicine,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 24 August 2020

Accepted: 28 September 2020

Published: 26 October 2020

Citation:

Roberts KA, Colley L, Agbaedeng TA,

Ellison-Hughes GM and Ross MD

(2020) Vascular Manifestations of

COVID-19 – Thromboembolism and

Microvascular Dysfunction.

Front. Cardiovasc. Med. 7:598400.

doi: 10.3389/fcvm.2020.598400

Vascular Manifestations of
COVID-19 – Thromboembolism and
Microvascular Dysfunction
Kirsty A. Roberts 1†, Liam Colley 2†, Thomas A. Agbaedeng 3, Georgina M. Ellison-Hughes 4*

and Mark D. Ross 5*

1 Research Institute for Sport and Exercise Sciences, Liverpool John Moores University, Liverpool, United Kingdom, 2 School

of Sport, Health & Exercise Science, Bangor University, Bangor, United Kingdom, 3Centre for Heart Rhythm Disorders,

School of Medicine, The University of Adelaide, Adelaide, SA, Australia, 4Centre for Human and Physiological Sciences,

Faculty of Life Sciences & Medicine, School of Basic and Medical Biosciences, King’s College London, London,

United Kingdom, 5 School of Applied Sciences, Edinburgh Napier University, Edinburgh, United Kingdom

The coronavirus pandemic has reportedly infected over 31.5 million individuals and

caused over 970,000 deaths worldwide (as of 22nd Sept 2020). This novel coronavirus,

officially named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),

although primarily causes significant respiratory distress, can have significant deleterious

effects on the cardiovascular system. Severe cases of the virus frequently result in

respiratory distress requiring mechanical ventilation, often seen, but not confined to,

individuals with pre-existing hypertension and cardiovascular disease, potentially due

to the fact that the virus can enter the circulation via the lung alveoli. Here the

virus can directly infect vascular tissues, via TMPRSS2 spike glycoprotein priming,

thereby facilitating ACE-2-mediated viral entry. Clinical manifestations, such as vasculitis,

have been detected in a number of vascular beds (e.g., lungs, heart, and kidneys),

with thromboembolism being observed in patients suffering from severe coronavirus

disease (COVID-19), suggesting the virus perturbs the vasculature, leading to vascular

dysfunction. Activation of endothelial cells via the immune-mediated inflammatory

response and viral infection of either endothelial cells or cells involved in endothelial

homeostasis, are some of the multifaceted mechanisms potentially involved in the

pathogenesis of vascular dysfunction within COVID-19 patients. In this review, we

examine the evidence of vascular manifestations of SARS-CoV-2, the potential

mechanism(s) of entry into vascular tissue and the contribution of endothelial cell

dysfunction and cellular crosstalk in this vascular tropism of SARS-CoV-2. Moreover,

we discuss the current evidence on hypercoagulability and how it relates to increased

microvascular thromboembolic complications in COVID-19.

Keywords: COVID-19, endothelium, pericyte, coronavirus, thromboembolism

INTRODUCTION

In January 2020, the Center for Disease Control recognized a new coronavirus, named severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is believed to have originated
from the Wuhan city in Hubei province, China. As of the 22nd September 2020, over 31.5 million
people worldwide have been infected, with currently over 970,000 deaths recorded (1). According
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to the World Health Organization (WHO) the total case fatality
rate (CFR) is 3.1%, but this varies significantly depending
on geographical location. For example, the USA have a CFR
of 2.9% (6,740,464 cases), whereas the United Kingdom and
Italy have significantly higher CFRs of 10.6% (394,261 cases)
and 12.0% (298,156 cases), respectively (1). The SARS-CoV-
2 infection gives rise to COVID-19 disease, which typically
results in fever, respiratory distress (shortness of breath and
cough) (2–4), and subsequent respiratory failure. Symptoms
often arise between 2 and 14 days after infection (5), and
the risk of mortality due to COVID-19 appears greater in
older individuals (6), and in individuals with comorbidities,
such as hypertension (7), coronary artery disease (CAD), and
diabetes mellitus.

Despite patients reporting with symptoms relating to fever
and respiratory distress, there is growing evidence for the
involvement of the cardiovascular system. Patients often exhibit
elevated cardiac biomarkers such as cardiac troponin I/T
(hs-cTnI/hs-cTnT) (3, 4, 6, 8–11) and N-terminal pro-B-
type natriuretic peptide (NT-proBNP) levels (8, 12), which
suggest myocardial damage and ventricular/atrial dysfunction.
However, the impact of COVID-19 on the vasculature is largely
unknown, but there are case reports of viral infection of the
endothelium (13), as well as elevated markers of coagulation,
such as D-dimer in COVID-19 patients (14), which itself may
indicate a significant risk of pulmonary thromboembolism (PTE)
in patients.

The focus of this review is to detail the effects of SARS-CoV-
2 and COVID-19 disease on the vasculature, whilst discussing
the potential direct and indirect mechanisms which lead to
endothelial damage and dysfunction. Moreover, we also discuss
the pathogenesis of COVID-19 associated thromboembolism and
its consequences upon the cardiovascular system and COVID-19
disease progression.

EPIDEMIOLOGY OF COVID-19 AND
CARDIOVASCULAR RISK

Patient cohort studies show that there is a large prevalence
of patients with COVID-19 who have comorbidities, such
as hypertension (17–57% of all patients) and cardiovascular
disease (CVD) (11–21% of all patients) (3, 15–17). Patients with
hypertension or CAD are not only at greater risk of infection,
and admission to hospital, but having one or more of these
comorbidities also appears to increase the risk of progression
of the disease (15). In a Chinese cohort, it was observed
that in COVID-19 patients, 30% of them had hypertension
(14). In the non-survivors, the incidence of hypertension
was greater than that of survivors (48 vs. 23% of patients),
and this was even more pronounced for incident coronary
heart disease (24 vs. 1% of patients) (14). Hypertension and
pre-existing CVD were also more common comorbidities
in patients requiring admission to the intensive care unit
(ICU) (18).

The initial evidence of the cardiovascular impact of COVID-
19 was provided in cross-sectional cohort studies which observed
significantly elevated hs-cTnI and hs-cTnT levels, suggestive of
myocardial injury in these patients (14, 18, 19). High levels
of these cardiac biomarkers are related to worse prognosis of
the disease (19, 20), with a number of studies demonstrating a
higher risk of admission to ICU (10), requirement for mechanical
ventilation (12), and incidence of arrhythmias and death from
COVID-19 (3, 4, 10, 12, 19) in those with elevated circulating hs-
cTnI or hs-cTnT levels. Moreover, the mortality risk associated
with elevated hs-TnI/T was greater than that observed for
advanced age, pre-existing diabetes, respiratory disorders, and
CAD (10, 12). The elevations in hs-TnI/T are also associated
with elevated levels of NT-ProBNP and C-reactive protein
(CRP), suggesting the myocardial injury observed in COVID-
19 patients may be linked with ventricular dysfunction and
inflammation (12). There are several potential reasons for the
elevated cardiac injury observed in COVID-19 patients with
worsening outcomes. These include direct viral infection of
the myocardium, the use of anti-viral medications (18), the
side-effects of the COVID-19 associated cytokine storm (21),
or likely a combination of the three. Viral entry is likely, as
SARS-CoV-2 is known to enter human cells via binding of
the transmembrane protein, the angiotensin-converting enzyme
2 (ACE2) receptor, which is highly expressed in both the
lungs and the heart (22). In fact, due to this mechanism
of entry, there has been debate on the use and potential
benefit of the use of ACE inhibitors in patients with cardiac
injury and/or hypertension (23), with the American Heart
Association, The Heart Failure Society of America, and the
American College of Cardiology publishing a joint consensus
statement for the treatment of COVID-19 patients with ACE
inhibitors (24).

Cardiovascular events, such as incidences of acute coronary
syndrome (ACS) or acute myocardial infarction (AMI) in
COVID-19 patients have been demonstrated (25), indicating
that the impact of COVID-19 on the cardiovascular system
leads to cardiovascular-related mortality. The root causes
of COVID-19 ACS/AMI remain unknown, but could be
due to the elevated myocardial demand as a result of the
infection, akin to type 2 MI, cytokine-induced atherosclerotic
plaque instability and rupture, or non-plaque thrombosis
(25–27). Although, as documented, there is a clear impact
of the virus on the myocardium, either directly or indirectly;
however, the potential role of the vasculature in COVID-19
associated cardiovascular complications has been relatively
overlooked, and may be prognostically important in
these patients. In fact, in a recent study by Chen et al.
(28) using a single cell atlas of the human myocardium
showed that ACE2 is expressed on pericytes in the heart
(28), suggesting that viral infection of pericytes, which
surround the endothelial lining of blood vessels, could
lead to microvascular inflammation in the heart tissue,
resulting in non-obstructive MI. Therefore, the following
sections will investigate the impact of COVID-19 on vascular
tissues, specifically endothelial cells and pericytes, and the
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subsequent involvement of these tissues on thrombotic risk
in COVID-19.

COVID-19 AND ENDOTHELIAL CELL
DYSFUNCTION

Initial SARS-CoV-2 infection occurs within the lung epithelia,
whereby serine proteases, most notably transmembrane protease
serine 2 (TMPRSS2), cathepsin B, and cathepsin L1, prime
the SARS-CoV-2 spike glycoprotein, which is followed by
ACE2-mediated viral entry (29). Infection of lung alveoli allows
SARS-CoV-2 to enter the systemic circulation, subsequently
predisposing multiple organs to potential infection. Co-
expression of both key serine proteases and ACE2 is required
for successful infection of cells by SARS-CoV-2 (29). Multiple
organs contain cells which co-express ACE2 and these serine
proteases, including the lungs, heart, kidneys, liver, and the
vasculature (30–32).

Microvascular dysfunction and the role of the vascular
endothelium is increasingly implicated in the acute respiratory
distress syndrome (ARDS) and systemic impact of SARS-CoV-
2 infection. Endothelial cells protect the cardiovascular system
and are crucial in regulating vascular homeostasis, preventing
coagulation, controlling blood flow, and regulating oxidative
stress and inflammatory reactions (33, 34). There is growing
evidence of a vascular involvement in the pathogenesis of
severe COVID-19, with imaging studies revealing perfusion
abnormalities within the brains of patients with COVID-19
presenting with neurological issues (35), in addition to perfusion
abnormalities within the lungs of COVID-19 pneumonia patients
(36). Moreover, cross-sectional studies have reported a high
incidence of coagulopathies, characterized by elevated D-
dimer and fibrinogen concentrations, which lead to thrombotic
events and are associated with poor outcomes (37, 38), thus
demonstrating the potential involvement of endothelial cells in
the pathophysiological consequences of COVID-19.

Endothelial Cell Involvement in COVID-19
Involvement of endothelial cells in the pathophysiology of
COVID-19 goes beyond coagulation derangements, with SARS-
CoV-2 being shown to directly infect engineered human blood
vessel organoids and human kidney organoids in vitro (39).
This has been confirmed, in vivo, by histological studies
demonstrating viral infiltration into endothelial cells, with
Varga et al. (13) reporting endothelial cell involvement across
multiple organs (e.g., lungs, heart, intestines, kidneys, and
liver) in three patients; two of whom died (multisystem organ
failure; myocardial infarction, and subsequent cardiac arrest,
respectively) and one survived. Viral infection of endothelial
cells was observed in a transplanted kidney of one patient with
evidence of endothelial cell inflammation (endothelialitis) within
cardiac, small bowel, lung, and liver tissue of two patients.
Furthermore, one other patient demonstrated endothelialitis of
the submucosal vessels within the small intestine, which was
accompanied by a reduced left ventricular ejection fraction.
These findings demonstrate direct viral infection of endothelial

cells and endothelialitis within multiple tissue beds in patients
with COVID-19.

Although limited by a small sample size, the findings of
Varga et al. (13) are supported by Ackermann et al. (40),
who reported severe endothelial injury, viral infection, and
disrupted cell membranes in seven lungs obtained post-mortem
from individuals who died from COVID-19. When compared
to seven lungs from individuals who died from influenza,
microthrombi were nine times as prevalent in the lungs from the
COVID-19 individuals. Furthermore, widespread microthrombi
was accompanied by microangiopathy and occlusion of alveolar
capillaries (40), which is in line with other studies (41), and can
predispose organs to microinfarcts (42). An unexpected finding
was the observation of intussusceptive angiogenesis, in which the
degree was associated with the duration of hospitalization (40).
Intussusceptive angiogenesis is the formation of new vessels, via
non-sprouting angiogenesis, and is constructed of an endothelial-
lined “pillar” spanning the vessel lumen, which significantly alters
the microcirculation (43). Cytoplasmic vacuolisation and cell
detachment in pulmonary arteries (44), in addition to pulmonary
capillary injury featuring neutrophil infiltration and fibrin
deposition (41, 45) has also been reported, further demonstrating
local endothelial cell perturbations within lung tissue. Moreover,
renal post-mortem histopathological analysis by Su et al. (46)
found endothelial cell swelling with foamy degeneration in 19%
of patients, with 12% demonstrating a few areas of segmental
fibrin thrombus in glomerular capillary loops that is associated
with severe endothelial injury.

Considering endothelial dysfunction leads to impaired
systemic microvascular function, it seems likely that involvement
of the vascular system’s first line of defense (endothelial cells)
precipitates and propagates the systemic damage observed in
severe cases of COVID-19, through altered vascular integrity,
vascular inflammation, and via disruption of coagulation and
inflammatory pathways (13, 33). The mechanisms for this have
not yet been fully elucidated and are varied due to the heterogenic
nature in which the virus affects individuals. Cardiometabolic
comorbidities associated with poorer prognosis in COVID-19
patients have a strong association with pre-existing endothelial
dysfunction (i.e., hypertension and CAD) (47, 48). It is therefore
evident that understanding the role of endothelial cells in SARS-
CoV-2 infection is crucial to identifying potential therapeutic
strategies to combat the virus and improve patient outcomes. The
role of endothelial cells and potential mechanisms of endothelial
cell dysfunction in COVID-19 are depicted in Figure 1.

Potential Mechanisms of Endothelial
Dysfunction in COVID-19
Angiotensin-Converting Enzyme 2 (ACE2)
ACE2 is an endogenous negative regulator of the renin-
angiotensin system (RAS) and has been identified as the key
receptor facilitating viral entry of SARS-COV-2 (49, 50), along
with key serine proteases to prime the spike glycoprotein of
the virus, most notably TMPRSS2 (29), which is expressed
by endothelial cells (30). ACE2 is widely expressed in cells
throughout the body, from the respiratory tree to the vascular
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FIGURE 1 | The role of endothelial cells and mechanisms of endothelial cell dysfunction in COVID-19. (A) SARS-CoV-2 infects endothelial cells through

angiotensin-converting enzyme 2 (ACE2) mediated viral entry, facilitated by TMPRSS2 priming the SARS-CoV-2 spike glycoprotein. Infection of endothelial cells may

result in a downregulation of ACE2, promoting an imbalance between ACE2 and angiotensin II (AngII) levels, in favor of AngII. Moreover, infection of either endothelial

cells or pericytes will perturb the crosstalk between these two cells, thus contributing to endothelial cell dysfunction. (B) In severe cases of COVID-19, activated

macrophages release various cytokines (e.g., soluble interleukin 2-receptor [IL-2R], interleukin-6 [IL-6] and tumor necrosis factors [TNFs]), which are attributed to the

exaggerated immune-mediated cytokine storm and can result in vascular inflammation (endothelialitis) as a result of increased adhesion molecule expression on

endothelial cells and inter-endothelial gaps, thus promoting vascular hyperpermeability. Activated endothelial cells can contribute to the cytokine storm by releasing

various cytokines in response to damage and dysfunction, contributing to a vicious cycle of inflammation and oxidative stress that inhibits the release of vasoactive

factors (e.g., nitric oxide [NO]), thus favoring vasoconstriction and further contributing to vascular permeability. Abnormal activation of platelets and endothelial cells is

the key process leading to thrombosis, which represents the role of endothelial cell dysfunction in the pathogenesis of thromboembolism in COVID-19 patients.

Subsequently, the dislodgement of thrombotic clots creates a mobile embolus that disseminates intravenously, thereby leading to thromboembolic complications in

COVID-19.

system, heart, kidneys, liver, gut, central nervous system,
and retina, and is recognized as eliciting protective effects,
particularly against CVD (49). The expression of ACE2 in many
organs allows relatively easy transport of the virus throughout
the body (51). Consequently, interference of the physiological
processes associated with ACE2 by viral entry of SARS-CoV-
2 is likely to explain the multi-organ dysfunction pertaining to
endothelial cells that is seen in severe cases of COVID-19.

A downregulation in the expression of ACE2, as a result of
viral entry into cells, disrupts the regulation balance between
angiotensin II (Ang II) and ACE2, indirectly affecting the
vasculature. This imbalance facilitates an elevation in the
expression of Ang II, subsequently promoting an atherogenic
state across the cardiovascular system, especially inflammation
and oxidative stress, whilst also elevating blood pressure
by stimulating an increase in sympathetic nervous system
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activity (52). This is supported by studies reporting marked
elevations in plasma AngII concentrations in patients with
COVID-19 (53) and also being linked to disease severity
in patients infected with novel influenza A (54). This
pathophysiological increase in Ang II and without the modulator
and protective effects of Ang 1-7, results in downstream
elevation of plasminogen activator inhibitor-1 (PAI-1) from
endothelial cells, further accelerating vascular inflammation and
the facilitation of the coagulation cascade (42), thus resulting
in endothelial damage (55). Elevated PAI-1 is a hallmark of
endothelial dysfunction, promoting increases in circulating
endothelial microvesicles, resulting from endothelial shedding
via activated cells, which pose a risk of thromboembolic events
(56, 57).

Some have argued that following cell entry of SARS-
CoV-2, down-regulation of ACE2 receptors may result in
an indirect activation of the kallikrein-bradykinin pathway,
thereby promoting an increase in vascular permeability and
thus leading to oedema and microcirculatory dysfunction (33,
58, 59). It has been suggested that kinin inhibition may be a
potential therapeutic approach to reducing vascular leakage into
the lung, and therefore, oedema (60). Kinin inhibition may,
therefore, promote endothelial repair through reducing vascular
permeability, although whether this is an effective therapeutic
approach is yet to be confirmed within the literature. In contrast
to this, consistent reports of hypokalaemia in patients with
severe COVID-19 (61, 62) suggest an increase in aldosterone, via
elevations in Ang II, resulting in an increase in ACE, which acts
to metabolize bradykinin (63). Therefore, the role of bradykinin
in the pathogenesis of microvascular dysfunction in COVID-19
is questionable and more likely a result of the effects of Ang
II, stemming from a downregulation of ACE2 after viral entry
into cells. Moreover, given that hypokalaemia is associated with
ventricular arrhythmias that are commonly observed in COVID-
19 (18), it is plausible that this is a contributing mechanism to
both endothelial dysfunction and arrhythmogenesis.

The Cytokine Storm
The mechanisms involved in the pathogenesis of microvascular
dysfunction in COVID-19 patients, although not yet fully
understood, are likely not solely attributed to direct viral
infection of endothelial cells. Endocytosis or membrane fusion
of SARS-CoV-2 to cells either leads to cell damage or
apoptosis which activates the immune response and the release
of various cytokines promoting an exaggerated inflammatory
environment (42). Moreover, endothelial cells regulate local and
systemic inflammatory reactions and immune responses (33) and
activation of these cells via the exaggerated immune-mediated
inflammatory response of SARS-CoV-2 may present an indirect
mechanism of endothelial damage and dysfunction among the
COVID-19 patient population. Endothelial cells produce various
cytokines and chemokines and have been identified as central
regulators of an exaggerated systemic inflammatory response, or
“cytokine storm” (64), a common feature of severe SARS-CoV-2
infection (65).

More severe cases of COVID-19 are associated with
progressive lung damage which has, in part, been attributed to

this cytokine storm (65–67), leading to a loss of vascular barrier
integrity and likely promoting pulmonary oedema, thereby
causing endothelialitis, and activation of coagulation pathways.
Cross-sectional studies have consistently demonstrated marked
elevations in pro-inflammatory markers, such as soluble
interleukin-2 receptor (IL-2R), interleukin-6 (IL-6), CRP, and
tumor necrosis factors (TNF) (6, 12, 68). This marked
elevation in pro-inflammatory markers has been linked with
mortality and promotes inter-endothelial gaps and thus vascular
hyperpermeability (69, 70), along with exacerbating oxidative
stress. IL-6 in particular is associated with increased vascular
permeability, a hallmark of the inflammatory response (71, 72),
and IL-6 levels are directly correlated with the severity and
mortality of COVID-19 (14, 73, 74). Moreover, IL-6, along with
other cytokines released from activated macrophages, such as IL-
1β, activate endothelial cells via elevations in adhesion molecules
(42) leading to a myriad of vascular disturbances including
leukocyte tethering to the vascular bed, platelet aggregation and
coagulation derangements.

Oxidative Stress
An overproduction of reactive oxygen species (ROS) in infected
cells is a key factor in viral replication of respiratory viruses
and subsequent tissue damage (75). Following viral infection,
endothelial activation and regulation of adhesion molecules
leads to neutrophil activation, which results in the production
of a plethora of histotoxic mediators including ROS (59).
This has implications for the onset and progression of the
cytokine storm since, as described above, endothelial cells are
key orchestrators of cytokine overload. The ensuing oxidative
stress, defined as a systemic imbalance between ROS (or
free radicals) and antioxidants, causes an increased expression
of prothrombotic and cell-surface adhesion molecules (76).
Oxidative stress may therefore be linked to the pathogenesis
and severity of COVID-19 infections (77) and peri-endothelial
ROS production in COVID-19 may, therefore, contribute to
the multi-organ failure associated with severe disease, which
seems likely given that it has previously been demonstrated
in the pathogenesis of other viral infections, such as SARS-
CoV and influenza (78, 79), and ARDS (80). The elevation in
ROS accumulation promotes oxidative stress and nuclear factor
kappa B (NF-κB) signaling, with the potential for dysregulated
antioxidant mechanisms, such as Nrf2 and antioxidant response
element signaling, promoting the release of various endothelial
genes, such as endothelin and adhesion molecules, thus
favoring vasoconstriction and increased vascular permeability
(81, 82).

The elevation in free radical production, potentially as
a combined result of increased Ang II expression, pro-
inflammatory responses, and a reduced capacity for free
radical scavenging by impaired antioxidant signaling, impairs
endothelial function. Elevated superoxide concentrations,
promoted by the release of mitochondrial-derived ROS
is a hallmark of oxidative stress, which facilitates the
quenching of nitric oxide (NO) and the formation of the
secondary free radical, peroxynitrite, in turn reducing NO
bioavailability (83). Moreover, this process uncouples endothelial
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nitric oxide synthase, which further elevates superoxide
production, contributing to the pro-oxidant environment
of the vasculature. Such elevations in oxidative stress would
promote antioxidant signaling, however, numerous respiratory
viral infections, such as respiratory syncytial virus, human
metapneumovirus, and influenza, have perturbed antioxidant
defense mechanisms by inhibiting antioxidant enzyme induction
(84). Interestingly, it has been proposed that Nrf2 activators
could be a potential therapeutic strategy for inhibiting viral
entry of SARS-CoV-2 (85), and may also pose a benefit
to endothelial repair and functioning by the scavenging
of free radicals, reducing oxidative stress, and inhibiting
pro-inflammatory signaling.

Coagulation Cascade
Perturbations to the endothelium may result in vascular leakage
and promote inflammation, but also predispose the vasculature
to a pro-coagulant state. Indeed, a common manifestation
in patients with COVID-19 is the presence of coagulation
abnormalities and instances of thromboembolism, which has
been associated with disease severity and a higher incidence
of mortality (38), whilst also increasing the risk of MI
and stroke. The endothelium plays an important role in
the prevention of thromboembolic events by regulating the
coagulation cascade, achieved, in part, via inhibition of various
tissue factors by a Kunitz-type protease inhibitor, known as
the tissue factor pathway inhibitor (TFPI) that resides on the
endothelial cell surface (34). The transmembrane protein tissue
factor is required for in vivo coagulation by the binding and
activation of various tissue factors (i.e., activation of factor Xa)
promoting prothrombin conversion to thrombin, and thus the
conversion of fibrinogen to fibrin (34, 86), inhibiting TFPI and
promoting clot formation. TFPI is predominantly bound to
the microvasculature (87), however, it has been demonstrated
to play a role in the regulation of arterial thrombosis in
mice (86).

Marked coagulation derangements have been reported
in a single-center cross-sectional study by Goshua et al.
(88) who assessed markers of endothelial cell and platelet
activation, namely circulating von Willebrand factor (vWF),
soluble P-selectin and soluble thrombomodulin, in critically
and non-critically ill COVID-19 patients. They observed that
endotheliopathy is present in COVID-19 and is associated
with increased mortality, with a suggestion that soluble
thrombomodulin concentrations may predict mortality and
clinical outcomes in COVID-19 patients. It was suggested that
the coagulopathy observed in their data was distinctly separate
from disseminated intravascular coagulation (DIC) and should
be considered an endotheliopathy (88). The notion of a “COVID-
19 coagulopathy” is supported by a number of other studies. DIC
has been reported to be characteristic of COVID-19, however,
its presentation is different to that regularly observed in sepsis-
induced DIC. In sepsis-induced DIC, marked thrombocytopenia
is observed with a mild elevation in D-dimer concentrations
(89), which is in contrast to DIC observed in COVID-19
patients (90). This is supported by only 14.7% (22 of 150) of
patients scoring positive on the “sepsis-induced coagulopathy

score” (90). DIC has been linked with multi-organ system failure
within the COVID-19 population (38, 91, 92), demonstrating
a pro-coagulant state of the vasculature. Furthermore, mild
thrombocytopenia can be found in 70 to 95% of patients
with severe COVID-19, however, it has not been found to
be an important predictor of outcome (21, 93). Therefore,
the presence of coagulopathy within patients with COVID-
19 should be considered as an endotheliopathy, rather than
traditional DIC.

Cellular Cross-Talk: Endothelial Cells and Pericytes
Pericytes share a basement membrane with endothelial cells,
which is formed, maintained, and remodeled successfully
through cellular cross-talk between these two cells,
demonstrating that pericytes and endothelial cells have an
extensive linkage and are key for maintaining basement
membrane, and thus vascular barrier integrity. This has been
confirmed by cell-to-cell interaction analysis, demonstrating
that endothelial cells are the main cross-talking cell with
pericytes within cardiac tissue, with a predominant role
of angiopoietin ligands (ANGPT1/2) and Tie receptor 2
(TIE2) maintaining endothelial cell stability and function
in capillary vessels (28). A balance between ANGPTs and
TIE2 is key for the maintenance of endothelial stability and
vascular integrity (28, 94); therefore, it is possible that a
breakdown of the cross-talk between pericytes and endothelial
cells disrupts this balance and results in a compromised
vasculature that is prone to a pro-inflammatory, pro-coagulant
state. Whilst these findings were observed in normal heart
tissue, this is supported by a pericyte-specific infection by
SARS-CoV-2 in experimental (95) and human histological
studies (96).

Whilst there is evidence of a direct viral infection of
endothelial cells, some have argued that endothelial cell
dysfunction is a result of pericyte infection. Cardot-Leccia
et al. (96) reported wall thickening of the venules and
alveolar capillaries in lung tissue of a deceased COVID-
19 patient, accompanied by a marked decrease in pericytes,
compared to normal lung parenchyma. Combined with the
findings of He et al. (95) and the highly infectious potential
of pericytes demonstrated by single cell RNA sequencing
studies (28), these data seem to support a potential “pericyte
hypothesis” as a mechanism for microvascular dysfunction
in the pathogenesis of COVID-19. Moreover, infection and
loss of pericytes would result in a dysregulation of the
cross-talk between pericytes and endothelial cells, promoting
capillary endothelial dysfunction, which would explain the wall
thickening of venules and capillaries observed in the data from
Cardot-Leccia et al. (96). Taken together, pericytes seem to
have the potential as a highly infectious cell population for
SARS-CoV-2 and may contribute to endothelial dysfunction
by promoting an imbalance between ANGPT1/2 and TIE2,
perturbing vascular barrier integrity and increasing vascular
permeability. However, the notion that it is solely pericytes
that are infected and induce endothelial dysfunction is unlikely
considering the compelling histological data presented within the
literature (13, 40).
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COVID-19 AND THE COAGULATION
CASCADE - RISK OF THROMBOEMBOLIC
EVENTS

There is evidence to suggest increased risk of thrombotic
complications and stroke (both are hereafter referred to as
thromboembolism for simplicity) in COVID-19 (97). At the
mechanistic level, both venous and arterial thrombosis have
been attributed to activation of inflammation and hypoxia,
platelet activation, endothelial dysfunction, and circulatory stasis.
However, the impact of thromboembolic complications on the
prognosis of COVID-19, clinical course of thromboembolic
disorders in these patients, and the impact of prophylactic
and therapeutic anticoagulation therapies in COVID-19 are
not well-known.

Epidemiological Burden of
Thromboembolism in COVID-19
The prevalence of neurologic manifestations, including
cerebrovascular diseases, was reported at 36.4% in an
earlier retrospective case series from Wuhan, China (98).
In patients presenting with confirmed or suspected COVID-19,
thromboembolism is prevalent at 20.4% (99). In the same
study, six of the patients with laboratory findings demonstrated
elevated D-dimer levels (>7,000 mg/L) and 40% of the patients
had pulmonary thromboembolism. Another series showed that
67% of thromboembolic complications are ischaemic in origin,
while 33% are haemorrhagic (100). In the pediatric population,
thromboembolic complications are not common. For instance,
elevation of D-dimer was not found in children with SARS-
CoV-2 compared to other inflammatory multisystem syndromes
(101), and no thromboembolic event was found in children and
adolescents in a large, multicentre European cohort (102).

In addition to a prior history of stroke, patients with
COVID-19 develop incident thromboembolism. The incidence
rates of acute thromboembolic complications are reported
between 5 and 32.5% in retrospective cohorts (103, 104).
Underlying cardiovascular risk factors, including diabetes,
hypertension, and a history of CVD, are implicated as univariate
correlates (103). D-dimer levels at hospital admission are also
significantly correlated with incident thromboembolism, with
a negative predictive value of more than 90% (104). In a
prospective cohort of 150 French COVID-19 patients vs. a
historic cohort of 233 non-COVID-19 controls, COVID-19
ARDS independently predicted thromboembolic complications
and pulmonary thromboembolism even after propensity score
matching (90).

The comorbid nature of thromboembolic lesions in patients
with COVID-19 underscores some underlying predisposition to
SARS-CoV-2 infection. Indeed, thromboembolic complications
have been associated with depressed immune function and
increased post-stroke infections. Infection rates ranging from
18.7 to 43.7% have been reported in patients with intracerebral
hemorrhage (105, 106), with respiratory infections predicting
almost six-fold higher risk of future thromboembolism (106). A
1-unit increment in National Institutes of Health Stroke Scale

(NIHSS) was associated with 23% increased risk of COVID-19
positivity. Interestingly, in a retrospective multicentre study of
stroke patients (107), 28% were later diagnosed with COVID-
19. However, the true burden of thromboembolism COVID-19
remains unknown and will, hopefully, be answered by larger
prospective studies.

Impact of Thromboembolic Complications
on COVID-19 Prognosis
The presence of underlying or incident thromboembolic
complications is associated with poor prognosis of COVID-19. A
history of thromboembolism is reported in 2.3 to 22% of severe
cases compared to 0 to 6% in non-severe cases (108). Patients
with prior neurologic thromboembolic complications are shown
to have a 2.5-fold increased risk of COVID-19 severity (108) and
D-dimer is often elevated above reference range in hospitalized
cases (17). These patients are usually older, have a higher number
of comorbidities, have a higher prevalence of ARDS, and are
more likely to be non-invasively ventilated (109). Data also
shows that patients with more severe COVID-19 have higher
incidence rates of thromboembolic complications. For instance,
31% of patients admitted to the ICU developed thromboembolic
complications during follow-up in one Dutch study (110).
Yearly increment in age and prior coagulopathy, defined as
prothrombin time >3 s or activated partial thromboplastin time
(aPPT) >5 s, are shown as independent predictors of incident
thromboembolic complications in severe COVID-19 (110).
Diagnosis of pulmonary thromboembolism in ICU patients with
COVID-19 is more common (at 21%) compared to 7% admitted
due to influenza or 6% for all ICU patients (111).

Additionally, the association between a history of
thromboembolic complications and mortality has been analyzed
in COVID-19 patients. The burden of underlying coagulopathy
was reported in 50% of non-survivors in the Wuhan cases (14),
with a D-dimer >1,000 ng/mL (reference range ≤250 ng/mL)
shown to be an independent predictor of 18-fold greater risk of
in-hospital mortality (14). A multicentre cohort from the US
showed that the coagulation component of the SOFA score is
associated with 64% greater odds of 28-day in-hospital death
in a multivariable adjusted model (112). These observations
are further supported by the results of a meta-analysis (113),
which show a 2.4-fold elevated risk of mortality in COVID-19
patients with cerebrovascular disease, defined as stroke and brain
infarction. Overall, these data highlight the risk, and subsequent
poor prognosis of thromboembolism in COVID-19.

Coagulation Cascades and the
Mechanisms of Thrombosis in COVID-19
While significant associations have been noted for
thromboembolism and SARS-CoV-2 infection and worsening of
COVID-19, a causal relationship is not well-defined. However,
there are data to suggest some mechanistic underpinnings
(Figure 2). Laboratory investigations have demonstrated
significant elevations of markers of coagulation cascades,
such as D-dimer, aPPT, fibrinogen, and factor VIII. D-
dimer ≥2,600 ng/mL and failure of clot lysis at 30min on
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thromboelastography predicted future thromboembolic events
in ICU patients with c-statistic of 0.78 and 0.74, respectively
(114). This highlights the fact that shutdown of fibrinolysis
occurs in COVID-19. In addition to coagulation markers,
endothelial dysfunction may underlie the increased risk of
thromboembolism in COVID-19 as both vWF activity and
vWF antigen are increased in COVID-19 ARDS compared to
non-COVID-19 ARDS (90).

Thromboembolic complications might also be precipitated
by underlying cardiovascular injury. For example, patients with
co-existing ST-elevation MI and COVID-19 have significantly
increased rates of thromboembolic complications, affecting
multiple vessels and stents, thrombus grade post-percutaneous
coronary intervention (115). Additionally, cardiac arrhythmias
play an important role in the development of thromboembolic
events, due in part to the shared underlying myocardial substrate
(116). Cardiomyopathy, consisting of mechanical dysfunction,
structural remodeling, and electrophysiological changes, is a
common cause of both intracardiac thrombus and cardiac
arrhythmogenic substrate formation (116). The presence of
right-heart echodensity on transoesophageal and transthoracic
echocardiography has been reported in COVID-19 patients
(117–119). Interestingly, intracardiac thrombus coexisted with
persistent tachycardia, global hypokinesis, left ventricular
dysfunction, and right ventricular dilatation and reduced
systolic function (117–119). Taken together, this indicates that
thromboembolism in COVID-19 might be mediated via cardiac-
specific pathologies.

At the mechanistic level, thromboembolic complications may
arise due to activation of inflammation and hypoxia, platelet
activation, endothelial dysfunction, and circulatory stasis in
COVID-19. Inflammatory overdrive and hypoxia may induce
abnormalities of coagulation, the third component of the
Virchow triad. On necropsy, areas of diffuse and extensive
inflammatory infiltrations have detectable thromboemboli and
microemboli (120). Direct infection of immune cells with SARS-
CoV led to activation of monocyte-macrophage differentiation,
coagulation pathway upregulation, and increased cytokine
production (121). SARS-CoV-2 might drive thromboembolic
mechanisms by its utilization of the ACE-2 receptor, which is
needed to clear Ang II from the circulation. Increased Ang II
could, in turn, drive the release of vWF from endothelial cells
and platelet activation via involvement of Na+/H+ exchanger
(122). Finally, the presence of auto-antibodies, such as lupus
anticoagulant, might drive activated coagulation pathways and
thromboembolic risk (123).

Direct activation of platelets by SARS-CoV-2 is a likely
pathway for the development of thromboembolism. Hottz
et al. (124) reported platelet activation and formation of
platelet-monocyte aggregates in patients with severe but not
in mild COVID-19. Similar findings were observed when
platelets from COVID-19 negative patients were treated with
plasma from COVID-19 positive patients (124). Platelets from
COVID-19 patients induces ex vivo expression of tissue factor
(TF) in monocytes (124), indicating a likely reprogramming
event during SARS-CoV-2 infection. Indeed, this hypothesis is
supported by pre-publication evidence reporting the presence

of SARS-CoV-2 RNA in platelets of COVID-19 patients, which
were shown to be hyperactivated and aggregated at a lower
threshold of in vitro thrombin stimulation (125). Platelets
from COVID-19 degranulate, which correlates with reduced
platelet factor 4 and serotonin levels, and release extracellular
vesicles to participate in coagulation (125). Consequently, platelet
reprogramming could facilitate the transmission of SARS-
CoV-2 and promote thrombo-inflammation. Indeed, thrombo-
inflammation mediated by distinct patterns of platelet and
neutrophil activations, neutrophil-platelet aggregate formation,
and neutrophil extracellular traps has been reported in COVID-
19 pneumonia (126).

Prophylaxis and Management of
Thromboembolism in COVID-19
Given the high burden of comorbidities and mortality in patients
with thromboembolic complications, proper and adequate
anticoagulation is highly warranted. Current management of
patients with severe COVID-19 includes subcutaneous low
molecular weight heparin (LMWH), suspicion of venous
thromboembolism in those with high D-dimer levels and
rapid respiratory deterioration, and consideration of therapeutic
anticoagulation in those in whom diagnostic testing is not
possible and there is no apparent bleeding risk (127, 128). A
retrospective series showed no mortality benefit with LMWH
compared to non-users (129). However, in those with a high
sepsis-induced coagulopathy score and markedly elevated D-
dimer level, 28-day mortality was lower among users (129).
There is also consideration of experimental interventions, such as
plasma exchange or administration of anti-inflammatory drugs,
in clinical trial settings.

Nevertheless, there are several unknowns with the
management of thromboembolism and associated complications
in COVID-19. For instance, will prophylactic as compared to
therapeutic anticoagulation result in a better outcome in these
patients? A prospective cohort recently demonstrated significant
reduction in pro-coagulants 7 days after thromboprophylaxis
(130). However, the study was very limited by sample size.
In another study, patients on prophylactic anticoagulation
had higher venous thromboembolism than the therapeutic
anticoagulant arm, although the latter group had a higher overall
incidence of thromboembolic events, including pulmonary
embolism (131). It is envisaged that these issues will be
answered in ongoing clinical trials, such as the COVID-19 HD,
a randomized controlled trial comparing high-dose vs. low-dose
LMWH (132).

SUMMARY

In addition to the known impact on the respiratory system,
emerging evidence strongly implicates COVID-19 as a vascular
disease. Patients with pre-existing cardiovascular conditions
which are commonly characterized by endothelial dysfunction
are particularly at risk of downstream complications and
COVID-19-associated mortality. Endothelial cell dysfunction,
inflammation, and damage are implicated as a consequence
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FIGURE 2 | The development and consequences of thromboembolism in COVID-19. The thromboembolic implications of SARS-CoV-2 are best conceptualized in

three key stages. First, lung infection of SARS-CoV-2 can spill over, with a consequent cardiovascular tropism of the virus. Within the vascular beds, the increased

level of Ang II, which occurs due to SARS-CoV-2 mediated depletion of ACE2, could drive the dysfunction of endothelial cells. This, and other independent pathways

(i.e., direct infection of endothelial cells), could lead to the release of von Willebrand factors (vWF), which can activate circulating platelets via adhesive glycoprotein

receptors (i.e., gpIb). Activated platelets form aggregates with monocytes and neutrophils, leading to enhanced production of pro-coagulants, inflammatory cytokines,

and neutrophil-extracellular traps (NETosis). Within the heart, SARS-CoV-2 infection can directly and indirectly (via cytokine storm) lead to myocardial ischaemia,

myocardial infarction, endocardial dysfunction (via inflammation and subsequent fibrosis), and blood stasis in the left atrial atrium (LA) and left atrial appendage (LAA).

These can, in turn, lead to intracardiac thrombus. Moreover, thromboinflammation within the vascular beds can drive myocardial injury and vice versa. In the second

stage, the dislodgement of thrombus creates mobile embolus, which can be carried to the brain (causing stroke), pulmonary vasculature (causing pulmonary

thromboembolism [TE]), or systemically (causing venous thrombosis). Importantly, the presence of thromboembolic complications can lead to progressive COVID-19

disease (in the third conceptual stage). The presence of underlying cardiovascular disease (CVD; i.e., TE) could predispose individuals to SARS-CoV-2 infection via

inflammatory derangement. Coexistence of SARS-CoV-2 infection and TE can lead to dysregulated inflammation and coagulation disorders, manifesting with high

symptom burden and hospitalization, and increased de novo incidence of TE and other CVDs. Consequently, TE and CVDs predispose COVID-19 patients to worse

outcomes, including prolonged intensive care unit (ICU) stay and in-hospital mortality.

of the disease, which likely results in elevated ACS/AMI
and thromboembolic risk in COVID-19 patients. Direct viral
infection of the endothelium, as well as the surrounding

pericytes, via the ACE2 receptor, are likely to be causative factors,
as well as the deleterious effects of the supraphysiological increase
of pro-inflammatory factors, the so called “cytokine storm.”
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Clinicians and research scientists should consider
monitoring the vascular effects of the disease to help identify
and manage patients, which may highlight individuals at
risk of cardiovascular complications. Despite therapeutic
anticoagulation, COVID-19 patients remain at a high risk of
both systemic and pulmonary venous thromboembolism. This
highlights the need for, perhaps, a more aggressive anticoagulant
therapy, and monitoring. Studies should explore the benefits
of using D-dimer levels to guide treatment of thromboembolic

complications. Further work is needed to determine how best
to manage vascular inflammation in COVID-19 patients, which
has the potential to significantly improve clinical outcomes in
this pandemic.
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Since December 2019, coronavirus disease 2019 (COVID-19) caused by a novel

coronavirus has spread all over the world affecting tens of millions of people. Another

pandemic affecting the modern world, type 2 diabetes mellitus is among the major risk

factors for mortality fromCOVID-19. Current evidence, while limited, suggests that proper

blood glucose control may help prevent exacerbation of COVID-19 even in patients with

type 2 diabetes mellitus. Under current circumstances where the magic bullet for the

disease remains unavailable, it appears that the role of blood glucose control cannot be

stressed too much. In this review the profile of each anti-diabetic agent is discussed in

relation to COVID-19.

Keywords: COVID-19, diabetes mellitus, antidiabetic agents, healthy diet, exercise

CORONAVIRUS DISEASE 2019 PANDEMIC

Coronavirus disease 2019 (COVID-19), caused by coronavirus SARS coronavirus 2 (SARS-CoV-2),
was originally identified inWuhan, China in December 2019 (1). Since then, the disease has spread
all over the world at a tremendous rate and the number of confirmed cases already exceeded 13
million, killing more than 570 thousand people (2). Though measures are being taken in affected
countries, such as lockdown of major cities, to control the pandemic, the numbers are still growing
day by day (3, 4).

SARS-CoV-2 belongs to the Betacoronavirus genus as SARS coronavirus (SARS-CoV) and
MERS coronavirus (MERS-CoV) do (5). As with SARS-CoV, SARS-CoV-2 spike glycoprotein
interacts with and binds to human angiotensin-converting enzyme 2 (ACE2) when the virus enters
into target cells (6). While ACE2, a type I transmembrane glycoprotein, serves as a functional
receptor for SARS-CoV-2, ACE2 is also shown to play a protective role against acute respiratory
distress syndrome (ARDS) and SARS pathogenesis by catalyzing angiotensin I and angiotensin II to
angiotensin (1-9) and angiotensin (1-7), respectively (7). However, its overall impact on COVID-19
remains to be further elucidated.

A clue could be found with angiotensin-converting enzyme inhibitors (ACE inhibitors) and
angiotensin II receptor blockers (ARBs). Since several data suggested that these agents can increase
ACE2 expression through their influence on the level of angiotensin II, there was concern over their
potential negative influence on COVID-19 morbidity, severity and mortality rates (8). However,
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multiple large-scaled studies show that their use affected none
of these rates (9–11). Actually, at present, almost all medical
associations, including the International Society of Hypertension,
American College of Cardiology, American Heart Association
and Heart Failure Society of America, have published statements
recommending the continued use of ACE inhibitors and
ARBs (12, 13).

COVID-19 is thought unlikely to become severe in a majority
of cases. In fact, a recent meta-analysis of 47,344 patients with
COVID-19 in China shows that the risks of severity andmortality
were 18.0 and 3.2%, respectively, among these patients, while
these rates increased if patients had comorbidities (14).

COVID-19 AND DIABETES

Diabetes mellitus is another global pandemic affecting 463
million people worldwide (15). In the face of the COVID-
19 pandemic, two facts need to be taken to heart. First,
nutrition and exercise therapy represent the cornerstone of
diabetes management (16). However, the resultant need for home
confinement to control the pandemic, as well as for a new lifestyle
to reduce the risk of infection, is shown to reduce physical
activity and increase sweet food consumption (17, 18), while,
now more than ever, the importance of healthy diet and exercise
needs to be stressed. Second, which concerns the main theme of
this review, diabetes is among the comorbidities associated with
increased risk of COVID-19 (19). According to a recent meta-
analysis, COVID-19 patients who had diabetes at baseline had
increased severity and mortality (HR, 2.11 [CI, 1.40–3.18], 1.69
[CI, 1.22–2.33], respectively), although the prevalence of diabetes
in the affected population did not seem to differ from that in
the non-affected population in Asia (20). Fortunately, however,
it is indicated in a retrospective multicenter study conducted in
China that proper blood glucose control may reduce not only the
severity of COVID-19 but mortality from the disease in patients
with pre-existing diabetes showing improvements in systemic
inflammation as measured by serum inflammation markers (21).
Actually, in the study, during the 28-day observation period,
patients with favorable glycemic control (3.9–10 mmol/L) had a
significantly lower mortality rate compared to those with poorly
glycemic control (the lowest BG level, >3.9 mmol/L or the
highest BG level, >10 mmol/L) (HR 0.14 [CI, 0.03–0.60])(21).
In the current situation where COVID-19 and diabetes are
so prevalent that they combine to affect a high proportion of
patients and where there is no critical medicine or vaccine for
COVID-19, the fact that blood glucose control has a role to play
in reducing the severity of the disease as well as mortality from
the disease, cannot be stressed too much (21).

STRATEGY FOR BLOOD GLUCOSE
CONTROL

Then, how should we achieve blood glucose control? First,
we would suggest that PCR-confirmed asymptomatic type 2
diabetic patients with COVID-19 or those with mild self-limiting
COVID-19 should continue with their current prescription

because, to date, there is no evidence to suggest that certain
glucose-lowering agents interact with or worsen the disease
in patients with asymptomatic or mild COVID-19 (22). This
strategy is supported by the fact that hyperglycemia itself is
likely to lead to greater severity of COVID-19 and higher
mortality from the disease (23, 24). In patients with moderate
to severe symptoms who need hospital admission, however,
given the pathophysiological and clinical characteristics of
COVID-19, some drugs may not be deemed favorable, due
to their side effects that could potentially adversely affect the
course of the illness. In this review focused on biguanides,
thiazolidinediones, sulfonylureas, dipeptidyl peptidase-4 (DPP4)
inhibitors, glucagon-like peptide-1 receptor (GLP-1R) agonists,
sodium-glucose cotransporter-2 (SGLT2) inhibitors and insulin,
their profiles will be discussed in relation to COVID-19.

BIGUANIDES

Biguanides, represented by metformin, is one of the most
frequently prescribed oral glucose-lowering agents. Metformin
mainly functions by activating AMP-activated protein kinase
(AMPK) through inhibition of the respiratory chain of
mitochondria thereby subsequently reducing gluconeogenesis
in the liver (25). In most situations, metformin is a well-
tolerated drug with a relatively low rate of adverse effects.
However, as it inhibits mitochondrial respiration and increases
lactate production, it may induce lactic acidosis in some patients
receiving it, with nearly half of all patients developing lactic
acidosis dying from it. Of note, while the risk of lactic acidosis
is increased in patients with renal or hepatic impairment,
dehydration, shock, hypoxic states, sepsis and advanced age (26),
these conditions are often found to be present in patients with
severe COVID-19 (27). In addition, up to half of all hospitalized
COVID-19 patients are shown to suffer deep venous thrombosis
(DVT) thus often requiring the use of contrast-enhanced CT for
DVT assessment (28). When transient renal impairment occurs
following injection of an iodinated contrast agent in patients
receiving a biguanide, however, the renal excretion of the drug is
decreased, and their lactic acid levels increased, thus placing these
patients at risk of lactic acidosis (29). On the contrary, a recent
retrospective study performed in China showed that metformin-
treated patients hospitalized for COVID-19 had a lowermortality
rate compared to non-metformin-treated patients (30, 31). Thus,
overall, while diabetic patients with asymptomatic or mild
COVID-19 may continue current metformin therapy and further
interventional studies should be conducted to prove or disprove
this recommendation, it appears that, as a rule, metformin should
be withdrawn in hospitalized patients.

THIAZOLIDINEDIONES

Thiazolidinediones are shown to achieve their blood glucose-
lowering effect by activating peroxisome proliferator-activated
receptor γ (PPARγ ) thereby increasing insulin sensitivity (32).
In addition to their glucose-lowering effects, thiazolidinediones
are also shown to exert immunomodulatory effects (33). Given
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that immune hyperactivity is considered to be involved in
the pathophysiology of COVID-19, it appears reasonable to
assume that they may have some positive impact on the disease
progression (33–36). However, there are also some concerns.
First, while its clinical impact is not known, pioglitazone has
the potential to enhance ACE2 expression in the liver, adipose
tissue and skeletal muscle (37, 38), suggesting that the use of
thiazolidinediones may affect not only the prevalence of COVID-
19 but the mortality from the disease. Second, thiazolidinediones
also act on the collecting tubule to increase water and sodium
reabsorption by enhancing the expression of the epithelial Na+

channel, thus causing edema and fluid retention (39, 40). This
adverse effectmay be enhanced in patients with COVID-19, given
that the disease is sometimes shown to damage the kidneys and
myocardium (41, 42). Therefore, it appears that, for the time
being at least, it is advisable to avoid using thiazolidinediones in
hospitalized patients.

SULFONYLUREAS AND GLINIDES

Sulfonylureas, the oldest oral antidiabetic drugs, are shown to
promote insulin release from pancreatic β cells by binding to
and closing the ATP-sensitive potassium channel resulting in
depolarization of the plasma membrane and increased calcium
influx thus leading to insulin exocytosis (43). Again, glinides
represent viable options inmanaging postprandial hyperglycemia
due to their rapid and short-lasting insulinotropic effects (44, 45).
However, sulfonylureas are known to cause hypoglycemia at a
non-negligible rate with the risk shown to increase in acute
settings (46), thusmaking their use inappropriate in patients with
severe COVID-19.

DIPEPTIDYL PEPTIDASE-4 INHIBITORS

DPP4 inhibitors exert their anti-diabetic effects by inhibiting
DPP4, which degrades incretin hormones, gastric inhibitory
polypeptide (GIP) and glucagon-like peptide-1 (GLP-1),
thus elevating blood levels of these hormones. Since these
hormones stimulate insulin release glucose-dependently, DPP4
inhibitors lower blood glucose levels with no significant risk
of hypoglycemia (43). Although DPP4 is considered to be a
functional receptor of MERS-CoV (47), a sibling of SARS-
CoV-2, there is no evidence to date to show that it interacts
with SARS-CoV-2. Actually, a case control study conducted
in Italy showed no association between the exposure to DPP4
inhibitor and the risk of hospitalization due to COVID-19 (48).
Of note, DPP4 inhibitors exert anti-inflammatory effects without
increasing the risk of infectious disease and thus may prove
protective against COVID-19-induced lung injury (49–51). To
confirm these hypotheses, a phase 4 clinical trial of linagliptin
vs. insulin is currently underway to compare their effectiveness
not only in achieving glucose control but in preventing the
progression of COVID-19 in type 2 diabetic patients with mild
to moderate COVID-19 (52). While, given its glucose-dependent
effects and the risk of hypoglycemia thought to be relatively low
with this DPP-4 inhibitor, the use of DPP-4 inhibitors as a class

may be deemed relatively safe in these patients mild to moderate
COVID-19, consideration should be given to switching to insulin
in patients with severe COVID-19.

GLUCAGON-LIKE PEPTIDE-1 RECEPTOR
AGONISTS

While the mechanism of action of GLP-1R agonists is not fully
understood, it seems likely that it involves cAMP signaling
pathways and intracellular glucosemetabolism in restoring β-cell
glucose sensitivity (53). Due to this mechanism, GLP-1R agonists
are assumed to lower blood glucose with relatively low risk of
hypoglycemia (54). In addition, they help reduce food intake
and body weight and thus may often be beneficial for diabetic
patients who tend to be overweight (53–55). Also, their cardio-
and renoprotective profile may prove beneficial for patients
with COVID-19 (56, 57). In addition, of the GLP-1 agonists,
liraglutide has the potential to increase lung ACE2 expression,
while the net effect of ACE2 onCOVID-19 still remains unknown
(58). Nevertheless, GLP-1R agonists may as well be withdrawn
from diabetic patients requiring hospitalization with COVID-
19, given that their frequent adverse events, gastrointestinal
symptoms (e.g., nausea, diarrhea or vomiting) are likely to
worsen dehydration and, as a consequence, cause renal failure,
which often occur in patients with COVID-19 (27, 53).

SODIUM-GLUCOSE COTRANSPORTER-2
INHIBITORS

Unlike other oral glucose-lowering agents described above, this
class of drugs exert their effects, independently of insulin,
by blocking sodium-glucose cotransporter 2 (SGLT2) in the
renal proximal tubules from reabsorbing filtered glucose, i.e.,
by increasing glucose excretion thereby decreasing levels of
blood glucose (59). Moreover, SGLT2 inhibitors are known
to have cardio- and renoprotective effects (60–62) and have
the potential to improve systemic metabolism, thus possibly
preventing respiratory failure and organ dysfunction associated
with COVID-19. To test this speculation, a phase 3 international,
multicenter, double-blind, randomized, placebo-controlled trial
of dapagliflozin is now underway in hospitalized, mild-to-
moderate COVID-19 patients with preexisting comorbidities
(63). However, an international expert panel warns that
increased glucose excretion may also lead to fluid loss, possibly
resulting in worsening of dehydration and onset of diabetic
ketoacidosis in diabetic patients with COVID-19 (22, 64). Based
on these findings, therefore, consideration should be given
to discontinuing SGLT2 inhibitors in diabetic patients with
COVID-19 at high risk of respiratory failure and thrombosis.

INSULIN ANALOGS

The only hormone available to lower blood levels of glucose,
insulin is released from pancreatic β cells sensitized by
glucose influx through glucose transporter type 2 (GLUT2) and
stimulates the uptake of carbohydrates, peptides and lipids by
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TABLE 1 | Ongoing trials evaluating the antidiabetic drugs in COVID-19 patients.

Clinical trial

number

Clinical

phase/Multicenter

Arms Target number

of patients

Primary outcome Estimated date of

study completion

NCT04341935 4/No • Experimental arm: linagliptin + standard

of care insulin regimen as per hospital

protocol during hospitalization for up to 14

days

• Active comparator arm: standard of care

insulin regimen as per hospital protocol

during hospitalization for up to 14 days

20 1. Changes in glucose levels March 30, 2021

NCT04371978 3/No • Experimental arm: linagliptin + standard

of care insulin regimen as per hospital

protocol during their entire hospitalization

• Nonintervention arm: standard of care

insulin regimen as per hospital protocol

during their entire hospitalization

100 1. Time to clinical change September 30, 2021

NCT04365517 3/No • Active comparator arm: sitagliptin +

nutritional therapy with or without insulin

treatment

• Nonintervention arm: nutritional therapy

with or without insulin treatment

170 1. Time for clinical improvement

2. Clinical parameters of acute

lung disease

3. Biochemical parameter of

acute lung disease

December 30, 2020

NCT04473274 4/No • Experimental arm: pioglitazone 15–30mg

daily oral or enteral during hospitalization

for up to 30 days + standard of care

• Standard of care

20 1. Adverse events outcomes

without attribution

2. Adverse events attributable

June 1, 2021

NCT04510194 2 (prevention), 3

(treatment)/

No

Prevention

• Experimental arm: metformin (500mg;

twice daily)

• Comparator: placebo

Treatment

• Experimental: metformin (500mg; twice

daily)

• Placebo

1,522 1. Rate of death due to

COVID-19

2. Rate of hospitalization due to

COVID-19

3. Rate of emergency

department utilization

4. Rate of urgent care utilization

September 2021

NCT04350593 3/Yes • Active comparator: dapagliflozin 10mg

daily

• Placebo comparator arm: dapagliflozin

matching placebo 10mg daily

900 1. Time to first occurrence of

either death from any cause

or new/worsened organ

dysfunction through 30 days

of follow up

December 2020

other cells. Simultaneously, it inhibits hepatic gluconeogenesis
and glycolysis, thus causing a rapid drop of blood glucose (65, 66).
In normal settings, the goal of insulin therapy is to reproduce
physiologic insulin secretion using long-acting analogs as basal
insulin release and rapid-acting analogs as prandial insulin
release (67). Unlike other oral antidiabetic agents, insulin has
been used in critically ill patients whose prognosis is shown to
improve to a greater extent with conventional insulin therapy
than with intensive insulin therapy (68, 69). While insulin
therapy prior to admission was shown to be associated with
higher mortality in patients with COVID-19 (70, 71), there is
a possibility that blood glucose control with insulin therapy
during hospitalization leads to reductions in the risk of sever
disease in these patients (72). Of course, when using insulin,
close monitoring of blood glucose levels is essential, because it
is sometimes associated with hypoglycemic events thus possibly
raising mortality rates in critically ill patients (73, 74). However,
given the current circumstances where there is no accumulated
evidence to support the use of other agents, insulin appears to be
the best choice for diabetic inpatients with COVID-19.

ONGOING STUDIES

While the possible harms and benefits of antidiabetic drugs
have been summarized in the context of COVID-19, some of
these recommendations remain rather hypothetical, because of
the paucity of current evidence. Again, several clinical trials are
now underway to investigate the actual effect of these drugs in
controlling blood glucose diabetic patients with COVID-19, with
some of these drugs expected to prevent exacerbation of COVID-
19 even in non-diabetic patients. The characteristics of these trials
are summarized in Table 1. These include NCT04341935 and
NCT04371978, both randomized open label studies in diabetic
patients with COVID-19, with the former intended to prove the
efficacy of the investigational drugs in controlling blood glucose,
and the latter aimed to reveal the efficacy of the study drugs in
improving the severity of the disease (52, 75); NCT04365517,
also a randomized controlled open label study designed to
investigate the potential respiratory role of the DPP4 inhibitor
sitagliptin in diabetic patients suffering from pneumonia due to
COVID-19 (76). Through these studies, DPP4 inhibitors may be
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shown to be effective in controlling blood glucose in diabetic
patients with COVID-19. Again, a non-randomized matching
cohort study, NCT04473274 is intended to investigate the safety
of the thiazolidinedione pioglitazone in patients with relative
hyperglycemia requiring hospital admission due to COVID-19
(77) and may be able to address the speculative concern posed
above. NCT04510194 is a large-scale, randomized, quadruple
blinded study evaluating metformin not only for its therapeutic
but for its preventive role against COVID-19 (78). Given the large
sample size and the reliable study design, as well as the fact that,
to date, virtually no drug has been proved to prevent the infection
itself, the results of this study are worth paying attention to.
Furthermore, another large-scale study, NCT04350593 should be
of particular interest, given the unavailability of any established
treatment for the disease (63). Again, overall, the outcomes of
these trials may help further optimize blood glucose control
strategy for diabetic patients with COVID-19.

CONCLUSION

The present review was an attempt to summarize the profiles
of currently available antidiabetic agents and their role in
maintaining blood glucose control in hospitalized diabetic

patients with COVID-19. While it remains important to
continue current regimens for glucose control in patients
with mild, self-limiting COVID-19, it appears that insulin
may be a good choice for patients with severe COVID-19,
while DPP4 inhibitors may also prove to be a good choice,
along with insulin, for patients with mild to moderate disease,
pending the results of clinical trials currently underway. At
any rate, given that the COVID-19 pandemic is unlikely to
end any time soon and that diabetes is closely associated
with disease progression, continued efforts need to be made
to accumulate evidence that guides the use of antidiabetic
agents in diabetic patients with COVID-19 and to establish the
best possible approach to achieving blood glucose control in
these patients.
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Background: There are growing evidence demonstrating that coronavirus disease

2019 (COVID-19) is companied by acute myocardial injury. However, the associations

of SARS-CoV-2-induced myocardial injury with the risk of death and prognosis after

discharge in COVID-19 patients are unclear.

Methods: This prospective cohort study analyzed 355 COVID-19 patients from two

hospitals in different regions. Clinical and demographic information were collected and

prognosis was followed up.

Results: Of 355 hospitalized patients with COVID-19, 213 were mild, 90 severe, and

52 critically ill patients. On admission, 59 (16.7%) patients were with myocardial injury.

Myocardial injury was more popular in critically ill patients. Univariate and multivariate

logistic regression revealed that male, older age and comorbidity with hypertension were

three crucial independent risk factors predicting myocardial injury of COVID-19 patients.

Among 59 COVID-19 patients with myocardial injury, 25 (42.4%) died on average

10.9 days after hospitalization. Mortality was increased among COVID-19 patients with

myocardial injury (42.4 vs. 3.38%, RR = 12.542, P < 0.001). Follow-up study observed

that 4.67% COVID-19 patients with myocardial injury were not fully recovered in 14 days

after discharge.

Conclusion: Myocardial injury at early stage elevates mortality of COVID-19 patients.

Male elderly patients with hypertension are more vulnerable to myocardial injury.

SARS-CoV-2-induced myocardial injury has not completely recovered in 14 days

after discharge.

Keywords: severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), coronavirus disease 2019 (COVID-19),

myocardial injury, prognosis, death
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INTRODUCTION

Coronavirus Disease 2019 (COVID-19) is a newly recognized
infectious disease caused by the newly discovered Severe Acute
Respiratory Syndrome- Coronavirus-2 (SARS-CoV-2). COVID-
19 firstly broke out in Wuhan city, Hubei province in China
since December 2019 (1). Now, it has been pandemic all over
the world. Up to April 19th, China has cumulatively diagnosed
84,225 cases and over 4,642 deaths, while the number of cases
in other countries is growing rapidly with a total of 2,277,363
confirmed cases and 157,572 death cases (2). American and
Europe have gradually become the epicenter of the pandemic
and the entire world is suffering great public health crisis from
SARS-CoV-2, which is more severe than 2003 SARS disaster (3).

Some studies have found that SARS-CoV-2 transmitted
through not only droplets or direct contact but also feces
(4, 5). Evidence pointing to the person-to-person transmission
has occurred among close contacts in hospital and family (6).
As reported by other researchers and our team found that
patients with COVID-19 present primarily with fever, diarrhea,
fatigue, dry cough, lymphopenia and radiographic evidence of
pneumonia (7–9). The Chinese Center for Disease Control
and Prevention recently revealed that the risk of death of
mild COVID-19 patients was relatively low in a large Chinese
population-based study, the fatality rate was significantly elevated
among critically ill COVID-19 cases (10). Previous studies
found that SARS-CoV-2 mainly evoked severe acute respiratory
syndrome. More and more researches revealed that most cases
were prone to suffer multiple organ injuries, such as immune
system disorder, acute kidney injure and even liver dysfunction
(11–13). The clinical characteristics of myocardial injury caused
by SARS-CoV-2 are gradually being recognized. However, the
associations between SARS-CoV-2-induced myocardial injury
with the risk of death and the prognosis after discharge in patients
with COVID-19 remain unknown.

The aim of this study was to investigate SARS-CoV-2-induced
myocardial injury, its associations with the risk of death and
prognosis in the short term after discharge. Our results suggested
that male elderly COVID-19 patients with hypertension were
more vulnerable to myocardial injury. We found that myocardial
injury at early stage increased the risk of death among COVID-
19 patients. This study firstly provides evidence that SARS-CoV-2
induced myocardial injury has not completely recovered in 14
days after discharge.

METHODS

Study Design and Participants
In the present study, 200 patients with COVID-19 were recruited
in Union Hospital of Huazhong University of Science and
Technology in Wuhan city from January 1 to January 30,
2020. Another 155 patients with COVID-19 were recruited
from the Second People’s Hospital of Fuyang City in Anhui
province. Union Hospital of Huazhong University of Science
and Technology and Second People’s Hospital of Fuyang City
were assigned responsibility for the treatment of patients with
COVID-19 by the Anhui government and Wuhan government.

All patients were laboratory confirmed positive of SARS-
CoV-2 injection by RT-PCR on pharyngeal swab specimens.
Diagnosis and treatment of COVID-19 were based on the New
Coronavirus Pneumonia Prevention and Control Program
(6th edition) published by the National Health Commission of
China. Laboratory examination, epidemiological investigation,
imaging examination, electrocardiogram assessment and
etiological examination were performed in all COVID-19
patients. When patients were diagnosed with SARS-CoV-2
injection, patients were isolated and began to cure based on the
guide. Next, conventional observation of patients’ conditions,
antivirotic treatment, antibacterial treatment when patients
accompanied with bacterial injection were carried among
COVID-19 patients, such as interferon, lopinavir, ritonavir,
and chloroquine phosphate were used. Moreover, some severe
and critically ill patients may receive respiratory support
with mechanical ventilation, rescue treatment using ECMO,
circulation supportive or Chinese medicine treatment. Except
for the above-mentioned drugs, glucocorticoid was also used
in the severe and critically ill patients. The patients could be
discharged who met the following criteria: body temperature
was normal more than 3 days, respiratory symptoms were
ameliorated, diffuse infiltration was absorbed using CT imaging
and two consecutive nucleic acid detections of SARS-CoV-2
virus in nasopharyngeal swab and sputum were negative with
24 h interval. There was no death case with COVID-19 in the
Second People’s Hospital of Fuyang City. At last, 150 cured
cases were performed follow-up examination in 14 days after
discharge in the Second People’s Hospital of Fuyang City,
biochemical indexes and blood routine were detected. This study
was approved by the institutional ethics board of Union Hospital
of Huazhong University of Science and Technology, and Second
People’s Hospital of Fuyang City. All COVID-19 patients were
eligible in this study. Oral consent was obtained from patients or
patients’ next of kin.

Data Collection
The medical record of each COVID-19 patient was collected.
Patient’s data including demographics, comorbidities (chronic
obstructive pulmonary disease, hepatic disease, cardiovascular
disease, hypertension, diabetes and other disease), patient’s signs
and symptoms, and laboratory test results were collected. The
date of onset and outcomes were recorded.

Laboratory Testing
Patient’s pharyngeal swab specimens were measured. Real-time
RT-PCR was used to detect viral nucleic acid using COVID-19
nucleic acid detection kits following experimental instructions
(Shanghai bio-germ Medical Technology Co Ltd). Troponin
(Tn), aspartate aminotransferase (AST), creatine kinase (CK),
creatine kinase isoenzyme (CKMB), lactate dehydrogenase
(LDH), oxygenation index (PaO2/FiO2), C-reactive protein
(CRP) were examined on admission. Myocardial injury was
defined as troponin beyond normal range (14). A complete
blood routine and blood chemistries were conducted in all
COVID-19 patients.
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Statistical Analysis
All statistical analyses were performed using SPSS19.0 software.
Categorical variables were expressed with frequencies and
percentages. Continuous variables were shown using median
and mean values. All categorical variables were compared for the
study outcome by the Fisher exact test or χ2 test, and continuous
variables were compared using the t-test or the Mann-Whitney
U test, as appropriate. Logistic regression analysis between
myocardial injure with different parameters and the prognosis
were performed. Statistical significance was determined
at P < 0.05.

RESULTS

Demographic and Clinical Characteristics
All 355 COVID-19 patients’ clinical information was collected
and evaluated. As shown in Table 1, mild case, defined as
oxygenation index higher than 300, was 213 (60.0%). For severe
case, whose oxygenation index was from 200 to 300, was 90
(25.4%). For critically ill case, whose oxygenation index was
lower than 200, accounted for 14.6% (Table 1). Moreover, the
demographic characteristics were then analyzed. As shown in
Table 2, 162 (45.6%) were female and 193 (54.4%) were male.
There were 96 patients younger than 39 years old, 144 patients
aged between 40 and 59, and 115 patients older than 60 years
old. Of 355 patients with COVID-19, 230 (64.8%) patients had
hypertension, 208 (58.6%) patients had diabetes, and 20 (5.63%)
had chronic heart disease.

Association of Myocardial Injury With the
Severity of COVID-19 Patients
COVID-19 firstly broke out in Wuhan City of China. Because
the number of patients was large and medical resources were
limited, only electrocardiogram assessment of partially patients
were performed (data not shown). We found that the patients
with left and right ventricular dysfunction were more in severe
and critically ill patients than those inmild patients with COVID-
19. Diastolic dysfunction was observed in only a small number
of patients with COVID-19. Only a few patients had mild
pericardial effusion without other clinical or electrocardiographic
signs of pericarditis. The association between myocardial injury
and the severity of COVID-19 was evaluated in patients.
Myocardial injury indexes, including Tn, CK, CKMB, LDH, and
AST, were analyzed. As shown in Table 1, the level of CK were
higher in critically ill patients than those in mild and severe
patients. The number of CKMB-positive patients were more
in critically ill patients than those of mild patients. The levels
of LDH and AST were the lowest in the mild patients with
COVID-19. Moreover, the levels of LDH and AST were higher
in the critically ill patients than those of in severe patients.
The levels of Tn were gradually increased in parallel with the
severity of COVID-19. The results indicated that 22 (10.3%)
COVID-19 patients were with myocardial injury at early stage
in mild patients. Nineteen (21.1%) patients with myocardial
injury were in severe patients and 18 (34.6%) patients with
myocardial injury were in critically ill patients. Furthermore, the
associations between oxygenation index and myocardial injury

markers were analyzed. As shown in Supplementary Table 1,
no association between oxygenation index with CK and CKMB
was observed. There was a negative association between AST
(r = −0.249, P = 0.001), LDH (r = −0.431, P < 0.001) and Tn
(r =−0.221, P= 0.038) with oxygenation index among COVID-
19 patients. Additionally, the associations between inflammatory
cytokine and myocardial injury markers were analyzed. The
results indicated that CRP was positively correlated with AST
(r = 0.241, P = 0.004), LDH (r = 0.457, P < 0.001) and CK
(r =−0.198, P = 0.018) (Supplementary Table 1).

Male Elderly COVID-19 Patients With
Hypertension Are More Vulnerable to
Myocardial Injury
The effects of demographic characteristics on myocardial injury
markers were analyzed. As shown in Table 2, the level of CK
were higher in males than in females. There was no difference of
CKMB, LDH, AST, and Tn between females and males. Further
analysis showed that CK, CKMB, LDH, AST, and Tn were
lower in patients younger than 39 years old than those of older
patients. Moreover, we found that CK, CKMB, LDH, AST, and
Tn were higher in patients older than 60 than those between
40 and 59 years old (Table 2). The effects of comorbidities on
myocardial functional indexes were then analyzed. As shown
in Table 2, CKMB-positive patients were more in COVID-19
patients with hypertension than those without hypertension.
Besides, the level of CK was elevated in COVID-19 patients
with diabetes compared with those without diabetes. LDH and
AST were increased in COVID-19 patients with chronic heart
disease compared with those without heart disease. There was no
difference of Tn in patients with hypertension and diabetes or
not. The levels of Tn were higher in patients with heart disease
than those in patients without heart disease. In addition, the risk
factors of myocardial injury were analyzed using univariate and
multivariate logistic regression among COVID-19 patients. In
the univariate logistic regression analysis, the OR of male gender
was 2.012 (95% CI: 1.125, 3.599), the OR of age was 1.434 (95%
CI: 1.041, 1.976) and the OR of hypertension was 3.393 (95% CI:
1.441, 7.989) for myocardial injury (Table 3). In the multivariate
logistic regression analysis, theOR ofmale gender was 2.349 (95%
CI: 1.135, 4.312), the OR of age was 1.332 (95% CI: 1.014, 2.123)
and the OR of hypertension was 2.958 (95% CI: 1.331, 5.636) for
myocardial injury (Table 3).

Myocardial Injury at Early Stage Elevates
the Risk of Death of COVID-19 Patients
The effects of myocardial injury at the early stage on the risk
of death were analyzed using multivariate logistic regression
after adjusted age, sex, and comorbidities. An shown in Table 4,
among 59 COVID-19 patients with myocardial injury, 42.4%
were died. In multivariate logistic regression analysis, the fatality
rate was higher among COVID-19 patients with myocardial
injury than those without myocardial injury (42.4 vs. 3.38%;
RR= 12.542, 95% Cl: 6.367, 24.708; P < 0.001).
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TABLE 1 | The associations between the severity and myocardial injury indexes.

Parameters Mild Severe Critically ill

Cases, N 213 90 52

CK (U/L) 70.0 (47.0, 101.0) 72.0 (47.3, 160.0) 149 (70.0, 319.0)**##

CKMB, N (%) 69 (33.7) 51 (59.3) 38 (74.5)*

LDH (U/L) 222.0 (186.0, 272.0) 299.0 (226.0, 370.0)** 442.0 (277.5, 630.3)**##

AST (U/L) 26.0 (20.0, 35.0) 29.0 (22.8, 54.0)* 49.0 (35.0, 80.0)**##

Tn (ng/mL) 0.01 (0, 0.02) 0.04 (0.02, 0.06)* 0.07 (0.05, 0.12)**##

Myocardial injury cases (%) 22 (10.3) 19 (21.1)* 18 (34.6)**#

Compared with “Mild”, *P < 0.05, **P < 0.01; Compared with “Severe”, #P < 0.05, ##P < 0.01.

Myocardial injury was defined as troponin beyond normal range.

TABLE 2 | The effects of demographic characteristics and complications on myocardial injury indexes.

Cases CK (U/L) CKMB, N (%) LDH (U/L) AST (U/L) Tn (ng/mL)

Gender

Female 162 59.5 (40.0, 97.0) 79 (49.1) 236.0 (188.5, 341.0) 26.0 (20.0, 39.0) 0.04 (0.02, 0.06)

Male 193 92.0 (59.5, 153.5)** 76 (41.5) 254.0 (201.5, 337.5) 30.0 (23.0, 47.0)* 0.05 (0.02, 0.07)

Age

<39 96 75.5 (41.5, 101.5) 19 (19.8) 209.0 (172.0, 261.0) 23.0 (19.0, 29.0) 0.03 (0.01, 0.05)

40–59 144 69.0 (47.0, 114.0)** 54 (37.8)** 246.0 (200.3, 327.5)** 28.0 (22.0, 45.0)* 0.05 (0.02, 0.08)**

>60 115 99.0 (58.0, 194.0)**## 82 (71.3)**## 296.0 (223.0, 450.5)**## 36.0 (23.0, 57.5)**## 0.08 (0.06, 0.10)**##

Hypertension

Yes 230 72.0 (47.0, 166.0) 89 (73.0) 270.0 (189.0, 403.0) 31.5 (21.0, 58.8) 0.05 (0.02, 0.07)

No 125 77.0 (50.0, 122.0) 69 (30.7)** 239.0 (195.8, 312.8) 27.0 (21.0, 39.0)* 0.04 (0.01, 0.06)

Diabetes

Yes 208 89.0 (50.0, 170.0) 95 (66.4) 270.0 (177.3, 389.5) 32.0 (23.0, 58.0) 0.04 (0.02, 0.07)

No 147 72.0 (49.0, 113.8)* 63 (30.9) 237.0 (197.0, 306.0) 26.0 (21.0, 37.5)** 0.05 (0.02, 0.08)

Heart disease

Yes 20 78.0 (47.0, 184.0) 12 (63.2) 346.0 (223.0, 480.0) 35.0 (21.0, 71.0) 0.06 (0.03, 0.09)

No 335 77.0 (49.0, 125.5) 146 (44.5) 245.0 (193.8, 323.8)* 28.0 (21.0, 43.0) 0.04 (0.01, 0.07)*

Cases in gender, compared with “Female”, *P < 0.05, **P < 0.01.

Cases in age, compared with “<39”, *P < 0.05, **P < 0.01; compared with “40–59”, ##P < 0.01.

Cases in hypertension, diabetes, and heart disease, compared with “Yes”, *P < 0.05, **P < 0.01.

TABLE 3 | Logistic regression analysis the risk factors of myocardial injury among COVID-19 patients.

Univariate logistic regression analysis Multivariate logistic regression analysis

β Wald P-value OR (95% CI) β Wald P-value OR (95% CI)

Male 0.699 5.556 0.018 2.012 (1.125, 3.599) 0.717 5.662 0.017 2.349 (1.135, 4.312)

Age −1.304 5.003 0.028 1.434 (1.041, 1.976) 0.031 12.136 0.001 1.332 (1.014, 2.123)

Hypertension 1.222 7.814 0.005 3.393 (1.441, 7.989) 1.160 6.773 0.009 2.958 (1.331, 5.636)

Diabetes 0.660 3.118 0.077 1.936 (0.930, 4.029) 0.498 1.658 0.198 1.646 (0.771, 3.513)

Heart disease −0.016 0.000 0.984 0.984 (0.202, 4.788) −0.791 1.083 0.298 0.454 (0.102, 2.010)

TABLE 4 | The association between myocardial injury and death risk among COVID-19 patients.

Myocardial injury Cases Death (%) RR (95% CI) P-value

Yes 59 25 (42.4) 12.542 (6.367, 24.708) <0.001

No 296 10 (3.38) 1 —

Adjusted for age, sex, and comorbidities.
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Myocardial Markers Remain Abnormal in
14 Days After Discharge
The recovery of myocardial injury was investigated in every
patient with COVID-19. The levels of myocardial markers were
compared between on admission and in 14 days after discharge
in the Second People’s Hospital of Fuyang City. As shown in
Table 5, there was no significant difference in the levels of CK,
CKMB, AST, and Tn among COVID-19 patients between on
admission and after discharge, whereas LDH was decreased in 14
days after discharge than on admission. On admission, 5 (3.3%)
cases with CK, 9 (6.1%) cases with CKMB, 56 (38.1%) cases with
LDH, 19 (12.3%) cases with AST, and 20 (13.0%) cases with
Tn were above the normal range. In all, there was 20 (13.0%)
COVID-19 patients with myocardial injury. The prognosis of
COVID-19 patients’ myocardial injury markers was followed up
in 14 days after discharge in the Second People’s Hospital of
Fuyang City. We found that 2 (1.33%) patients with CKMB, 25
(16.7%) patients with LDH, 25 (15.3%) patients with AST, and
7 (4.67%) patients with Tn remained above the normal range.
Further analysis showed that 4.67% patients with COVID-19
continuously accompanied with myocardial injury in 14 days
after discharge (Table 5).

DISCUSSION

This study mainly investigated SARS-CoV-2-induced myocardial
injury, its associations with mortality and the prognosis in 14
days after discharge. The major results of this study include: (1)
Myocardial injury is more popular in the critically ill patients
with COVID-19; (2) Male elderly COVID-19 patients with
hypertension are more vulnerable to myocardial injury; (3)
Myocardial injury at early stage elevates the risk of death of
COVID-19 patients; (4) Myocardial injury of 4.67% COVID-19
patients has not completely recovered in 14 days after discharge.

More and more studies have demonstrated that COVID-19
patients were accompanied with multiple organ injuries, mainly
including acute liver injury, acute kidney injury, respiratory
failure and even lymphopenia (12, 13, 15). In the present study,
myocardial injury was evaluated through measuring biochemical
indexes, such as CK, CKMB, LDH, AST, and Tn. We found that
these five myocardial injury markers were higher in critically ill

patients than those in mild and severe patients with COVID-
19. Moreover, the cases of myocardial injury were more in
critically ill patients than those in mild and severe patients with
COVID-19. Myocardial injury was more popular in critically ill
patients. These results provide evidence that myocardial injury at
early stage is positively associated with the severity of COVID-
19 patients.

The previous studies have revealed that older age patients have
more severe symptoms and signs (12, 16). In the present study,
the effects of demographic characteristics on myocardial injury
were analyzed. Although no difference of CKMB, LDH, and Tn
were observed between females and males, CK and AST was
higher in males than those in females. In addition, the number
of CKMB-positive cases was more in older patients than younger
patients. Several reports indicated that comorbidities elevated the
risk of death and the severity of COVID-19 patients (17, 18). The
present study found that 64.8% patients were with hypertension,
58.6% patients were with diabetes and 5.63% patients were with
chronic heart disease. In order to investigate the influence of
comorbidities on myocardial injury, the markers of myocardial
injury were analyzed among COVID-19 patients. This study
found that the number of CKMB-positive cases was more in
patients with hypertension than those without hypertension. In
addition, the level of serum CK was slightly increased in patients
with diabetes. The level of serum LDH was significantly higher
in patients with chronic heart disease as compared with those
without heart disease. The level of Tn was obviously increased
in patients with heart disease than those without heart disease.
These results indicate that male, older age and comorbidities
may aggravate myocardial injury of COVID-19 patients. In
order to further analyze the associations between myocardial
injury with demographic characteristics and comorbidities, the
univariate and multivariate logistic regression were performed.
Our results indicated that male, older age, comorbidity with
hypertension were three independent risk factors of myocardial
injury. Generally speaking, male elderly COVID-19 patients with
hypertension are more vulnerable to myocardial injury.

The effect of myocardial injury on the prognosis of COVID-
19 patients is not yet clear. The association between myocardial
injury and the risk of death was analyzed among COVID-19
patients. The present study found that the mortality was higher

TABLE 5 | Myocardial injury indexes on admission and after discharge among COVID-19 patients.

Myocardial

injury indexes

On admission (N = 154) Discharge (N = 150)

Median Below the range,

N (%)

Above the range,

N (%)

Median Below the range,

N (%)

Above the range,

N (%)

CK (U/L) 65.0 (44.0, 96.0) 45 (29.8) 5 (3.3) 63.0 (47.0, 82.0) 43 (28.6) 0#

CKMB (U/L) 8.0 (5.0, 13.0) 0 9 (6.1) 7.0 (4.0, 11.0) 0 2 (1.33)#

LDH (U/L) 230.0 (194.0, 278.0) 1 (0.7) 56 (38.1) 203.0 (176.0, 242.0)** 0 25 (16.7)##

AST (U/L) 24.0 (20.0, 31.0) 23 (15.0) 19 (12.3) 22.0 (19.0, 30.0) 11 (7.5) 23 (15.3)

Tn (ng/mL) 0.04 (0.02, 0.06) 0 20 (13.0) 0.03 (0.01, 0.04) 0 7 (4.67)#

Compared with “Median values” among COVID-19 patients on admission, **P < 0.01.

Compared with “Above the range” among COVID-19 patients on admission, #P < 0.05, ##P < 0.01.
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in COVID-19 patients with myocardial injury than those without
myocardial injury. Myocardial injury on admission obviously
elevates the risk of death among COVID-19 patients. This is an
urgent issue which is worthy of studying whether myocardial
injury recovers during a short-period after discharge. In this
work, 150 COVID-19 patients were tracked and markers of
myocardial injury were detected. The rate of myocardial injury
between on admission and in 14 days after discharge were
compared among COVID-19 patients from the Second People’s
Hospital of Fuyang City. Although no remarkably difference of
the levels of serum CK, CKMB, AST, and Tn were observed
between on admission and in 14 days after discharge, the level of
serum LDH was obviously decreased in 14 days after discharge.
In spite of the abnormal number of CKMB, LDH and Tn were
decreased, 1.33% patients with CKMB, 16.7% patients with LDH,
and 4.67% patients with Tn were above the normal range. Our
results indicate that myocardial injury of 4.67% patients with
COVID-19 were not fully recovered in 14 days after discharge.
Therefore, whether SARS-CoV-2 causes continuous myocardial
injury is needed to perform further follow-up research in the
future clinical work.

The mechanism of which SARS-CoV-2 induces myocardial
injury is scarcely clear. The previous study found that CRP was
evidently increased in the critically ill patients (19, 20). CRP is
an acute-phase protein in response to inflammatory cytokines
after infections. High level of CRP partially reflects the severity of
inflammation and evokes cytokine storm, which largely enhances
vascular permeability and impairs organ function. Our results
found that CRP was positively correlated with the levels of AST,
LDH and CK, indicating that SARS-CoV-2-induced cytokine
storm may be one of the mechanisms of myocardial injury.
Both our research and other team found that SARS-CoV-2
injection reduced oxygenation index and caused respiratory
function failure (9). Continuous blood hypoxia induces acidosis
and excess generation of reactive oxygen species, ultimately
damaging myocardial cell. In the present study, we found that
oxygenation index was negatively associated with AST, LDH
and Tn among COVID-19 patients, suggesting that respiratory
function failure may contribute, at least partially, to SARS-CoV-
2-evoked myocardial injury. Increasing data demonstrate that
angiotension converting enzyme (ACE)2, as a receptor for SARS-
CoV-2, exerts a significant role in the pathogenesis of COVID-
19 patients (21–23). Recently, a report found that ACE2 was
also expressed in cardiocytes (24). Hence, these evidences don’t
exclude that SARS-CoV-2 evokes myocardial injury partially
through directly damaging myocardial cells.

In brief, this research mainly analyzed the associations
between SARS-CoV-2-induced myocardial injury with mortality
and the prognosis in 14 days after discharge based on a
retrospective cohort study. Nevertheless, there are some flaws
in this study. Firstly, the patients were only from two different
regions and the sample size was mild. A larger sample size
from multicenter in China is needed in the future study.
Secondly, COVID-19 firstly broke out in Wuhan City of China.
In that circumstances, the number of patients was large and
medical resources were limited. Due to the higher transmissibility
and high mortality of COVID-19, only partially patients’

electrocardiogram assessment was performed. All COVID-19
patients’ coronary angiography was not conducted. Therefore,
we can’t ascertain whether the elevation of troponin is due to
myocarditis or to acute coronary syndromes. Moreover, we also
cannot exclude that patients died for acute coronary syndromes
or because of heart failure after a massive myocarditis. Thirdly,
SARS-CoV-2 injection not only evokes inflammation storm, but
also damagesmyocardial cells directly. Elevation of inflammatory
cytokines also damage myocardial cells. So, the present study
can’t ascertain the exact mechanism of SARS-CoV-2 inducing
myocardial injury.

CONCLUSION

In summary, the present study mainly analyzed SARS-CoV-2-
evoked myocardial injury among COVID-19 patients in two
hospitals from different region. These results showed that
SARS-CoV-2-induced myocardial injury was more general in
critically ill patients. Furthermore, male elderly COVID-19
patients with hypertension were more vulnerable to myocardial
injury. Our results firstly suggest that myocardial injury at early
stage elevates the risk of death of COVID-19 patients. What’s
more, SARS-CoV-2-evokedmyocardial injury has not completely
recovered in 14 days after discharge. Therefore, it is essential to
further investigate whether SARS-CoV-2 results in a long-term
myocardial injury.
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INTRODUCTION

From the beginning of the SARS-CoV-2 pandemia, the type 2 angiotensin-converting enzyme
(ACE2), probably the most “unloved and neglected” member of the renin-angiotensin-aldosterone
(RAAS) family, has attracted increasing attention since it has been shown as the cell receptor
through which the virus enters into the cells (1).

The physiological action of ACE2, a membrane protein expressed in the heart, lungs,
kidneys, liver, and intestine, consists in degrading angiotensin II (Ang II) to angiotensin (1-7), a
heptapeptide with a potent vasodilator function through the Mas receptor able to counterbalance
the Ang II effects on vasoconstriction, sodium retention, and fibrosis (1). Previous studies
have shown that Ang II type 1 receptor (AT1R) blockers (ARBs), ACE inhibitors (ACEI), and
mineralocorticoid receptor antagonists (MRA) may up-regulate the expression of ACE2 both in
acute and chronic settings of cardiovascular diseases (CVDs), such as hypertension, heart failure
(HF) and myocardial infarction (1). These data have generated concern during the early phases of
the pandemia, since it has been speculated that the increase in ACE2 level may have contributed to
disease virulence and to adverse outcomes particularly in subjects affected by chronic coexisting
conditions, namely hypertension, coronary artery disease, HF, and diabetes, who commonly
received treatment with RAAS inhibitors and who were characterized by a worse clinical course (2).

On the other hand, it has been observed that the binding between coronavirus and ACE2
leads to ACE2 downregulation, resulting in an unopposed production of Ang II by ACE,
contributing to lung damage as a consequence of AT1R mediated inflammation, fibrosis,
thrombosis, vasoconstriction, and increased vascular permeability. According to these findings,
RAAS inhibitors and, in particular, ARBsmay even protect against COVID-19 acute lung injury (1).
As a matter of fact, epidemiological studies conducted in large populations of COVID-19 patients
demonstrated that ARBs or ACE inhibitors had no association with a severe or fatal course of the
disease (3–5).

EVIDENCE SUPPORTING THE POTENTIAL BENEFICIAL ROLE OF
ARNi IN HF PATIENTS WITH COVID-19

Natriuretic peptides (NPs), which include atrial natriuretic peptide (ANP), brain natriuretic peptide
(BNP), and C-type natriuretic peptide (CNP), along with their N-terminal counterparts, may
play an important protective role in COVID-19 disease. NPs are released as a consequence of
increased volume overload and myocytes stress and, through their vasorelaxant, diuretic, and
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effects, are able to counterbalance RAAS and sympathetic
nervous system actions, ultimately regulating blood pressure,
electrolytes, and water homeostasis (6). At the vascular level, NPs
reduce cellular growth and proliferation, preserving endothelial
function and integrity as well as vascular tone, and they oppose
blood clotting, inflammation, angiogenesis, and atherosclerosis
progression (6). Apart from their well-described systemic
hemodynamic and autocrine/paracrine functions within the
cardiovascular system, NPs also play an important protective role
in the lungs. In fact, ANP reduces lung endothelial permeability
caused by inflammation and oxidative stress, avoiding the
development of acute respiratory distress syndrome and
improving arterial oxygenation during mechanical ventilation
(7). According to this evidence, it has been proposed that
COVID-19 patients with deficiencies in the NP system, mainly
obese subjects and black people, may have an increased risk of
developing severe lung complications.

Of interest, a bidirectional interaction between NPs,
particularly ANP, and ACE2 has been demonstrated in
experimental models. ANP, through cyclic guanosine
monophosphate (cGMP) production, inhibited the Ang
II-mediated activation of the extracellular signal regulated

FIGURE 1 | Mechanisms underlying the potential beneficial effects of sacubitril/valsartan in HF patients with COVID-19. Ang 1-7, produced by ACE2 from Ang II, and

NPs, particularly ANP, may protect from acute lung injury, systemic inflammation, and adverse outcomes during SARS-CoV-2 infection. On the other hand, local

activation of the RAAS system may mediate injury responses to viral insults. S/V inhibits both the AT1R and neprilysin, which degrades NPs. As a consequence, S/V

may exert an important protective function from adverse clinical course, mediated by an increase of ANP and by AT1R blockade, in HF patients with COVID-19. ACE,

angiotensin converting enzyme; ACE2, type 2 angiotensin converting enzyme; ACE-i, ACE inhibitor; ANP, atrial natriuretic peptide; ARB, angiotensin type I receptor

blocker; AT1R, angiotensin type I receptor; HF, heart failure; ICU, intensive care unit; NEP, neprilysin; NPs, natriuretic peptides; NPR-A, natriuretic peptide receptor A;

S/V, sacubitril/valsartan.

kinase (ERK1/ERK2) pathway and upregulated the mitogen-
activated protein kinase phosphatase (MKP1), finally
preventing the decrease in ACE2 mRNA synthesis (8).
On the other hand, Ang-(1-7), the product of ACE2
activity, stimulated ANP secretion through the Mas
receptor/phosphatidylinositol 3-kinase/protein kinase B
(Mas/PI3K/Akt) pathway, thus reducing cardiac hypertrophy
and fibrosis and potentially avoiding COVID-19 pulmonary
damage (8).

Furthermore, consistently with the well-known prognostic
role of NPs, it has been demonstrated that NT-proBNP
level represents an independent risk factor of in-hospital
death in patients with severe COVID-19, its levels being
significantly higher among those patients who experienced severe
clinical conditions, and increasing further during hospitalization
in subjects who died, without significant changes among
survivors (9).

Apart from the known pathogenetic, diagnostic, and
prognostic implications in the cardiovascular system (10),
NPs have relevant therapeutic properties. In this context, a
field of great interest may be represented by the potential
impact on the clinical course of the COVID-19 disease
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and on its outcome of a treatment with sacubitril/valsartan
(S/V), a member of the new pharmacological class of
AT1R/neprilysin inhibitors (ARNi). S/V is now recognized
as a cornerstone of the therapeutic management of
HF with reduced ejection fraction (HFrEF) due to the
impressive benefits on cardiovascular death and HF
hospitalization (11).

The beneficial effects of S/V in HFrEF were confirmed
in recent real-life clinical studies showing a significant
reduction of cardiac death and HF rehospitalization, an
improvement of echocardiographic parameters, such as
left ventricular EF, systolic volume, and systolic pulmonary
arterial pressure, of renal function and of quality of life (12–
14). Moreover, S/V treatment can be safely started during
hospitalization in daily clinical practice with no evidence of
increased risk of hypotension, worsening of renal function and
hyperkalaemia (15).

With regard to the trend of different NPs levels after the
initiation of S/V, NT-proBNP level decreases as a consequence
of the improvement of cardiac function and haemodynamic
status, representing a useful biomarker of treatment response;
BNP level slightly increases due to its relatively low affinity to
neprilysin, whereas ANP level consistently and substantially
increases both in human studies and in experimental models,
mediating most of the benefits of neprilysin inhibition
(16, 17).

According to these evidences, an approach based on early
administration of S/V has been proposed in the therapeutic
management of all COVID-19 hospitalized patients to avoid an
adverse clinical course (18).

PERSPECTIVES

Based on the ability of S/V to increase ANP level while
antagonizing the Ang II/AT1R effects, we propose a major
protective role of this class of drugs in HFrEF patients, the only
current indication for the use of ARNi, when affected by COVID-
19 disease (Figure 1). In order to test the expected beneficial
role of S/V in COVID-19, a retrospective analysis of existing
registries of hospitalized COVID-19 patients could help to find
out whether, among subjects affected by HFrEF, those who were
already treated with S/V presented a lower disease incidence,
better prognosis, and clinical course (particularly in terms of
intensive care unit access, mechanical ventilation, and death),
compared to patients who received other medications, including
ACEI/ARBs. Furthermore, a call to action is requested to test the
potential benefits of S/V inHFrEF patients affected by COVID-19
through new prospective randomized clinical trials.
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Objectives: We aimed to assess the clinical pharmacist-initiated telephone-based

patient education and self-management support for patients with cardiovascular disease

during the nationwide lockdown during COVID-19 pandemic.

Methods: A prospective single-center telephone-based cross-sectional study was

conducted among patients at the Cardiology Department and its speciality clinic

at a 1,800-bed tertiary care hospital in Southern India. A validated 8-item clinical

pharmacist aided on-call questionnaire with two Domains was administered during and

after lockdown (15 March and 8 June 2020). Clinical pharmacist-provided educational

assistance on self-management practices were in accordance with the guidelines of

Indian Council of Medical Research (ICMR) andWorld Health Organization. Comparisons

was performed using sign test and association of responses were analyzed using the

Goodman and Kruskal’s gamma test. All the tests were two-tailed, p < 0.05 was

considered to be statistically significant.

Results: Of the 1,080 patients, 907 consented with a response rate of (83.9%)

and 574 (96.36%) patients were analyzed post-intervention. Majority of the patients

were male (54.7%) and had Acute Coronary Syndrome [NSTEMI (42.10%), STEMI

(33.92%) and Unstable Angina (9.86)]. The majority of subjects had at least two

co-morbid conditions [(Type II Diabetes (48.33%), Hypertension (50.11%)] and were

rural population (82.5%) as self-employed (43.1%) with a middle-class economy

(31.6%). In the Domain-1 of checklist the awareness toward complications caused by

COVID-19 in cardiovascular diseases (Z = −19.698, p = 0.000) and the importance

of universal safety precautions enhanced after clinical pharmacist assistance [(Z =

−8.603, p = 0.000) and (Z = −21.795, p = 0.000)]. In Domain-II of checklist

there was a significant improvement in patients awareness toward fatal complications

caused by COVID-19 (Z = −20.543, p = 0.000), maintenance of self-hygiene (Z

= −19.287, p = 0.000), practice of universal safety precautions (Z = −16.912, p

= 0.000) and self-isolation (Z = −19.545, p = 0.000). The results of our study

population varied from baseline evaluation (41.7%, n = 907) to post-intervention

(95%, n = 574) based on Literacy, employment status and economic status.
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Conclusions: The proactive role of clinical pharmacists in providing instructional

services in collaboration with cardiologist during the pandemic circumstances increased

patients understanding and mitigated infection exposure among patients, health care

professionals and also assuring the continuity of care in patients with established

cardiovascular diseases.

Keywords: COVID-19, cardiovascular diseases, clinical pharmacist, SARS-CoV- 2, corona virus 19

INTRODUCTION

In the last two decades, clustering and incidence of severe acute
respiratory infections are one of the major threats to public
health. Coronavirus disease (COVID-19) was first recorded in
Wuhan, China, by the end of December 2019. Since then,
COVID-19 has rapidly spread around the world. The COVID-
19 was declared as a global pandemic on 11th March 2020 by the
World Health Organization. COVID-19 has a major impact on
public health and has a direct or indirect impact on social and
economic activities. The exponential increase in the number of
patients with COVID-19 in the past 6 months has overwhelmed
health-care systems across the world. This is due to an inadequate
understanding of the dynamic interplay of shifting epidemiology,
publicity, pandemic prevention strategies, risk identification, and
public health behavior (1). Cardiovascular disease is common
comorbidity observed in patients infected with SARS or MERS
(10 and 30% prevalence, respectively) (2). Currently, there is no
promising evidence from randomized clinical trials (RCTs) that
any potential therapy improves outcomes in patients with either
suspected or confirmed COVID-19. Neither clinical trial data is
supporting any prophylactic therapy.

The pre-existing cardiovascular disease seems to be linked
with worse outcomes and increased risk of death in patients
with COVID-19. Patients requiring intensive treatment had
a significantly higher prevalence of chronic health conditions
such as diabetes, cardiovascular and cerebrovascular disease
(3). Moreover, COVID-19 itself can cause induce myocardial
injury, arrhythmia, acute coronary syndrome and venous
thromboembolism (4). Providing clinical care for patients
with chronic cardiovascular disease and other comorbidities
during pandemic times is challenging. Telehealth is an ideal
platform to deliver clinical care during disasters and pandemics.
Telemedicine negated the risk of COVID-19 exposure or
transmission (5). In India, providing healthcare is a challenge,
telemedicine ensures the safety of patients and health workers,
especially when there is a risk of infection (6). India’s digital
health policy advocates the use of digital tools and focuses
significantly on the use of telemedicine services, particularly at
the grassroots level in the health and wellness Centers, where a
mid-level provider/health worker can connect patients to doctors
through technology platforms to provide timely and best possible
care (7).

Citizens can make informed choices, defend themselves
and comply with prescribed practices by focusing on what can
be done during COVID-19 and when adequate resources are
accessible, easily understood and communicated via reliable

and accessible networks (8). Therefore, through collaboration
between clinical pharmacist and cardiologist, we aimed to
provide educational assistance regarding self-management
practices in patients with existing cardiovascular diseases to
mitigate exposure to COVID-19 infection.

METHODS

Study Design and Participants
A prospective single-center telephone-based cross-sectional
study was conducted among patients at the Cardiology
Department and its speciality clinic at a 1,800-bed tertiary care
hospital in Southern India serving 37 specialities. A validated
8-item clinical pharmacist aided on-call questionnaire with two
Domains (Table 1) was administered during and after lockdown
(15 March and 8 June 2020). Majority of the participants
with acute coronary syndrome were the subset population of
an ongoing clinical study and are currently being followed
up. Clinical pharmacist-provided educational assistance on self-
management practices was in accordance with the guidelines
of Indian Council of Medical Research (ICMR) and World
Health Organization.

Reliability and Validity of the Questionnaire
Initially, the questionnaire was validated by selected faculty
and research team using facial and content validation methods
to ensure readability. To assess overall reliability, the internal
consistency of individual items in each questionnaire domain
was examined by the researchers. The questionnaire consists
of two domains and eight questions pertaining to awareness
and knowledge of subjects toward COVID-19. Each question
consists of two responses which was scored as Yes is 1 and
No is 2. The score for the questionnaire range between 8
and 16, for the purpose of identifying the status of awareness
and knowledge, participants are divided into high knowledge
(8–12) and low knowledge (13–16) categories that has been
derived by cumulative score. Finally, the survey questionnaire
was administered to patients by a clinical pharmacist to
facilitate better understanding. Higher score (>12) for the
questionnaire indicates that patients have lack of awareness and
knowledge which indicates the need for educational assistance.
This telemedicine questionnaire of clinical pharmacists to assess
awareness and knowledge regarding COVID-19 for patients
with established cardiovascular diseases was self-developed with
scoring, there are no references identified to cite this conjecture.
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TABLE 1 | 8-item telemedicine questionnaire checklist of clinical pharmacists to assess awareness and knowledge regarding COVID-19 for patients with established

cardiovascular diseases.

S no Questions Response Score

Domain-I: Assessment of awareness

1 Are you aware of the spread and impact of Novel corona virus 2019? YES 1

NO 2

2 Are you aware of the complications caused by Novel corona virus among patients with cardiovascular diseases? YES 1

NO 2

3 Are you aware of your present and past medical history YES 1

NO 2

4 Are you aware of the importance of universal safety precautions to prevent getting infected from Novel corona virus? YES 1

NO 2

Domain-II: Assessment of knowledge

5 Do u know that Novel corona virus cause (SARS-nCoV-19) life threatening fatal complications among patients with cardiovascular

complications and other co-morbid conditions?

YES 1

NO 2

6 Do you know that self-isolation and maintenance of hygiene can aid in preventing infection from Novel corona virus cause

(SARS-CoV-2)?

YES 1

NO 2

7 Do you know how to follow universal safety precautions to prevent getting infected from Novel corona virus? YES 1

NO 2

8 Do you know that self-quarantine is a procedure followed by people who are at risk during epidemic? YES 1

NO 2

The following questions in the domain-I and II are related to assess awareness and knowledge toward COVID-19 or SARS nCov-II infection in patients with established cardiovascular

diseases by a clinical pharmacist through telephone.

This questionnaire is copyrighted and can be used as a tool for patients with established cardiovascular diseases without any changes and other clinical groups (can be modified

accordingly) to assess awareness and knowledge about COVID-19 or SARS nCov-II infection.

The score for this questionnaire range between 8 and 16, participants are divided into high knowledge (8–12 score) and low knowledge (9–12) categories that has been derived by

cumulative scores. Higher score (>12) for this questionnaire indicates that patients have lack of Awareness and Knowledge which indicates the need for educational assistance.

Sampling Method
This study followed a non-probability sampling method among
the target population (subjects with established cardiovascular
diseases at a tertiary care hospital).

Outcome
The primary outcome of the study is to identify the impact of the
clinical pharmacist-initiated educational guidance on COVID-
19 pandemic among patients with established cardiovascular
disease. The secondary outcome is to ensure continuity of care
and compliance with the prescribed drugs.

Statistical Analysis
Data were entered in MS Office Excel 2019 and analyzed using
the IBM SPSS Statistics Version 25. Continuous variables were
presented as mean ± standard deviation (SD). Categorical
variables were presented as absolute numbers and percentages.
Comparisons between baseline and post assistance scores
among the individuals were performed using sign test,
Association of Responses with socio-demographic variables
were analyzed using the Goodman and Kruskal’s gamma
test. All tests were two-tailed, p < 0.05 was considered to be
statistically significant.

RESULTS

Of the 1,080 patients contacted by telephone, the response rate at
the baseline was 907 (83.9%) and 574 (63.28%) post-intervention.
The majority (54.7%) of the study population were male and
had at least two co-morbid conditions (44.56%) in the age group
(61–80 years) (Table 2). The patients in the study had Acute
Coronary Syndrome [NSTEMI (42.10%), STEMI (33.92%) and
UA (9.86%)] followed by associated comorbidities as described in
Table 3. The questionnaire developed was administered during
and after nationwide lockdown. In the Domain-1 the patients
were aware of the spread of COVID-19 (p = 0.000) and their
current condition (p = 0.000). However, majority of them
were not aware of the complications caused by COVID-19
among patients with cardiovascular diseases (Z = −19.698, p
= 0.000) and the importance of universal safety precautions,
their awareness enhanced after clinical pharmacist assistance
[(Yes = 85.01 vs. 98.08%, No = 14.99 vs. 1.92%, Z = −8.603,
p = 0.000) and (Yes = 11.84 vs. 94.94%, No = 88.15 vs.
5.05%, Z = −21.795, p = 0.000)]. In Domain-II regarding
knowledge aspect majority of the patient’s knowledge improved
regarding fatal complications caused by COVID 19 (Yes = 22.12
vs. 95.98%, No = 77.87 vs. 4.01%, Z = −20.543, p = 0.000),
the process of self-isolation, maintenance of self-hygiene (Yes

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 December 2020 | Volume 7 | Article 599807180

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


Gona et al. Clinical Pharmacist, Cardiovascular Disease and COVID-19

TABLE 2 | Descriptive Summary of Demographics (N = 574).

S. no. Parameter Summary#

(N = 574)

1. Age (in years) 21–40 30 (5.32%)

41–60 254 (44.34%)

61-80 257 (44.56%)

81–100 33(5.76%)

2. Gender Male 314 (54.7%)

Female 260 (45.23%)

3. Literacy Below high school 206 (36%)

High school & above 287 (50%)

Graduate & above 81 (14%)

4. Economic status Lower class 62 (10.7%)

Upper-low class 254 (44.1%)

Middle class 181 (31.6%)

Upper class 77 (13.6%)

5. Employment status Salaried 111 (19.4%)

Self-employed 248 (43.1%)

Homemaker 215 (37.5%)

6. Marital status Married 530 (92.2%)

Divorced/Widowed 51 (8.8%)

7. Location Urban 100 (17.5%)

Rural 473 (82.5%)

8. Smoking habit Smokers 123 (21.5%)

Non-smokers 450 (78.5%)

9. Alcoholism Occasional 153 (26.7%)

Chronic 78 (13.5%)

Non-alcoholics 401 (69.8%)

10 Time spent on call per patient 22.54 ± 11.23 mina

#Data represented as number (proportion), adata represented as Mean ± SD, SD:

Standard Deviation.

= 33.97 vs. 99.12%, No = 66.02 vs. 0.88%, Z = −19.287, p
= 0.000), the importance of universal safety precaution (Yes =
44.94 vs. 94.94%, No = 55.06 vs. 5.06%, Z = −16.912, p =

0.000) and regarding self-quarantine (Yes = 25.08 vs. 91.98%,
No = 74.91 vs. 8.02%, Z = −19.545, p = 0.000) depicted
in Table 4. The individual responses of the patients for every
question at baseline was evaluated to correlate the association
of sociodemographic variables with awareness and knowledge
which demonstrated that the responses of the patients varied
based on Literacy, employment status and economic status as
represented in Table 5.

DISCUSSION

Pandemics and epidemics are a widespread problem then
and now as COVID-19. During such periods, people in the
community face several challenges. Lack of awareness and
consciousness often leads to an uneasy attitude which could
adversely affect the patients with established cardiovascular
complications. Different stakeholders in their respective
countries are working together to “flatten the curve” by joint

TABLE 3 | Clinical parameters.

S. no. Parameter Summary#

(N = 574)

1. Acute coronary syndrome (ACS) UA 57 (9.86%)

NSTEMI 242 (42.10%)

STEMI 195 (33.92%)

2. Venous thromboembolism (VTE) DVT 48 (8.4%)

PE 33 (5.8%)

3. T2DM 277 (48.33%)

4. HTN 288 (50.11%)

5. Kidney disease 72 (12.56%)

6. T2DM + HTN 292 (50.86%)

7. COPD 211 (36.73%)

8. Depression 22 (3.8%)

9. Atrial fibrillation 17 (2.9%)

T2DM, Type 2 Diabetes Mellitus; HTN, Hypertension; COPD, Chronic obstructive

pulmonary disease; UA, Unstable angina; NSTEMI, non-ST segment elevation myocardial

infarction; STEMI, ST-Elevation Myocardial Infarction.
#Data represented as number (proportion).

prevention initiatives led by the WHO. With a practically
sufficient global lockdown, Pharmacists appear to be the first
contact point for meeting the health requirements of the
public (8).

We studied the role of clinical pharmacists’ assistance for
patients with established cardiovascular diseases during the
COVID-19. The principal findings in our study at initial
assessment were (1) Most of the patients were aware of
their medical condition (CVD and comorbidities), (2) Most
of the patients were aware of SARS-CoV-2 (COVID-19)
infection, (3) majority of the patients were unaware of fatal
complications caused by COVID-19 and association of COVID
severity with CVD and comorbidities, (4) most of them were
unaware of the importance of universal safety precautions,
(5) majority of them don’t know that self-quarantine is
a procedure followed by people who are at risk during
the epidemic.

Pharmacists continue to play their role in promoting
continuity of pharmaceutical care, as well as supporting
governments for disseminating information on precautions
related to COVID-19 spread (13). Pharmacists are an
integral part of health care performing exceptional roles
in past pandemics and health crises, with some, such as
Ebola and Zika, posing global health security risks (9). In
this study after assessing the awareness and knowledge we
provided educational assistance which helped our patients to
gain (1) knowledge regarding fatal complications caused by
COVID 19, (2) the process of self-isolation, (3) maintenance
of self-hygiene, (4) the importance of universal safety
precaution and (5) regarding self-quarantine practice. The
Chinese Centre for Disease Control and Prevention recently
published the largest COVID-19 case series in mainland
China; the overall fatality rate was 2.3% (1,023 deaths
among 44,672 confirmed cases), but the mortality rate in
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TABLE 4 | Comparison of on call checklist responses before and after the clinical pharmacist assistance/intervention.

S No Questions Baseline

responses

Post assistance/intervention responses Z-value P-value

Yes No Total

Domain-I:

Q1 Are you aware of the spread and impact of Novel corona virus

2019?

Yes 487 0 487 −8.603 0.000*

No 76 11 87

Total 563 11 574

Q2 Are you aware of the complications caused by Novel corona

virus among patients with cardiovascular diseases?

Yes 109 0 109 −19.698 0.000*

No 390 75 465

Total 499 75 574

Q3 Are you aware of your present and past medical history? Yes 563 0 563 – 1.000

No 0 11 11

Total 563 11 574

Q4 Are you aware of the importance of universal safety precautions

to prevent getting infected from Novel corona virus?

Yes 68 0 68 −21.795 0.000*

No 477 29 506

Total 545 29 574

Domain-II:

Q5 Are you aware of the importance of universal safety precautions

to prevent getting infected from Novel corona virus?

Yes 127 0 127 −20.543 0.000*

No 424 23 447

Total 551 23 574

Q6 Do u know that Novel corona virus cause (SARS-nCoV-19) life

threatening fatal complications among patients with

cardiovascular complications and other co-morbid conditions?

Yes 195 0 195 −19.287 0.000*

No 374 5 379

Total 569 5 574

Q7 Do you know how to follow universal safety precautions to

prevent getting infected from Novel corona virus?

Yes 257 0 257 −16.912 0.000*

No 288 29 317

Total 545 29 574

Q8 Do you know that self-quarantine is a procedure followed by

people who are at risk during epidemic?

Yes 144 0 144 −19.545 0.000*

No 384 46 430

Total 528 46 574

*Statistically significant p-value (2-tailed, < 0.05) has been obtained by performing Sign test.

patients with underlying CVD reached 10.5% (10). However,
these results emphasize the potential risk of fatality in our
patients with established cardiovascular disease and provide
evidence regarding the need for intensive treatment on the
infection (11).

The other measure which has been mentioned a lot in
recent weeks is hand hygiene. The World Health Organization
(WHO) regards handwashing with soap and water and friction
with hydroalcoholic gel as the most effective measures for
the prevention of infections and antimicrobial resistance
(12). Research in major public universities following the
H1N1 influenza pandemic reported inadequate compliance
with preventive measures, such as residence at home
when the virus is ill to prevent transmission in 2009
linked to the results of this study (14). Researchers can
work with public agencies/health departments to set up
information and awareness centers through participatory
groups that may have significant population effects. Our

study helped to implement preventive measures, such as
isolation, quarantine and community confinement, early
identification of cases, social assistance and the provision of
patient-specific instructions.

As a consequence of COVID-19, the need for social distancing
forced us to use all the resources in our toolbox, and telehealth
is one of them that accelerated its adoption globally (15).
Telehealth strategies should be encouraged with a view to
increasing access and providing care to the patients with chronic
diseases to promote continuity of their care which made us
adapt the new normal practices. We need to make a conscious
effort to avoid any possible worsening of the digital divide,
and the government needs to take that responsibility in this
case (16).

What was wonderful about it was during this pandemic
when our patients are generally considered to be at greater
risk of having more severe COVID-19 disease and when
they have been asked to stay at home, through virtual
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TABLE 5 | Association of baseline responses with socio-demographic variables among study participants.

Question Response Literacy Employment status Economic status

1 2 3 Gamma p-value 1 2 3 Gamma p-value 1 2 3 4 Gamma p-value

Q1 Yes 138 270 79 −0.776 0.000* 83 230 177 −0.043 0.693 55 223 153 56 0.252 0.008*

No 68 17 2 28 18 38 7 31 28 21

Q2 Yes 13 70 26 −0.532 0.000* 20 49 40 0.000 0.999 35 208 157 66 −0.329 0.000*

No 193 217 55 91 199 175 27 46 24 11

Q3 Yes 198 285 80 −0.556 0.055* 99 233 197 −0.042 0.761 46 246 175 70 −0.310 0.047*

No 8 2 1 12 15 18 16 8 6 7

Q4 Yes 4 32 32 −0.767 0.000* 26 20 22 0.266 0.021* 38 227 171 70 −0.465 0.000*

No 202 255 49 85 228 193 24 27 10 7

Q5 Yes 21 70 36 −0.520 0.000* 32 41 54 −0.008 0.925 44 38 26 19 0.336 0.000*

No 185 217 45 79 207 161 18 216 155 58

Q6 Yes 51 102 42 −0.323 0.000* 24 74 97 −0.337 0.000* 29 101 106 41 −0.196 0.003*

No 155 185 39 87 174 118 33 153 75 36

Q7 Yes 67 175 15 −0.076 0.275 47 113 97 −0.025 0.720 26 77 102 52 −0.379 0.000*

No 137 113 67 64 135 118 36 177 79 25

Q8 Yes 48 82 14 0.014 0.864 22 63 59 −0.114 0.157 19 53 54 7 0.094 0.222

No 158 205 67 89 185 156 43 201 127 70

*Statistically significant p-value has been derived from application of Goodman and Kruskal’s gamma test.

Literacy: 1: Below high school, 2: High school & above, 3: Graduate & above. Employment:1: Salaried, 2: Self-employed, 3: Homemaker. Economic status: 1: Lower class, 2: Upper-Low class, 3: Middle class, 4: Upper class.
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visits, we are still able to maintain their continuity of care,
evaluate their COVID-19 awareness and knowledge, and provide
instructional assistance and mitigate their exposure to infection.
Overall, the results reflect what might develop into a new
standard of future health care, particularly during contagious
outbreaks (17). In this difficult time, hopelessness is the
mother of acceptance, virtual practices have become a new
normal. But hopefully, as we emerge from this pandemic,
the telemedicine infrastructure will remain and benefit those
in need.

Strengths and Limitations
During the times of stretched clinical resources due to COVID-
19, our research results helped to add new ways to reduce
COVID-19 spread in patients with established cardiovascular
diseases. Although our study is a single-center study involving
a clinical pharmacist, despite its limitations, the results in
our study suggest that the extended role of the clinical
pharmacist may also be beneficial to other clinical groups. In
addition, more awareness amongst the study patients could
also be attributed to govt initiated awareness programmes
on COVID-19 (18). The results of this study may not
be generalizable beyond India due to differences in clinical
pharmacist practice worldwide.

CONCLUSIONS

The clinical pharmacist may, however, play a pro-active role in
promoting patient-specific treatment decisions by serving as a
resource for physicians and other health care professionals to
mitigate adverse events caused by SARS nCoV-2 infection in

patients with established cardiovascular disease. The enhanced
role of clinical pharmacists in providing instructional services
should mitigate infection transmission during the COVID-
19 pandemic.
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Overlapping commonalities between coronavirus disease of 2019 (COVID-19) and

cardio-oncology regarding cardiovascular toxicities (CVT), pathophysiology, and

pharmacology are special topics emerging during the pandemic. In this perspective,

we consider an array of CVT common to both COVID-19 and cardio-oncology,

including cardiomyopathy, ischemia, conduction abnormalities, myopericarditis,

and right ventricular (RV) failure. We also emphasize the higher risk of severe

COVID-19 illness in patients with cardiovascular disease (CVD) or its risk factors

or cancer. We explore commonalities in the underlying pathophysiology observed

in COVID-19 and cardio-oncology, including inflammation, cytokine release, the

renin-angiotensin-aldosterone-system, coagulopathy, microthrombosis, and endothelial

dysfunction. In addition, we examine common pharmacologic management strategies

that have been elucidated for CVT from COVID-19 and various cancer therapies.

The use of corticosteroids, as well as antibodies and inhibitors of various molecules

mediating inflammation and cytokine release syndrome, are discussed. The impact of

angiotensin converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers

(ARBs) is also addressed, since these drugs are used in cardio-oncology and

have received considerable attention during the COVID-19 pandemic, since the

culprit virus enters human cells via the angiotensin converting enzyme 2 (ACE2)
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receptor. There are therefore several areas of overlap, similarity, and interaction in the

toxicity, pathophysiology, and pharmacology profiles in COVID-19 and cardio-oncology

syndromes. Learning more about either will likely provide some level of insight into both.

We discuss each of these topics in this viewpoint, as well as what we foresee as evolving

future directions to consider in cardio-oncology during the pandemic and beyond.

Finally, we highlight commonalities in health disparities in COVID-19 and cardio-oncology

and encourage continued development and implementation of innovative solutions to

improve equity in health and healing.

Keywords: cardio-oncology, COVID-19, pandemic, telemedicine, inflammation, cytokine release syndrome, right

ventricle, health disparities

INTRODUCTION

In early 2020, theWorld Health Organization (WHO) designated
the new, highly contagious, and unnervingly fatal disease
COVID-19 caused by the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) a global pandemic. By
June 1, 2020, the WHO reported more than 6 million confirmed
cases and 370,000 deaths across nearly 220 countries and
territories, with the US having the highest number of confirmed
cases (1.7 million) and deaths (100,000) (1).

Although initially thought to be primarily a lung disease,
COVID-19 also involves marked toxicity to the cardiovascular
system. As data has emerged, it has become clear to our cardio-
oncology group (2–7) that much of the cardiovascular toxicity
reported in COVID-19 is also observed in cardio-oncology,
with overlap in underlying pathophysiology. Additionally,
pharmacologic options frequently used or currently being
studied in cardio-oncology are also proving beneficial in COVID-
19. This begs the question of whether evaluating commonalities
in the toxicities, pathophysiology, and pharmacology of COVID-
19 and cardio-oncology would be informative for advancing
understanding and avenues for research in cardio-oncology, as
well as COVID-19. Cardio-oncology is an emerging field in
medicine focused on the prevention, surveillance, detection,
and management of injury to the cardiovascular system from
cancer therapies or from cancer itself. The cardiovascular injuries
are inflicted by an exogenous source, primarily pharmacologic
or radiologic cancer therapy. In COVID-19, the cardiovascular
injuries are also incited by an exogenous source, primarily SARS-
CoV-2. Due to the exogenous nature of the original source of
injury, in addition to pathophysiologymediating the injury, some
authors refer to these cardiovascular injuries in COVID-19 as
“toxicities” (8–10), which is also the term conventionally used
in cardio-oncology (11–13). While cancer therapies and SARS-
CoV-2 are two very different entities, the havoc they both wreak
on the cardiovascular system is thought-provoking.

In this perspective, we share the overarching viewpoint that
these commonalities exist and are intriguing, and consequently,
the dynamic research efforts surrounding COVID-19 may
be able to inform new understanding and avenues for
investigation in cardio-oncology. A clear understanding of
the mechanisms of various forms of CVT in cardio-oncology
remains elusive. Development of novel concepts, paradigms,

and drug utilization trends based on observations identified
in CVT related to COVID-19 may help advance research and
clinical practice in cardio-oncology. To this end, we first present
cardiovascular toxicities common to COVID-19 and cardio-
oncology, then we expound on underlying pathophysiology.
This is followed by description of pharmacologic options being
pursued in both COVID-19 and cardio-oncology. Finally, we
discuss ramifications of these commonalities in the context
of Cardio-Oncologic care and research in the pandemic and
beyond (Table 1).

COMMON TOXICITIES IN COVID-19 AND
CARDIO-ONCOLOGY

CVT in COVID-19 and Cardio-Oncology
In COVID-19, SAR-CoV-2 causes direct and indirect
cardiovascular injury, which typically manifests as
cardiomyopathy, myopericarditis, ischemia, or arrythmia
(14–25). SARS-CoV-2 has been discovered in cardiac tissue
(15, 25), similar to SARS-CoV-1 infection in which 35% of
patients had viral RNA expressed in cardiac tissue (26). Patients
with pre-existing CVD and cancer or CVD risk factors (e.g.,
diabetes mellitus, chronic kidney disease, obesity, and advanced
age) are among those at highest risk of poor outcomes, i.e.,
increased morbidity and mortality from COVID-19 (10, 22, 27–
30). According to a retrospective analysis of 72,314 cases in
China, patients with pre-existing CVD morbidities had a
five-fold increase in mortality, and a COVID-19-related death
rate of 10.5% (22). Indirectly, patients with CVD morbidities
are inherently more susceptible to the adverse effects of viral
infection and the body’s adaptive response. The systemic
effects of COVID-19 causing fever, hypoxia, hypotension,
and tachycardia may not be well-tolerated in patients with
underlying cardiomyopathy or obstructive coronary artery
disease, and this may manifest as further myocardial injury, and
increased incidence of decompensated heart failure and type II
myocardial infarction (20). Evidence of myocardial injury (e.g.,
elevated troponin), is common in patients hospitalized with
COVID-19 (10). When present, elevated cardiac biomarkers
such as brain natriuretic peptide and serum troponin have
been associated with increased mortality in patients with
COVID-19 (18).
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TABLE 1 | Mechanisms, concepts, and paradigms: commonalities in toxicity, pathophysiology, and pharmacology of cardio-oncology and COVID-19.

Common topic of study Cardio-oncology COVID-19

Mechanisms of left ventricular

cardiomyopathy

Elucidate mechanisms and optimal management of left

ventricular systolic dysfunction in Cardio-Oncology

Elucidate mechanisms and optimal management of left

ventricular systolic dysfunction in COVID-19

Immune system activation Analyze pathophysiology and optimal management of

immune response, cytokine release syndrome, and

autoimmune adverse effects from ICIs or CAR-T cell

therapy

Analyze pathophysiology and optimal management of

immune response, cytokine release syndrome, and

related adverse effects in COVID-19

Long-term sequelae of inflammation Investigate long-term implications of inflammation

induced by neoplastic agents

Investigate long-term implications of myocardial

inflammation in COVID-19

Endothelial dysfunction Interrogate role of endothelial dysfunction in ischemic

and cardiomyopathic cardiovascular injuries from cancer

drugs

Interrogate role of endothelial dysfunction in ischemic

and cardiomyopathic cardiovascular injuries from

COVID-19

Coagulopathy and anticoagulation Study the burden, mechanisms, and optimal

management of coagulopathy (arterial or venous) with

need for anticoagulation or antiplatelet therapy in

Cardio-Oncology

Study the burden, mechanisms, and optimal

management of coagulopathy and microthrombosis with

beneficial response to anticoagulation in COVID-19

Role of RV and RVAD Explore significance of RV systolic dysfunction after

anthracycline therapy

Explore significance of RV systolic dysfunction in severe

COVID-19 infection

Prognostic value of RV strain Evaluate utility of RV strain to predict outcomes following

anthracycline therapy

Evaluate utility of RV strain to predict COVID-19

severity/mortality

Utility of steroid therapy and biologics Determine the effectiveness and timing of steroid

treatment and monoclonal antibodies for inflammation-

or immune-related adverse events from ICIs or CAR-T

cells

Determine the effectiveness and timing of steroid

treatment and monoclonal antibodies for

inflammation-related adverse CV events in COVID-19

Neurohormonal therapy Establish cardioprotective contributions of

neurohormonal therapies

Establish whether neurohormonal therapies are

protective in COVID-19

Potential drug Interactions Appraise the extent and impact of potential drug

interactions between Cardiology drugs and Oncology

drugs

Appraise the extent and impact of potential drug

interactions between Cardiology drugs and COVID-19

drugs

Impact of health disparities Assess underlying factors and solutions to address

health disparities in cardiovascular toxicities observed in

Cardio-Oncology

Assess underlying factors and solutions to address

health disparities observed in cardiovascular injuries in

COVID-19

Precision of risk prediction Develop precise methods of predicting cardiovascular

toxicities and prognosis

Develop precise methods of predicting risk and overall

prognosis in COVID-19

CAR-T Cells, Chimeric Antigen Receptor T-Cells; COVID-19, Coronavirus Diseases of 2019; CV, cardiovascular; ICI, Immune Checkpoint Inhibitor; RV, Right Ventricle; RVAD, Right

Ventricular Assist Device.

Similarly, a wide spectrum of cancer therapies has been
associated with CVT, such as cardiomyopathy, myopericarditis,
ischemia, and arrhythmias (11, 31). Radiation therapy can
lead to all of these toxicities in the absence of chemotherapy.
Various chemotherapy and targeted cancer therapy regimens can
also result in CVT. Anthracyclines most commonly associate
with cardiomyopathy, and can also bring about conduction
abnormalities, myocarditis, or pericardial disease. Tyrosine
kinase inhibitors commonly associate with hypertension, and
less commonly with cardiomyopathy or ischemia. Immune
checkpoint inhibitors are most notorious for myocarditis,
and can also prompt pericarditis, cardiomyopathy, conduction
abnormalities, and ischemia. Many other CVT are noted in
cardio-oncology, with a variety of drug classes. In addition,
tachycardia and elevated biomarkers may also portend poor
prognosis in cardio-oncology (32, 33). There is therefore much
overlap of CVT and prognostic factors in cardio-oncology with
CVT and prognostic biomarkers in COVID-19. Furthermore,

some types of cancers and cancer treatments weaken patients’
immune systems and increase risk of any infection. Cancer
patients’ immunosuppression often also associates with blunted
or delayed symptoms, which could in turn delay urgent therapy
and increase mortality in COVID-19.

Interesting to consider is any potential synergistic CVT in
patients on cancer therapies in COVID-19. A prospective cohort
of 800 cancer patients with COVID-19 analyzed in late April
2020 linked COVID-19 mortality with older age, male gender
and comorbidities such as hypertension and cardiovascular
disease (14). There was no association between receipt of
cytotoxic chemotherapy, targeted therapies, radiation therapy, or
other cancer therapies and COVID-19 mortality in this cohort.
Similarly, a retrospective cohort of 928 cancer patients from
the USA, Canada and Spain associated advanced age, smoking,
progressive malignancy and increased comorbidities COVID-19
mortality, but failed to show associations with cancer type and
type of anticancer therapy with COVID-19 mortality (34).Thus,
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the role of chemotherapy and other cancer systemic therapies in
COVID-19 mortality remains uncertain.

Emerging Role of Right Ventricular Failure
Recent studies emerging in parallel in the pandemic and in
cardio-oncology indicate that the RV may play an important role
in the prognosis of patients with COVID-19 or CVT from cancer
therapy; RV failure generally associates with worse outcomes
in a variety of populations, and patients with COVID-19 or
CVT from cancer therapies may be no different (35–38). While
the mechanisms of insult to the RV in COVID-19 are different
from those in cardio-oncology, similar changes are noted in the
ventricle and these may have prognostic value. Importantly, RV
longitudinal strain (RVLS) has emerged as a key player in the
prediction of RV failure in both COVID-19 and cardio-oncology
(36, 38).

In COVID-19, RVLS inversely associates with myocardial
injury, mechanical ventilation, acute respiratory distress
syndrome (ARDS), and mortality, as well as signs of systemic
inflammation such as heart rate, D-dimer, and C-reactive
protein, as well as thromboembolism (38). In addition to RVLS,
RV dilation and systolic dysfunction also predict mortality in
COVID19 (39). Abnormalities in RV strain, size, and systolic
function in COVID-19 may result from ARDS, pulmonary
hypertension with increased pulmonary vascular resistance
due to acute lung injury or thromboembolism, in addition to
CO2 retention, positive pressure ventilation, or other causes
of acute myocardial injury (19, 40–46). In one COVID-19
study, of 10 patients with RV dilation, 50% had PE noted on
CTA; and of 21 total deaths in that COVID-19 cohort, 62%
had RV dilation (39). Some patients with apparent ARDS do
not respond as expected to low pressure ventilation strategies
per ARDSNet ventilation protocols (47). Prone positioning in
COVID-19 improves oxygenation and reduces the risk and
need for mechanical ventilation or extracorporeal membrane
oxygenation (ECMO) in patients on mechanical ventilation,
but the maneuver appears to also reduce the risk of RV failure
in ARDS including COVID-19 (48–50). Anecdotally, we
have observed that the typical progression from hypoxemic
respiratory failure to multi-system organ failure with escalating
pressor requirements can be blunted with insertion of a
percutaneous right ventricular assist device (RVAD) connected
to an oxygenator. In all cases, the pressor requirement has been
eliminated upon initiation of RVAD flows. These observations
are consistent with our experiences in using these devices to treat
other forms of RV failure which are frequently misdiagnosed as
distributive shock.

In cardio-oncology, changes are also noted in RV strain,
structure, function, and size in patients with breast cancer
and lymphoma who receive anthracycline chemotherapy (36,
51). Although the left ventricle is more commonly studied,
the RV also shows impairment in contractility, with temporal
changes of decreased RVLS and increased right ventricular
end systolic volume (RVESV) preceding reduction in right
ventricular ejection fraction (RVEF) (36). Additionally, patients
with end-stage heart failure as a result of cardiomyopathy from
anthracycline therapy benefit from RV assist device support

(52). The underlying pathophysiology of RV dysfunction in
anthracycline CVT is likely similar to LV dysfunction. LV
dysfunction results from release of cytokines and inflammatory
markers, related to generation of reactive oxygen species,
disruption of mitochondrial biogenesis, and activation of
apoptosis, and double-stranded DNA breaks (53–55). This is a
recent and novel area of inquiry in cardio-oncology. Additional
studies are needed to determine whether RV size, function, and
longitudinal strain can predict CVT and mortality in cardio-
oncology (36), as has been found in COVID-19.

Health Disparities in CVT
A multi-ethnic study of more than 3,500 individuals with
COVID-19 was published in the New England Journal of
Medicine (NEJM) (56). While <40% of patients in the study
were hospitalized, African Americans composed almost 80%
of inpatients admitted with COVID-19 and associated CVT.
A higher rate of comorbidities associated with the risk for
hospitalization, and African Americans had higher rates of
comorbidities. This is similar to general trends in health
disparities, in which African Americans have higher rates
of CVD, obesity, hypertension, and diabetes than Caucasians
(57), and are therefore at higher risk for CVT related
to COVID-19. These disparities were found to associate
with inequities in socioeconomic demographics in the NEJM
report, as in prior studies (56, 57). Notably, ACE (I/D)
polymorphisms have been implicated in COVID-19 and
related CVT, and vary across racial groups (58). However,
this alone does not explain the disparities observed in
COVID-19. The D/D polymorphism that associates with the
development and severity of sarcoidosis (59), which is more
prevalent, complex, and mortal in African-Americans (60),
is the same polymorphism that is suggested to associate
with protection in COVID-19 (61–63). Nevertheless, African
Americans have had the highest proportions of severe and
fatal illness from COVID-19 and consequent CVT. In the
same way, CVT in cardio-oncology has been reported at
higher rates in African Americans, with similar underlying
reasons (64–68).

Implications of Common Toxicities
It is worth continuing to study shared toxicities in COVID-
19 and cardio-oncology. For example, increased attention to
emerging special topics such as RV strain, function, and
predictive value in COVID-19 may help elucidate sequelae
of commonalities to optimize care and survival of our
patients in COVID-19 and also in cardio-oncology (Figure 1).
Perhaps studying the pathophysiology and host characteristics
in patients with abnormal RV size, function, and longitudinal
strain in COVID-19 could also help us better understand
the pathophysiology of abnormal RV size, function, and
longitudinal strain in some patients after anthracycline therapy.
Further, it will be important to address the disproportionate
percentages of African-Americans with severe and fatal CVT
related to both COVID-19 (69–73) and cancer therapies in
cardio-oncology (64–68).
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FIGURE 1 | A conceptual framework of commonalities in CV toxicities, pathophysiology, and pharmacology common to COVID-19 and cardio-oncology. CV toxicities

common to COVID-19 and cardio-oncology include myocardial injury, cardiomyopathy, myopericarditis, ischemia, conduction abnormalities, and RV failure, in part

mediated by immune system activation, cytokine release syndrome, and arterial and venous coagulopathy. All of these are also examples of oncologic CV toxicities

that can result from pharmacologic or radiation therapies. Indeed, the pathophysiology and modulation of SARS-CoV-2 infection remains under investigation, with

components of viral infection/invasion, macrovascular endothelial dysfunction, cytokine release syndrome/inflammation, microvascular dysfunction/thrombosis,

neurohormonal regulation, coagulopathy, and increased metabolic stress. Several pharmacologic considerations have risen to the surface during the pandemic,

involving steroids, cancer immunotherapy, biologic antibodies and inhibitors, drug repurposing, the role of cyp450 and drug transporters in drug-drug interactions,

anticoagulation, and neurohormonal regulation. ARB, Angiotensin Receptor Blocker; ACEI, Angiotensin Converting Enzyme Inhibitor; CV, Cardiovascular; COVID-19,

Coronavirus Disease of 2019; RV, Right Ventricle; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus.

COMMON PATHOPHYSIOLOGY IN
COVID-19 AND CARDIO-ONCOLOGY

Pathophysiology of COVID-19 and
Cardio-Oncology
Potential mechanisms of cardiovascular injury in COVID-19
include hemodynamic derangement or hypoxemia, increased
metabolic stress, demand ischemia, microvascular dysfunction or
thrombosis due to hypercoagulability, or systemic inflammation
and cytokine storm, which may also destabilize existing coronary
artery plaques (16, 74–76). Although not yet demonstrated
with SARS-CoV-2, an autopsy study of people who died from
SARS-CoV-1 infection demonstrated that 35% of patients
had viral RNA expressed in cardiac tissue (26). Further, a
recent study illustrated in vitro direct infection of human
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs) by SARS-CoV-2 (77). Microscopy and RNA-sequencing
provided evidence that SARS-CoV-2 enters hiPSC-CMs via
the cell surface receptor ACE2. The study also demonstrated
that in response to SARS-CoV-2 infection, the hiPSC-CMs
upregulated the innate immune response and antiviral
clearance gene pathways, in addition to downregulating
ACE2 expression.

ACE2 receptors are the SARS-CoV-2 entry point into human
cells (10, 78). Patients with pre-existing CVD or CV risk
factors, which associate with heightened systemic inflammation,
have higher levels of ACE2 receptor expression than the
general population (10, 79, 80). In normal physiology, ACE2 is
counter-regulatory and anti-inflammatory (79, 80). Interestingly,
a particular angiotensin converting enzyme (ACE) genetic
polymorphism (D/D), although not a ACE2 polymorphism,
associates with decreased ACE2 levels and has been suggested
to be protective in patients with COVID-19 (61–63). The
physiologic effects of ACE and ACE2 are typically in some degree
of homeostatic equilibrium, with ACE mediating inflammation,
oxidative stress, and vasoconstriction, and ACE2 also being
vasodilatory (81). SARS-CoV-2 may remove ACE2 from this
homeostatic pathway due to both the virus and the receptor being
internalized from the cell surface in COVID-19 (81).

The inflammatory response elicited by SARS-CoV-2 is
implicated in direct suppression of cardiac contractility (75).
Evidence of new contractile dysfunction was reported in
∼30% of patients with critical illness related to COVID-
19, and cardiac or circulatory shock is a common pathway
to fatal outcomes (82, 83). This is reminiscent of CVT in
cardio-oncology, in which increased metabolic stress, cytokine
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release, inflammation, macrovascular endothelial dysfunction,
microvascular dysfunction, thrombosis, and neurohormonal
dysregulation can all result in impairment of cardiac contractility
underlying cardiomyopathy.

Immune System Activation
Two recent studies evaluating immunologic characteristics
of peripheral blood samples from COVID-19 patients have
emerged from China (84, 85). In these studies, severe cases
of COVID-19 were associated with depletion of CD8+ T-cells,
suggesting that upregulation of immune checkpoint molecules
that downregulate T-cells may play an important role in
impairing the immune response to the virus. These early studies
should be interpreted with caution given the small sample sizes,
and continued investigation will shed light on the mechanisms of
immune dysregulation induced by COVID-19.

Immune checkpoint inhibitors (ICIs) are drugs that target
immune checkpoint molecules such as programmed death 1
(PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4). These drugs have
dramatically improved overall survival for patients with a wide
range of malignancies (86). Inflammatory cytokines, such as
interferon-γ and type I interferons, induce PD-L1 expression
on immune and tumor cells (87). Interaction of the PD-L1
and PD-1 proteins leads to T-cell exhaustion, and blockade of
this interaction with PD-1/PD-L1 inhibitors restores effector
function to CD8+ T-cells, allowing for destruction of malignant
cells. Chief among concerns with ICIs during the pandemic
is whether ICIs can increase COVID-19-related complications,
particularly CVT. A retrospective study found patients receiving
ICIs to be at higher risk of hospitalization and severe outcomes
from COVID-19 (88). Strong conclusions are difficult to draw
from this small, retrospective, single-center study in which only
31 patients received ICIs. A prospective observational study
from the UK Coronavirus Center Monitoring Project found
no association between COVID-19 mortality and ICI treatment
in the 44 patients who received ICIs (89). Ongoing large-scale
prospective data may shed further light on this interaction.

Many cancer patients receiving ICIs possess comorbidities
that enhance risk for poor outcomes related to COVID-19.
ICIs and COVID-19 can cause overlapping organ toxicities,
particularly pulmonary and cardiac, which inform risk-benefit
decisions on ICI use during the pandemic. ICIs can induce
immune-mediated cardiotoxicity, including myocarditis,
pericarditis, heart failure, arrhythmias, and MI. These events are
uncommon, occurring in <3% of patients who receive ICIs, but
carry high risk of mortality (90).

The pathophysiology of the immunologic mechanisms
of cardiotoxicity with ICIs and COVID-19 likely differ,
but macrophages may play roles in both pathways, which
could contribute to anecdotal response to glucocorticoid
responsiveness for ICI and COVID-19 toxicities (Table 2).
The renin-angiotensin system has been implicated in the
pathophysiology of both COVID-19 and tumorigenesis,
with data suggesting the RAAS pathway promotes an
immunosuppressive tumor microenvironment (91–93).
However, much like COVID-19, the impact of ACE inhibitors

TABLE 2 | Clinical characteristics of similar CV toxicity in ICI therapy, CAR T-cell

therapy, and COVID-19.

ICI and CV

toxicity

CAR-T cell

and CV

toxicity

COVID-19 and

CV toxicity

Incidence <1% NA/unknown NA/unknown

Pathophysiology T-cell

mediated

Cytokine

storm, high

IL-6

Hypoxia, Cytokine

storm

Risk of VTE High High High

Management Steroid Tocilizumab,

and/or steroid

Supportive

management, +/–

dexamethasone

ACEI/ARB

continue

Yes Yes Yes

Long-term CV

effect

Unknown Unknown Unknown

ACEI, ACE Inhibitor; ARB, Angiotensin Receptor Blocker; CAR-T Cells, Chimeric Antigen

Receptor T-Cells; CRS, Cytokine Release Syndrome; CV, Cardiovascular; COVID-19,

Coronavirus Diseases of 2019; ICI, Immune Checkpoint Inhibitor; IL-6, Interleukin 6; NA,

Not Applicable; VTE, Venous Thromboembolism.

on survival outcomes with ICIs is currently unclear (94). Given
the prevalence of ICI use, it is essential to exert a coordinated
effort to track COVID-19 incidence in patients receiving ICIs, as
well as rates of pulmonary and cardiac sequelae and mortality
to truly understand the long-term impact of the virus on this
large population.

Cytokine Release Syndrome
In COVID-19, the inflammatory cytokine IL-6 has also been
shown to play a role in critically ill patients, in whom
“cytokine release storm” or “cytokine release syndrome”
(CRS) pathophysiology leads to cardiopulmonary complications
and multisystem failure (95). Clinical manifestations of CRS
include fever, chills, fatigue, myalgias, arthralgias, nausea,
vomiting, and diarrhea (96). In the patient with CRS,
cardiovascular manifestations include tachycardia, hypotension,
elevated troponin, heart failure, and in severe cases, cardiogenic
shock (96, 97). IL-6 could possibly mediate cardiac dysfunction
and hemodynamic instability (98). In general, IL-6 elevation
has associated with cardiovascular complications such as
atherosclerosis, MI, and heart failure.

IL-6 and other cytokines are key components of the
human body host defense system against infection, yet high
levels of these cytokines in a hyperinflammatory response can
lead to CRS (99, 100). Cytokine release syndrome can be a
fatal complication due to exaggerated inflammatory response
in COVID-19, partially mediated by immune cells fighting
the viral infection by increasing inflammatory cytokines via
activation of intracellular NF-κB (101), but also in large
part mediated by the ACE2 and AT1 receptors, which are
generally highly expressed on epithelial cells in the lung and
endothelium (20, 102–104). A main function of ACE2 is to
convert angiotensin II (Ang II) into angiotensin-(1-7), a counter-
regulatory peptide that dampens the inflammatory effects of Ang
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II via AT1 (101, 105). After the SARS-CoV-2 S-protein attaches
to ACE2 on respiratory epithelium, ACE2 is down-regulated
(77). The resulting SARS-CoV-2-mediated imbalance of serum
Ang II/angiotensin-(1-7) drives net activation of AT1 signaling
[which is dependent on serum Ang II/angiotensin-(1-7)] in
pulmonary epithelial cells. It is well-established that COVID-19
infection causes hyperactivation of the angiotensin 1 receptor
(AT1), which leads to disproportionate activation of nucleotide-
binding domain-like receptor protein 3 (NLRP3) inflammasome
in lung epithelial cells and endothelium (106, 107), as well as
activation of STAT3 and the NF-κB pathway, producing potent
pro-inflammatory cytokines IL-6, IL-1β, and IL-18 (101, 108–
110). The detrimental pathophysiological consequence of the
hyperinflammatory response includes enhanced activation of
reactive oxygen species (ROS) release, fibrosis, vasoconstriction,
and programmed cell death, that contribute to the CRS
pathophysiology. Interestingly, ACE2 and AT1 are known to be
expressed at extremely low levels on hematopoietic stem cells
(HSC) and endothelial progenitor cells (EPC) (111). A recent
study demonstrated for the first time that ACE2 is expressed on
very small embryonic-like stem cells (VSELs) (112). Pre-clinical
data demonstrated that interaction of ACE2 receptor with the
COVID-19 spike protein activated the NLRP3 inflammasome in
VSELs and HSC leading to programmed cell death (112); the
contribution of this to CRS is yet unclear.

Unlike traditional chemotherapy, CAR-T cell therapy is
a novel form of immunotherapy in cardio-oncology to
treat individuals with refractory hematologic malignancies,
and is commonly associated with toxicity related to CRS.
CAR-T cell therapy utilizes genetically engineered T-cells to
attack cancer cells (113). The activation of CAR-T cells
when engaged with antigen in a malignant cell leads to its
CAR-T cell proliferation, which further activates monocytes
and macrophages, leading to release of proinflammatory
cytokines and chemokines such as IL-6, IL-8, IL-10, interferon-
gamma (INF-y), monocyte chemoattractant protein-1b, and
granulocyte-macrophage colony-stimulating factor (114, 115).
These proinflammatory cytokines are potential mediators for
CRS in patients with cancer, with a similar cascade in patients
with COVID-19.

Coagulopathy
Arterial and venous coagulopathy has emerged as an important
factor in COVID-19 pathophysiology and cardio-oncology,
especially in critically ill patients (116–120), in part related to
underlying endothelial cell dysfunction and inflammation in
patients with COVID-19 or cancer (117, 121, 122).

Severe COVID-19 infection requiring critical care admission
has been associated with increased incidence of venous
thromboembolism (VTE) (117, 123), due to hyperinflammation
and a hypercoagulable state (124, 125). The incidence has been
reported to be 3 to 4-fold greater than in the general population
(117, 123). In critically ill patients in the general population, the
cumulative incidence of VTE is around 9.6% (126, 127), while in
COVID-19 patients it is reported to be between 31 and 42% (117,
123). Thrombotic events in COVID-19 mostly categorize VTE,
but in some patients, a significant number of arterial thrombosis

are also being reported. In one study, 3.7% of the 31% reported
cases had ischemic strokes, while in another study population
two ischemic strokes and one limb ischemia were reported (117,
123). Endotheliitis with underlying hyperinflammation, along
with hypoxia leading to increased blood viscosity, are suspected
to cause increased coagulopathy in severe COVID-19 infection
(128, 129). Excess cytokine release also results in macroscopic or
microscopic endothelial injury, leading to a prothrombotic state
(130). Elevation of D-dimer above normal values on admission
or over time during the disease process has been associated
with poor outcomes in patients with severe COVID-19 (125).
Close monitoring of D-dimer, aPTT/PT, fibrinogen, and platelet
count in hospitalized COVID-19 patients is recommended as
derangement of these coagulation parameters can be an early sign
of disseminated intravascular coagulation (DIC) (125).

A similar phenomenon is observed in cancer patients
(131). Similar factors are associated with thrombosis, with
circulating microparticles, procoagulants, and endothelial
dysfunction contributing to disruption of normal blood flow
and hyperviscosity (120, 132, 133). Cancer also poses a 4 times
increased risk of VTE as compared to general population while
chemotherapy increases the risk to 6.5 times (134). Patients who
receive CAR-T cell therapy are also at increased risk for venous
thromboembolism, potentially mediated by CRS and high levels
of IL-6 (135, 136), in the setting of underlying hypercoagulability
due to the presence of the cancer itself. Other pharmacologic
cancer therapies can also associate with thrombosis. Cisplatin
and tyrosine kinases often lead to coronary or peripheral arterial
thrombosis related to endothelial injury, thromboxane synthesis,
and platelet activation and aggregation, placing patients at 1.5-
to 1.7-fold or as high as 6-fold increased risk of acute coronary
syndromes [see review in expert consensus statement (137)].

Endothelial Dysfunction
Furthermore, many chemotherapeutics associate with
endothelial dysfunction and consequent ischemia in the absence
of thrombosis. In these cases, ischemia is due to vasospasm.
This phenomenon can be caused by 5-fluorouracil (5-FU),
capecitabine (5-FU pro-drug), paclitaxel, docetaxel, cisplatin
(especially when combined with bleomycin or vincristine),
cyclophosphamide, and tyrosine kinase inhibitors (e.g., sorafenib
and sunitinib) [see review in expert consensus statement
(137)]. Undiagnosed underlying coronary artery disease is
thought to be a likely pre-disposing condition. Likewise,
endothelial dysfunction and consequent ischemia in the
absence of thrombosis are also suspected in some patients with
COVID-19 who present with ACS and non-obstructed coronary
arteries; severe hypoxia, CRS, plaque rupture, vasospasm, and
microthromboembolism are also on the differential in these
patients (25, 138, 139).

Implications of Common Pathophysiology
Shared pathophysiology in COVID-19 and cardio-oncology also
have important implications. For example, ICIs and CAR-T
cells used as cancer therapy can lead to excessive activation
of the immune system and inflammation and subsequently
autoimmune and inflammatory adverse CV effects. Despite the

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 December 2020 | Volume 7 | Article 568720192

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


Brown et al. Emerging Commonalities Between COVID-19 and Cardio-Oncology

favorable responses from CAR-T cell and ICI therapy in cardio-
oncology, we still have limited evidence and understanding of
CVT from these immunotherapies or their long-term impact.
We can potentially fill our knowledge gap on CVT due to CRS
related to CAR-T cell therapy, or supranormal activation of the
immune system related to ICIs, in cardio-oncology by pursuing
a better understanding of the inflammatory pathophysiology
from the ongoing COVID-19 pandemic. The reverse is also true,
and long-term sequelae of CRS on the cardiovascular system
should be investigated and addressed in patients who have had
COVID-19 or in cancer patients who have received CAR-T cell
therapy. Similarly, coagulopathy in COVID-19 is an emerging
topic with the majority of evidence stemming from observational
studies and autopsies (128). The hypercoagulability of cancer,
which is often treated by cardio-oncologists, can be informative
for COVID-19, given a role for anticoagulation to address
thromboembolism in these hypercoagulable states. Additionally,
the role of endothelial dysfunction can be further elucidated in
both COVID-19 and cardio-oncology with anticipated shared
vascular pathophysiology, albeit with different mechanisms of
endothelial injury.

COMMON PHARMACOLOGY IN COVID-19
AND CARDIO-ONCOLOGY

Corticosteroids
Given the robust inflammatory response induced by COVID-
19, corticosteroids are under investigation and have been
demonstrating promising efficacy for treating the disease.
Dexamethasone has recently garnered significant international
attention for the treatment of COVID-19 with the pre-print
publication (not yet peer reviewed) of the phase 3 RECOVERY
trial. Patients were randomized to dexamethasone at 6mg daily
for up to 10 days vs. standard care. Dexamethasone significantly
reduced deaths in patients who required supplemental oxygen or
mechanical ventilation (140). Notably, the pre-print manuscript
does not quantify the number of patients with cancer included
in the analysis and may be difficult to generalize to an oncology
population with COVID-19.

Corticosteroids have been mainstays of treatment for
immune-related adverse events (irAEs) induced by ICIs and
CAR-T cells in cancer patients, owing to their ability to
rapidly dampen inflammation and quickly reverse irAEs (141,
142). In the widely utilized, evidence-based irAE management
guidelines published by the American Society of Clinical
Oncology (ASCO), high-dose corticosteroids are recommended
as first-line management of most grade 2 or higher irAEs (143).
For cardiovascular irAEs, including myocarditis, pericarditis,
heart failure, and vasculitis, high-dose corticosteroids are
recommended for any grade of toxicity (141, 142, 144). Thus,
steroids may be helpful to quell activated immune responses
leading to CVT due to various endogenous sources, whether
cancer therapy or COVID-19.

Biologic Antibodies and Inhibitors
Tocilizumab is an IL-6 receptor antagonist and is indicated
as the first-line agent for the management of CRS in cancer

patients (145–148). The use of tocilizumab in COVID-19 is
an extrapolation based on the evidence of promising outcomes
from using the drug to treat CRS from CAR-T cell therapy
in cancer patients. Off-label use of tocilizumab is an option
used in the management of severe cases of COVID-19 on
compassionate grounds, supported by a case series from China
(149) and a pilot open, single-arm multicenter study from
Italy (150), particularly if tocilizumab is administered within 6
days of admission (HR 2.2, 95% CI 1.3–6.7, p < 0.05) (150).
Additionally, a large retrospective cohort study demonstrated
that tocilizumab decreased risk of death or minimized risk for
invasive mechanical ventilation in patients with severe COVID-
19 (adjusted HR 0.61, 95% CI 0.40–0.92; p = 0.020) (151). A
smaller, retrospective cohort study demonstrated a significantly
shorter need for vasopressor support in severely ill COVID-19
patients who received tocilizumab (152).

Cardiac dysfunction due to CRS is largely reversible, and in
severe cases mitigated by tocilizumab (153). In some severe cases
not responding to tocilizumab, the corticosteroid is added. In
rare cases, when the patient does not respond to tocilizumab
or steroid, other agents such as anakinra (IL-1R inhibitor)
and etanercept (anti-TNFα) are potential options to hinder
inflammatory pathways (114, 154). Siltuximab is a chimeric
monoclonal antibody that also binds IL-6; however, no studies
have been published on its use in the management of CRS in
cancer patients to date (96).

Next generation novel immunotherapeutics could also affect
COVID-19-related incidence and outcomes. For instance,
AXL is a receptor tyrosine kinase which mediates tumor
invasion, metastasis, and epithelial-mesenchymal transition.
AXL also negatively modulates cancer immune responses
through signaling pathways involving dendritic cells, natural
killer cells and macrophages (155). Given its role in cancer
metastasis and immune function, numerous AXL inhibitors are
being used in clinical trials to treat advanced malignancies.
AXL mediates viral entry into cells and modulates inflammatory
responses induced by viral infections (156, 157). AXL is
also overexpressed on myocardial cells in patients with heart
failure and in patients who experience LV remodeling after
STEMI (158). It is conceivable that through immune and
cardiovascular impacts, investigational drugs that target AXL
may impact outcomes of cancer patients with COVID-19
infection, and clinical trial sponsors and investigators should
be encouraged to track and study COVID-19-infected trial
patients to better understand these complex interactions. To this
end, bemcentinib, an oral AXL inhibitor under investigation
as a cancer immunotherapeutic, has recently been repurposed
to combat COVID-19 as part of the Accelerating COVID-
19 Research & Development (ACCORD) platform in the
United Kingdom.

Interestingly, human antibodies have been isolated from the
convalescent serum of COVID-19 survivors and when coupled
have been shown to be protective. Perhaps the use of these
emerging dual antibodies may be as efficacious for COVID-19
patients as the dual antibodies trastuzumab and pertuzumab
have been for breast cancer patients. Developing therapeutics
from antibodies such as these may help provide safer effective
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options for COVID-19 patients and facilitate avoiding potential
or proven drug-drug interactions.

Role of CYP450 and Drug Transporters
The antiviral drug remdesivir is an investigational drug being
used to treat COVID-19, and concomitant use with drugs
that are strong CYP3A4 inducers is not recommended (159).
The CYP450 enzyme system (which includes CYP3A4) forms
the backbone for metabolism of multiple drugs and plays
a vital role in metabolism of numerous cardio-oncologic
drugs including beta blockers, calcium channel blockers,
statins, cyclophosphamide, docetaxel, cisplatin, and tyrosine
kinase inhibitors (160). In particular, the antiandrogen drugs
apalutamide and enzalutamide used to treat prostate cancer
are strong CYP3A4 inducers (161–163). Both agents can
associate with CVT, such as atrial fibrillation, hypertension,
and ischemic heart disease, especially in individuals with pre-
existing cardiovascular diseases (161–164). Concurrent use
of remdesivir with these drugs should be avoided at the
interface of COVID-19 and cardio-oncology. Of note, in cardio-
oncology, the calcium channel blockers diltiazem and verapamil
are moderate inhibitors of CYP3A4, which also metabolizes
cancer pharmacologic drugs such as doxorubicin, imatinib, and
ibrutinib (160). In vitro, remdesivir is a substrate for CYP2C8,
CYP2D6, and CYP3A4, and an inhibitor of CYP3A4, as well as
a substrate for p-glycoprotein and organic anion transporting
polypeptides 1B1 (OATP1B1) and an inhibitor of OATP1B1
(165). P-glycoprotein and OATP1B1 are membrane transporters
known to help mediate drug-drug interactions. However,
remdesivir generally has a low potential for clinically significant
drug-drug interactions mediated by the CYP450 system or
drug transporters (165–167), since remdesivir functions as a
prodrug that is rapidly metabolized to the active bioavailable
form (165, 168).

Anticoagulation
Empiric therapeutic anticoagulation associates with better
prognosis in severe COVID-19 cases, with improved in-hospital
mortality in retrospective analyses (129, 169). While practice
has varied across centers during the pandemic, anticoagulation
should be considered based on COVID-19 patient factors and
risk stratification (119).

Empiric prophylactic anticoagulation also associates with
better outcomes in cancer patients who are hospitalized and have
reduced mobility, or are ambulatory and have (170, 171):

• advanced or metastatic pancreatic cancer,
• intermediate-high VTE risk based on cancer type or

Khorana score,
• or treatment with immunomodulatory drugs and steroids or

other systemic antineoplastic therapies.

Neurohormonal Drugs: ACEIs and ARBs
It has been suggested that ACE inhibitors may counteract
resulting unopposed ACE-mediated effects in COVID-19 (81).
Thus, the influence of these vasoactive and cardiovascular
remodeling drugs on the risk and severity of COVID-19 has
been under investigation, with some studies suggesting benefit,

juxtaposed with initial speculations about harm (28, 172–181). It
is unknown whether polymorphisms in ACE, or polymorphisms
in ACE2 that may contribute to COVID-19 prognosis [see pre-
prints (182, 183)], also determine the prognosis of patients in
cardio-oncology treated with RAAS regulators, such as ACE
inhibitors and ARBs.

It is important to note that ACEIs and ARBs have established
benefits in protecting the myocardium. They are among first-line
therapy for various CVT (e.g., cardiomyopathy, hypertension,
and myocardial infarction) in cancer patients and survivors,
along with beta blockers, to mitigate symptoms and prolong
survival (184). Withdrawal of these agents instigates clinical
decompensation in high-risk patients, such as rapid relapse of
dilated cardiomyopathy in cancer patients with CVT due to
neoplastic agents (28, 172, 185). Consequently, patients receiving
ACEIs or ARBs should continue ACEI/ARB therapy during
the COVID-19 pandemic (172, 186, 187). Taken together, these
findings suggest overlapping utility of these drugs in both cardio-
oncology and COVID-19.

Implications of Common Pharmacology
It is also important to study shared pharmacologic
management opportunities in COVID-19 and cardio-
oncology. Corticosteroids and immunomodulatory drugs
such as tocilizumab and bemcentinib and other analogous
therapies are being used or studied in cardio-oncology
and have also been repurposed during the pandemic to
temper the inflammation milieu initiated by SARS-CoV-2.
Further, thousands of cancer patients are currently enrolled
in clinical trials combining ICIs with investigational novel
therapeutics across the world, accounting for another special
risk population in the COVID-19 pandemic. Ongoing clinical
trials on anti-interleukins in COVID-19 patients (188, 189)
(NCT04330638, NCT04317092) will also help us to elucidate
benefits and outcomes. Accordingly, an algorithm has been
proposed to incorporate anti-inflammatory agents such as
tocilizumab, canakinumab (IL-1β monoclonal antibody),
anakinra, etanercept, and infliximab (TNFα monoclonal
antibody) to curb CRS in acute COVID-19 infection (190).
The antiviral remdesivir carries a low risk of modulating the
membrane drug transporter p-glycoprotein and the cytochrome
protein 450 family of enzymes and potentially interacting
with CV and cardio-oncology drugs. Nevertheless, caution
is recommended with the combined use of any drugs that
modulate p-glycoprotein or CYP450, due to their potential for
drug-drug interactions and resultant effects on the CV system
in cardio-oncology and COVID-19. Therapeutic anticoagulants
are another class of medications found to be useful in both
COVID-19 and cardio-oncology, due to their beneficial effects
on thromboembolism. Clinical studies are being pursued to
determine the impact of direct oral anticoagulants or aspirin and
statin to limit arterial or venous thrombotic risk in cancer (120).
Regulators of the RAAS (primarily ACEI/ARB) have also taken
centerstage, as many patients are on these medications to treat
hypertension or other common comorbidities that increase the
risk of a more severe course in those with COVID-19. There
has been debate about whether these RAAS modulator drugs
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augment the risk of COVID-19 infection, given the virus’ use
of the ACE receptor to enter host cells. ACE receptor gene
polymorphisms have also been implicated in the prediction of
disease severity, with questionable regulation by the ACEI/ARB
drug class. Pursuit of observational studies and clinical trials
continues to help elucidate the impact of ACEIs and ARBs
in the pandemic (27). Further study should also define the
interplay between SARS-CoV-2 and RAAS and explore any
differential effects of ACEI vs. ARB therapy and tumor specific
responses (91, 93, 94, 185). Future collaboration among basic and
clinical scientists should focus on the biological rationale for the
treatment of COVID-19 patients as well as limited understanding
with respect to the interaction of RAAS inhibitors, ACE2 levels
and SARS CoV-2 infectivity in humans (27).

DISCUSSION

As we recover from the COVID-19 pandemic, we should not
let opportunities for learning surreptitiously slip from our grasp.
The myriad of overlap of CV toxicities, pathophysiology, and
innovative management in COVID-19 and cardio-oncology
provide multiple paths for exploration that could lead to greater
understanding of both COVID-19 and CVT noted in cardio-
oncology (Figure 1). It would behoove us in cardio-oncology
to continue to closely study these toxicities, pathophysiology,
and pharmacologic options in COVID-19 to help update our
understanding in cardio-oncology. Cardio-oncology continues to
expand as a relatively new medical subspecialty. Knowledge gaps
in CVT toxicity, pathophysiology, and pharmacology in cardio-
oncology may benefit from the application of novel concepts,
paradigms, and drug use from overlapping forms of CVT in
COVID-19 (Table 1).

In addition to short-term morbidity and mortality, patients
who recover from COVID-19 infection may be at increased risk
of future incident CVD and CVD-related complications (191,
192). Severe acute respiratory syndrome coronavirus (SARS-
CoV-1) and Middle East respiratory syndrome coronavirus
(MERS-CoV) infection have been implicated in causing diabetes,
hypertension and altered lipid metabolism (193–195). The
increase in CVD risk profile combined with the possibility
of viral-mediated impairment in cardiac and/or pulmonary
functionmay combine to further increase the risk and complexity
of future CVD events. Aggressive risk factor modification and
prophylactic therapy may prove important in mitigating long-
term CVT. Optimal prevention and management of CVT will
require a multidisciplinary approach with close collaborations
among various medical specialties and researchers.

As our current practices change and new questions arise,
future studies in cardio-oncology should focus on studying the
emerging cardiovascular epidemiology of COVID-19, as well
as the impact of changed practices on the health of patients
with cancer and CVD. To reduce the rate of transmission
while providing safe and timely care for patients with cancer
and CVD, temporary recommendations favored telehealth visits
in telecardio-oncology and deferral of non-urgent procedures,

similar to the rest of the population (10, 196). Cardiac
imaging surveillance was limited to patients who were more
likely to have abnormal testing or at higher risk for cancer-
related CVT, particularly if test results would guide initiation
of cardioprotective medications or impact cancer therapy
delivery (197).

Of utmost importance is ensuring equity in our distribution
of hope, health, and healing in the midst of and beyond the
pandemic, as we extend lessons learned from COVID-19 to
cardio-oncology. Ethnic health disparities during the pandemic
have amplified a pre-existing broken healthcare structure, with
disproportionate percentages of African-Americans severely and
fatally affected by COVID-19 (69–73). The pandemic has been
set on a backdrop of inequity, in which African-American cancer
patients are known to be more susceptible to CVT following
cancer therapies (64–68). The higher risk for African Americans
in both COVID-19 and cardio-oncology is of multifactorial
etiology, including higher rates of CVD and CVD risk factors,
which are often also underdiagnosed and undertreated (57,
69, 198–206). Underlying causes of the plethora of inequalities
in healthcare are largely structural and socioeconomic and
reflect our imperfections as a society, with socioeconomic status
being a risk factor for CVD, CVT, and COVID-19 (198, 207,
208). We must recognize the imbalance of comorbidities and
sociodemographics in ethnic populations, in order to make
equitable progress in the post-pandemic era. The lasting impact
of COVID-19 in cardio-oncology need not be the challenges we
faced while caring for our patients during the pandemic. The
long-term sequelae should be steps we have taken to optimize
quality and quantity of life for all.

Thus, there are several areas of overlap, similarity, and
interaction in the toxicity, pathophysiology, and pharmacology
profiles in COVID-19 and cardio-oncology syndromes. Learning
more about either will likely provide some level of insight
into both, with further illumination of CVT mechanisms and
new paradigms of drug utilization to help guide research and
clinical practice in both COVID-19 and cardio-oncology. Such
an approach can be informative peri-pandemic, and should
perhaps be pursued long after the pandemic, to assess for
evidence of long-term independent or synergistic CV effects in
survivors of COVID-19 and cancer, with equity at the forefront of
our efforts.
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Background: Emerging studies have described and analyzed epidemiological, clinical,

laboratory, and radiological features of COVID-19 patients. Yet, scarce information

is available regarding the association of lipid profile features and disease severity

and mortality.

Methods: We conducted a prospective observational cohort study to investigate lipid

profile features in patients with COVID-19. From 9 February to 4 April 2020, a total of 99

patients (31 critically ill and 20 severely ill) with confirmed COVID-19 were included in the

study. Dynamic alterations in lipid profiles were recorded and tracked. Outcomes were

followed up until 4 April 2020.

Results: We found that high-density lipoprotein-cholesterol (HDL-C) and apolipoprotein

A-1 (apoA-1) levels were significantly lower in the severe disease group, with mortality

cases showing the lowest levels (p < 0.0001). Furthermore, HDL-C and apoA-1

levels were independently associated with disease severity (apoA-1: odds ratio (OR):

0.651, 95% confidence interval (CI): 0.456–0.929, p = 0.018; HDL-C: OR: 0.643,

95% CI: 0.456–0.906, p = 0.012). For predicting disease severity, the areas under

the receiver operating characteristic curves (AUCs) of HDL-C and apoA-1 levels at

admission were 0.78 (95% CI, 0.70–0.85) and 0.85 (95% CI, 0.76–0.91), respectively.

For in-hospital deaths, HDL-C and apoA-1 levels demonstrated similar discrimination

ability, with AUCs of 0.75 (95%CI, 0.61–0.88) and 0.74 (95%CI, 0.61–0.88), respectively.

Moreover, patients with lower serum concentrations of apoA-1 (<0.95 g/L) or HDL-C

(<0.84 mmol/l) had higher mortality rates during hospitalization (log-rank p < 0.001).

Notably, levels of apoA-1 and HDL-C were inversely proportional to disease severity.

The survivors of severe cases showed significant recovery of apoA-1 levels at the end

of hospitalization (vs. midterm apoA-1 levels, p = 0.02), whereas the mortality cases

demonstrated continuously lower apoA-1 levels throughout hospitalization. Correlation

analysis revealed that apoA-1 and HDL-C levels were negatively correlated with both

admission levels and highest concentrations of C-reactive protein and interleukin-6.
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Conclusions: Severely ill COVID-19 patients featured low HDL-C and apoA-1 levels,

which were strongly correlated with inflammatory states. Thus, low apoA-1 and HDL-C

levels may be promising predictors for severe disease and in-hospital mortality in patients

suffering from COVID-19.

Keywords: HDL-C, apoA-1, inflammation, lipid, COVID-19

INTRODUCTION

As Coronavirus Disease 2019 (COVID-19) continues to spread
worldwide, millions of people across hundreds of countries
have been impacted. Epidemiological data show that although
most cases are mild, severely ill patients rapidly progress
to acute respiratory disease, multi-organ failure, and septic
shock, with a remarkably increased mortality rate. Therefore,
early identification of risk factors for COVID-19 severity and
progression is of great importance.

Mounting evidence suggests that an impaired immune
function and hyper-inflammatory response are characteristics of
COVID-19 severity and mortality (1–3). Systemic inflammation
and sepsis are prevalent metabolic disorders accompanying
severe COVID-19 (4). Furthermore, proteome analysis suggests
that patients with severe COVID-19 display dysregulated lipid
metabolism (5). Dyslipidemia is associated with damage to
the immune, respiratory, and cardiovascular systems, along
with high levels of proinflammatory cytokines. Furthermore,
dyslipidemia is casually associated with increased risk of
thrombotic complications, endothelial dysfunction, and higher
platelet activity (6). Thus, lipid dysregulation may contribute to
morbidity andmortality fromCOVID-19 infection. However, the
characteristics and dynamic changes in lipid profiles in COVID-
19 patients, as well as their predictive value in disease severity and
mortality, remain largely unknown.

Here, we performed an observational cohort study to
investigate the lipid profile features of patients with COVID-
19 and illuminate the associations between lipid features and
disease severity/mortality.

MATERIALS AND METHODS

Study Population
This observational cohort study prospectively included 99
COVID-19-confirmed inpatients treated from 9 February to 4
April 2020 in Leishenshan Hospital, an urgently constructed
hospital designated for COVID-19 patients located in Wuhan,
China. All patients were diagnosed with COVID-19 according
to interim guidance provided by the World Health Organization
(WHO) (7). COVID-19 severity was classified according to
the Guidelines on the Diagnosis and Treatment of COVID-19
released by the National Health Commission of China (version
7). Criteria for severe cases included any of the following: (1)
respiratory rate ≥ 30 per min; (2) blood oxygen saturation
(SPO2) ≤ 93% at rest; (3) partial pressure of arterial oxygen to
fraction of inspired oxygen ratio<300; (4) more than 50% of lung
infiltrates within 24–48 h; or (5) patients needing mechanical

respiratory support or presenting with septic shock or multi-
organ dysfunction or failure. All patients had a definite outcome
(discharged, continued treatment, deceased) before data analysis.

Data Collection
Time from symptom onset to hospitalization and length
of hospital stay were recorded. All epidemiological, clinical,
laboratory, and outcome data were collected with standardized
data collection forms from the electronic medical records
system at Leishenshan Hospital. Personal history, including
comorbidities, was confirmed with patients or family members.
For information not available from the electronic medical
records, researchers also communicated directly with patients or
their families to obtain additional epidemiological and symptom
data. Lipid profiles, including total cholesterol (TC), triglycerides
(TG), low-density lipoprotein-cholesterol (LDL-C), high-density
lipoprotein-cholesterol (HDL-C), apolipoprotein A-1 (apoA-1),
and apolipoprotein B (apoB), were first determined within 24 h
of admission. A subset of patients hadmultiple lipid and cytokine
metrics (i.e., collectedmore than once); therefore, these data were
included for longitudinal analysis. Dynamic alterations in the
above indicators were recorded. The Sequential Organ Failure
Assessment (SOFA) score (https://www.mdcalc.com/sequential-
organ-failure-assessmment-sofa-score) were calculated for each
participant on admission. Two researchers independently
reviewed the forms to double-check the data collected.

Outcome Definition
Outcomes were followed up until 4 April 2020. The primary
outcome in the study was defined as in-hospital death.

Statistics Analysis
No preliminary sample size calculation was evaluated,
considering the observational nature of our study about
this emerging infectious disease. Continuous variables were
expressed as medians with interquartile ranges (IQR) and
compared using unpaired Student’s t-test or Mann-Whitney
U test. Categorical data were expressed as absolute values and
percentages and were compared using chi-square or Fisher’s
exact tests. Univariate andmultivariable analyses were conducted
to examine the associations between lipids and disease severity.
To assess the discrimination ability of each lipid marker for
outcome, receiver operating characteristic (ROC) curves were
calculated, and the optimal cutoff values were determined
by maximizing the Youden index. Spearman tests were used
to analyze the correlations between lipids and inflammatory
factors. Survival differences among groups with different lipid
concentrations were compared by Kaplan-Meier analysis using
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the log-rank test. Significance levels were set based on two-sided
α < 0.05. Data analyses were performed in statistical packages
R (The R Foundation; http://www.r-project.org; version 3.6.1)
and SPSS 22.0. Diagrams were plotted by GraphPad Prism 8.0
(GraphPad Software, USA).

RESULTS

Baseline Characteristics
A total of 99 laboratory-confirmed COVID-19 patients were
prospectively enrolled in this study. As shown in Table 1, the
median time from symptom onset to admission was comparable
between mild and severe cases [20.00 (IQR: 14.00–26.00) days
vs. 19.00 (IQR, 10.25–30.00) days, p = 0.841] as well as between
severe-surviving and severe-non-surviving groups [20.00 (IQR:
10.50–30.00) days vs. 17.00 (IQR, 10.00–30.00) days, p = 0.663].
Compared with mild cases, severely ill patients were older
(severe: median 70.5 years: IQR, 61.3–81.8 vs. mild: 52 years:
IQR, 42.0–62.0) and more likely to have comorbidities (severe:
84% vs. mild: 59.2%) and higher SOFA scores (severe: median, 5,
IQR, 2–7 vs. mild: median, 0, IQR, 0–1). No sex differences were
found between the mild and severe groups. Fourteen patients
received mechanical ventilation in the severe group, whereas no
mechanical ventilation was used in the mild cases. A total of 15
severe group patients died in hospital. Mechanical ventilation
was more frequently applied among non-survivors. Severe-
non-surviving cases presented significantly higher SOFA scores
(median, 8.00, IQR, 7.50–10.00) than severe-surviving cases
(median, 3.00, IQR, 1.25–5.00). Statin and antiviral treatment
were similar among the groups. However, corticosteroid and
antibiotic use differed significantly between severe and mild
patients. Of note, more deceased patients received corticosteroid
therapy compared with severe-surviving patients. The time from
symptom onset to admission was comparable between the mild
and severe groups [20 IQR (14–26) days vs. 19 IQR (10.25–
30) days, p = 0.841] as well as between the severe-surviving
and severe-non-surviving groups [20 IQR (10.5–30) days vs.
17 IQR (10–30) days, p = 0.663]. Mild patients experienced
a longer hospitalization stay compared to severe patients [20
IQR (15–25) days vs. 15 IQR (9–20.5) days, p = 0.012]. Length
of hospitalization was similar between the severe-surviving and
severe-non-surviving groups [15 IQR (9–22.5) days vs. 15 IQR
(10–18.5) days, p= 0.706].

Laboratory Parameters and Lipid Variation
on Admission
For major laboratory characteristics, mild and severe COVID-
19 cases demonstrated significant deviation in terms of
blood cell proportions, coagulation functions, cardiac and
renal functions, inflammatory indicators, and lipid profiles.
Hierarchical clustering was performed to visualize the differences
in laboratory parameters between mild and severe COVID-19
patients. The resulting heatmap illustrated different enrichment
in blood indicators between mild and severe cases (Figure 1,
Supplementary Figure 1). Notably, inflammatory cytokines,
which are organ injury-associated indicators, were found at
higher concentrations in the severe cases, whereas certain blood

indicators, including lymphocytes, erythrocytes, hemoglobin,
and albumin, were higher in the mild group.

In terms of lipid profiles, we detected lower concentrations
of HDL-C, apoA-1, LDL-C, and TC in the severe group
compared with the mild group (Figures 2A–D). The TG level
was significantly increased in the severe-non-surviving cases
compared with the severe-surviving cases (Figure 2E), while
HDL-C, apoA-1, LDL-C, TC and apoB concentrations were
comparable between these two groups (Figures 2A–D,F).

Lipid Profiles and Risk of Severe Condition
Based on the distinct lipid profile features between the severe
and mild cases, we performed univariate andmultivariate logistic
regression analyses to explore the associations between lipid
concentrations and disease severity. According to univariate
analysis, TC, HDL-C, and apoA-1 levels were associated with
severe disease as both continuous and categorical variables
(divided by tertiles), whereas LDL-C and TG did not reach
statistical significance. Remarkably, based on multivariate
analysis, we found that apoA-1 (OR: 0.651 95% CI: 0.456–
0.929, p = 0.018) and HDL-C (OR: 0.643 95% CI: 0.456–0.906,
p = 0.012) were still independently associated with severity
after adjusting for well-recognized risk factors: i.e., age and
albumin, D-dimer, C-reactive protein (CRP), and interleukin-
6 (IL-6) levels (Table 2). Moreover, patients with the highest
tertile of HDL-C and apoA-1 displayed the lowest risk for
severe COVID-19. Even after considering comorbidities and
SOFA scores for further adjustment, apoA-1 and HDL-C levels
remained independently associated with severe status of the
disease (Supplementary Table 1). The ROC curves confirmed
the significant predictive value of HDL-C and apoA-1 for the
presence of severe cases. As shown in Table 3, apoA-1 ≤ 1.16
g/L predicted severity with a specificity of 0.86, sensitivity of
0.66, and area under ROC curve (AUC) of 0.85 (95% CI: 0.76–
0.91; p < 0.001). An optimal serum HDL-C cut-off of 1.00
mmol/L provided diagnostic specificity and sensitivity of 75.5
and 68.2%, respectively, for severe cases. TC also displayed
prognostic capability, but LDL-C, apoB, and TG showed weak
discrimination of the severe condition.

Association of Lipid Biomarkers With
COVID-19 Mortality
We further detected the predictive performance of lipid profiles
for in-hospital death. Notably, ROC analysis revealed that HDL-
C and apoA-1 remained valuable for predicting in-hospital death.
At a threshold of 0.95 g/L, the AUC of the ROC curve of
apoA-1 for death was 0.74 (95% CI 0.61–0.88, p = 0.002). With
a cut-off of 0.84 mmol/L, the AUC of HDL-C for death was
0.75 (95% CI: 0.61–0.88, p = 0.002) (Table 4). Moreover, the
Kaplan-Meier survival curves and log-rank tests demonstrated
that patients with lower apoA-1 orHDL-C levels had a higher rate
of in-hospital mortality (divided according to the best threshold)
(Figure 3).

Dynamic Alterations in Lipid Profiles and
Associations With Inflammatory Indicators
Figure 4 shows the changes in inflammatory factors and lipid
profiles in the mild, severe-surviving, and severe-non-surviving
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TABLE 1 | Clinical characteristics and laboratory assessments in COVID-19 patients.

Mild (n = 49) Severe(n = 50) p-value Severe (n = 50) p-value

Severe-surviving

(n = 35)

Severe-non-surviving

(n = 15)

Age, years 52.00 (42.00–62.00) 70.50 (61.25–80.75) <0.001 69.00 (61.50–80.50) 73.00 (63.50–78.50) 0.695

Male, n% 26 (53.06%) 34 (68.00%) 0.128 26 (74.29%) 8 (53.33%) 0.191

SOFA score 0 (0–1) 5.0 (2.0–7.0) <0.001 3.00 (1.25–5.00) 8.00 (7.50–10.00) <0.001

Mechanical ventilation, n% 0 (0.00%) 15 (30.00%) <0.001 5 (14.29%) 10 (66.67%) <0.001

Symptom to admission

duration, days

20.00 (14.00–26.00) 19.00 (10.25–30.00) 0.841 20.00 (10.50–30.00) 17.00 (10.00–30.00) 0.663

Length of hospitalization,

days

20.00 (15.00–25.00) 15.00 (9.00–20.50) 0.012 15.00 (9.00–22.50) 15.00 (10.00–18.50) 0.706

Symptom

- Fever, n% 38 (77.55%) 28 (56.0%) 0.023 20 (57.14%) 8 (53.33%) 0.804

- Diarrhea, n% 9 (18.37%) 6 (12.0%) 0.377 6 (17.14%) 0 (0.00%) 0.160

- Fatigue, n% 13 (26.53%) 19 (38.0%) 0.222 16 (45.71%) 3 (20.00%) 0.117

- Cough, n% 29 (59.18%) 26 (52.0%) 0.472 19 (54.29%) 7 (46.67%) 0.760

- Chest pain, n% 19 (38.78%) 23 (46.0%) 0.467 18 (51.43%) 5 (33.33%) 0.355

- Dyspnea, n% 13 (26.53%) 24 (48.0%) 0.027 21 (60.00%) 3 (20.00%) 0.014

Comorbidities, n% 29 (59.18%) 42 (84.0%) 0.006 27 (77.14%) 15 (100.00%) 0.086

- Diabetes, n% 7 (14.29%) 24 (48.00%) <0.001 16 (45.71%) 7 (46.67%) 1.000

- Hypertension, n% 18 (36.73%) 28 (56.00%) 0.085 19 (54.29%) 9 (60.00%) 0.765

- Pulmonary disease, n% 5 (10.20%) 6 (12.00%) 0.563 4 (11.43%) 2 (13.33%) 0.849

- Heart failure, n% 3 (6.12%) 14 (26.00%) 0.007 11 (31.43%) 3 (20.00%) 0.507

- CKD, n% 0 (0.00%) 16 (32.00%) <0.001 11 (31.43%) 5 (33.33%) 1.000

- CAD, n% 1 (2.04%) 13 (26.00%) <0.001 10 (28.57%) 3 (20.00%) 0.728

- Tumor, n% 3 (6.12%) 4 (8.00%) 0.716 2 (5.71%) 2 (13.33%) 0.574

- Autoimmune disease, n% 0 (0.00%) 2 (4.00%) 0.157 1 (2.86%) 1 (6.67%) 0.514

- Dyslipidemia, n% 4 (8.16%) 8 (16.00%) 0.147 4 (11.43%) 4 (26.67%) 0.178

Laboratory findings

- Leukocytes × 109/L 5.68 (4.67–7.02) 7.42 (5.27–10.41) <0.001 7.33 (5.68–9.68) 9.69 (5.00–14.82) 0.403

- Neutrophil × 109/L 3.04 (2.61–3.94) 6.01 (3.96–8.91) <0.001 5.64 (3.96–7.28) 8.00 (4.26–11.82) 0.182

- Lymphocyte × 109/L 1.66 (1.04–2.26) 0.83 (0.67–1.24) <0.001 0.90 (0.71–1.33) 0.70 (0.28–0.89) 0.020

- Platelets × 109/L 199.00

(171.00–256.00)

199.00

(133.75–274.50)

0.378 216.00

(174.00–281.00)

117.00 (80.50–152.50) 0.003

- Erythrocytes × 1012/L 4.13 (3.87–4.51) 3.35 (2.83–3.80) <0.001 3.31 (2.88–3.77) 3.39 (2.55–3.74) 0.594

- Hemoglobin, g/L 128.00

(119.00–137.00)

103.00 (84.00–117.50) <0.001 105.0–3.74

(84.50–120.00)

101.00 (84.00–112.00) 0.775

- CRP, mg/L 0.81 (0.52–2.61) 33.91 (9.14–82.47) <0.001 22.66 (6.26–63.94) 69.53 (30.16–114.89) 0.014

- Procalcitonin, ng/mL 0.03 (0.02–0.04) 0.32 (0.09–1.04) <0.001 0.16 (0.09–0.52) 0.87 (0.44–1.53) 0.017

- ESR, mm/H 12.00 (7.00–23.00) 43.00 (21.25–60.75) <0.001 42.00 (21.50–59.50) 44.00 (17.00–67.50) 0.916

- SAA, mg/L 5.00 (5.00–5.30) 54.78 (13.61–214.33) <0.001 35.44 (9.61–244.24) 102 (32.4–270.46) 0.016

- PT, s 11.40 (10.90–11.70) 12.10 (11.43–13.55) <0.001 12.10 (11.35–13.60) 12.10 (11.55–14.40) 0.491

- INR 0.98 (0.93–1.01) 1.05 (0.98–1.18) <0.001 1.05 (0.97–1.19) 1.05 (0.99–1.27) 0.484

- Fibrinogen, g/L 2.66 (2.40–2.95) 4.04 (3.21–5.60) <0.001 3.99 (3.24–5.72) 4.75 (3.25–5.60) 0.832

- D-Dimer, mg/L 0.29 (0.15–0.59) 2.94 (1.64–4.09) <0.001 2.31 (1.45–3.74) 4.03 (2.57–6.42) 0.088

- BNP, pg/mL 7.00 (6.00–13.87) 117.66 (28.15–342.00) <0.001 119.79 (26.27–593.00) 115.22 (33.84–189.34) 0.695

- Hs-cTnI, ng/ml 0.01 (0.01–0.01) 0.03 (0.01–0.06) <0.001 0.02 (0.01–0.06) 0.03 (0.03–0.06) 0.078

- ALT, µ/L 28.00 (19.00–42.00) 21.00 (12.50–29.50) 0.059 21.00 (13.00–27.00) 24.00 (16.50–36.50) 0.532

- AST,µ/L 20.00 (17.00–26.00) 24.00 (18.00–32.75) 0.053 22.00 (18.00–31.00) 28.00 (18.50–44.00) 0.385

- Albumin, g/L 38.10 (36.10–41.30) 30.50 (28.40–35.68) <0.001 30.50 (28.80–34.55) 29.40 (25.10–34.90) 0.346

- TBIL, µmol/L 9.24 (7.40–12.70) 9.40 (6.55–14.10) 0.607 8.40 (6.35–11.65) 14.10 (7.25–18.10) 0.159

- Glucose, mmol/L 4.69 (4.38–5.03) 5.97 (4.88–8.20) <0.001 5.73 (4.89–7.48) 6.69 (4.62–12.05) 0.498

(Continued)
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TABLE 1 | Continued

Mild (n = 49) Severe(n = 50) p-value Severe (n = 50) p-value

Severe-surviving

(n = 35)

Severe-non-surviving

(n = 15)

- BUN, mmol/L 4.70 (4.00–5.30) 8.70 (5.32–15.60) <0.001 7.20 (4.60–11.05) 14.40 (8.80–37.40) 0.026

- Creatinine, µmol/L 60.20 (50.70–70.40) 82.20 (56.73–154.83) <0.001 75.00 (56.25–108.45) 98.20 (68.20–235.20) 0.295

- Total cholesterol, mmol/L 4.52 (3.63–4.9) 3.51 (2.90–4.48) <0.001 3.59 (2.98–4.48) 3.18 (2.58–4.25) 0.553

- Triglycerides, mmol/L 1.21 (0.81–1.80) 0.96 (0.70–1.62) 0.114 0.90 (0.70–1.38) 1.00 (0.82–2.71) 0.010

- LDL-C, mmol/L 2.57 (2.04–2.96) 2.16 (1.58–2.68) 0.016 2.19 (1.64–2.83) 1.76 (1.49–2.64) 0.494

- HDL-C, mmol/L 1.18 (1.00–1.42) 0.94 (0.74–1.12) <0.001 0.97 (0.76–1.08) 0.77 (0.61–0.99) 0.112

- apoA-1, g/L 1.42 (1.22–1.64) 1.01 (0.79–1.23) <0.001 1.03 (0.80–1.25) 0.84 (0.64–1.19) 0.277

- apoB, g/L 0.93 (0.79–1.08) 0.80 (0.69–1.14) 0.205 0.86 (0.73–1.14) 0.70 (0.66–1.07) 0.277

- IL.6, pg/mL 1.29 (0.75–3.37) 38.45 (12.59–80.07) <0.001 23.84 (10.55–41.88) 124.90 (58.45–241.45) <0.001

- IL.1β, pg/mL 3.00 (2.00–3.29) 3.75 (3.00–5.00) 0.009 3.00 (3.00–4.07) 5.00 (3.67–6.32) 0.023

- IL.8, pg/mL 6.00 (3.80–8.60) 16.70 (13.00–27.80) <0.001 16.00 (11.50–22.00) 28.40 (19.50–49.00) 0.005

- IL.10, pg/mL 3.00 (2.00–3.56) 4.01 (3.00–8.97) <0.001 4.00 (3.00–7.55) 8.20 (3.43–15.00) 0.146

- IL2R, U/mL 0.31 (0.22–0.43) 0.81 (0.57–1.65) <0.001 0.72 (0.58–1.42) 1.56 (0.60–2.94) 0.147

- TNF α, pg/mL 6.50 (5.50–7.16) 10.61 (7.75–14.73) <0.001 10.70 (7.45–14.38) 11.50 (8.50–19.45) 0.427

Treatment, n%

Antibiotic therapy 17 (34.70%) 50 (100%) <0.001 35 (100%) 15 (100%) –

Antiviral therapy 47 (95.92%) 48 (96.00%) 0.984 34 (97.14%) 14 (93.33%) 0.529

Use of corticosteroids 0 (0%) 19 (38.00%) <0.001 10 (28.57%) 9 (60.00%) 0.036

Statin 8 (16.32%) 15 (30.00%) 0.107 11 (31.42%) 4 (26.67%) 0.736

Categorical data are expressed as absolute values and percentages and were compared using chi-square or Fisher exact tests. Continuous variables were expressed as medians

with interquartile ranges (IQR) and compared by unpaired Student’s t-test or Mann-Whitney U test. AST, aspartate aminotransferase; ALT,alanine aminotransferase; BUN, blood urea

nitrogen; BNP, brain natriuretic peptide; Hs-cTnI, hypersensitive troponin I;CRP, C-reactive protein; CKD, chronic kidney disease; CAD, coronary artery disease; ESR, erythrocyte

sedimentation rate; SAA, serum amyloid A; IL, interleukin; IL2R, interleukin2 receptor; LDL-C, low-densitylipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol; apoA-

1, apolipoproteinA-1; apoB, apolipoproteinB; INR,international standard ratio; PT, prothrombin time; TNF α, tumor necrosis factorα; TBIL, total bilirubin; SOFA, Sequential Organ

Failure Assessment.

FIGURE 1 | Admission characteristics of laboratory parameters between mild and severe COVID-19 patients. Hierarchical clustering was applied based on laboratory

parameters. Heatmap indicates enriched concentration of laboratory indicators in mild and severe cases. Levels of laboratory metrics were scaled by calculating

z-scores (subtracting mean, then dividing by standard deviation of each row). Laboratory metrics were categorized into four major groups, i.e., lipid metrics, routine

blood parameters, organ/cruor function-associated indicators, and inflammatory factors, with color bars on right side of plot indicating each analyte category. Y-axis

represents laboratory values after z-scoring by row; x-axis represents individual cases. Annotations show severe cases in pink and mild cases in cyan.
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FIGURE 2 | Violin plots of lipid features of mild vs. severe and severe survivors vs. severe non-survivors. Plots demonstrate lipid concentration within each group.

Horizontal dotted lines represent first and third quartiles; horizontal dashed lines within plot indicate median of lipid levels. Dunnett’s test was applied to assess

significance of differences with mild cases serving as the control. (****p < 0.0001, **p < 0.01, *p < 0.05).
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TABLE 2 | Logistic regression analysis for severity in COVID-19 patients.

Univariate OR (95% CI) p-value Adjusted OR* (95% CI) p-value

apoA-1 (10−1g/L) 0.617 (0.507, 0.751) <0.001 0.651 (0.456, 0.929) 0.018

apoA-1 group

Q1 (4–10.4) Ref Ref

Q2 (10.5–13.8) 0.126 (0.036, 0.443) 0.001 0.538 (0.059, 4.882) 0.581

Q3 (14.0–21.7) 0.036 (0.009, 0.136) <0.001 0.066 (0.005, 0.823) 0.034

apoA-1 group trend <0.001 0.023

HDL-C (10−1mmol/L) 0.709 (0.602, 0.835) <0.001 0.643 (0.456, 0.906) 0.012

HDL-C group

Q1 (3.1–9.1) Ref Ref

Q2 (9.3–11.78) 0.400 (0.139, 1.147) 0.090 0.264 (0.028, 2.469) 0.242

Q3 (11.8–33.5) 0.103 (0.033, 0.316) <0.001 0.065 (0.005, 0.778) 0.03093 0.031

HDL-C group trend <0.001 0.029

Total cholesterol (mmol/L) 0.505 (0.328, 0.776) 0.002 0.866 (0.425, 1.766) 0.693

TC group

Q1 (1.97–3.44) Ref Ref

Q2 (3.49–4.54) 0.301 (0.106, 0.860) 0.025 0.497 (0.079, 3.146) 0.458

Q3 (4.56–7.38) 0.120 (0.040, 0.362) <0.001 0.338 (0.048, 2.360) 0.274

TC group trend <0.001 0.281

Triglycerides (mmol/L) 0.808 (0.538, 1.214) 0.304 0.808 (0.269, 2.423) 0.703

TG group

Q1 (0.29–0.82) Ref Ref

Q2 (0.84–1.43) 0.778 (0.295, 2.051) 0.611 1.212 (0.242, 6.079) 0.815

Q3 (1.44–5.35) 0.648 (0.244, 1.724) 0.385 1.006 (0.119, 8.472) 0.996

TG group trend 0.402 0.993

LDL-C (mmol/L) 0.588 (0.343, 1.007) 0.053 1.281 (0.508, 3.230) 0.599

LDL-C group

Q1 (0.79–1.96) Ref Ref

Q2 (2.01–2.68) 0.471 (0.174, 1.273) 0.137 1.614 (0.208, 12.524) 0.647

Q3 (2.70–4.93) 0.286 (0.104, 0.787) 0.015 1.709 (0.241, 12.144) 0.592

LDL-C group trend 0.01545 0.62094

apoB (g/L) 0.638 (0.147, 2.766) 0.548 3.908 (0.279, 54.710) 0.311

apoB group

Q1 (0.43–0.76) Ref Ref

Q2 (0.77–1.02) 0.300 (0.108, 0.830) 0.02 1.022 (0.147, 7.105) 0.982

Q3 (1.03–1.82) 0.444 (0.165, 1.194) 0.108 1.706 (0.270, 10.797) 0.57

apoB group trend 0.145 0.512

Logistic regression was used to determine association between lipid profile with severity of COVID-19. *Adjusted for age and albumin, D-dimer, CRP, and IL-6 levels. LDL-C,

low-densitylipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol; apoA-1, apolipoproteinA-1; apoB, apolipoprotein B; TG, triglycerides; TC, total cholesterol.

groups from hospital admission, mid-term hospitalization, and
end of hospitalization. As illustrated in Figures 4A,B, throughout
hospitalization, CRP and IL-6 levels were significantly and
continuously high in the severe-surviving and mortality cases
but showed low levels among mild cases. Notably, compared
with that in the severe-surviving group, both CRP and IL-6
levels in mortality cases were significantly higher at the end of
hospitalization (p < 0.05).

On admission, regardless of severity or outcome, most
patients presented comparable TG and LDL-C levels
(Figures 4C,D). By the end of hospitalization, however, TG
levels displayed a slight upward trend in the mortality cases

and were significantly higher than that in the severe survivors
(p = 0.013); in addition, LDL-C levels were significantly lower
in severe survivors and non-survivors compared to that in
the mild cases (both p < 0.01). Levels of apoA-1 and HDL-C
were inversely proportional to disease severity, with mortality
cases showing continuously lower levels across hospitalization
(Figures 4E,F). Of note, after a slight downward trend in
mid-term apoA-1 levels, severe survivors showed a significant
recovery in apoA-1 levels at the end of hospitalization (vs.
mid-term apoA-1 levels, p= 0.02). By the end of hospitalization,
the lowest apoA-1 levels were found in severe cases with a fatal
outcome (p < 0.01). For TC and apoB, no significant differences
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TABLE 3 | Diagnostic values of lipid profiles in assessment of COVID-19 severity.

AUC (95% CI) Best

threshold

Specificity Sensitivity p-value

apoA-1 0.85 (0.76–0.91) 1.16 0.86 0.66 <0.001

HDL-C 0.78 (0.69–0.85) 1.00 0.76 0.68 <0.001

TC 0.71 (0.61–0.81) 3.24 0.94 0.42 <0.001

apoB 0.58 (0.46–0.68) 0.78 0.78 0.46 0.192

LDL-C 0.62 (0.52–0.76) 1.78 0.92 0.40 0.016

TG 0.59 (0.46–0.70) 1.13 0.61 0.62 0.126

apoA-1 + HDL-C 0.85 (0.77–0.92) – 0.86 0.66 <0.001

AUC, area under the curve; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-

density lipoprotein-cholesterol; apoA-1, apolipoprotein A-1; apoB, apolipoprotein B; TG,

triglycerides; TC, total cholesterol.

TABLE 4 | Diagnostic values of lipid profiles in assessment of COVID-19 mortality.

AUC (95% CI) Best

threshold

Specificity Sensitivity p-value

apoA-1 0.74 (0.61–0.88) 0.95 0.83 0.67 0.002

HDL-C 0.75 (0.61–0.88) 0.84 0.81 0.73 0.002

apoB 0.62 (0.43–0.79) 0.71 0.85 0.53 0.093

LDL-C 0.64 (0.46–0.80) 1.83 0.80 0.60 0.054

TG 0.44 (0.27–0.61) 1.01 0.58 0.53 0.444

TC 0.66 (0.51–0.80) 3.18 0.83 0.53 0.040

apoA-1 + HDL-C 0.77 (0.63–0.90) – 0.83 0.67 0.002

AUC, area under the curve; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-

density lipoprotein-cholesterol; apoA-1, apolipoprotein A-1; apoB, apolipoprotein B; TG,

triglycerides; TC, total cholesterol.

were observed among the three groups across the three time
points (Figures 4G,H).

Correlation analysis was performed to detect potential factors
related to lipid characteristics. As shown in Figure 5A, admission
lipid profiles, especially apoA-1 and HDL-C, were negatively
correlated with inflammatory factors, such as CRP and IL-6.
Admission apoA-1 and HDL-C levels were inversely correlated
with peak CRP and IL-6 concentrations during the clinical course
of the disease (Figure 5B).

DISCUSSION

Our study highlighted an important association between lipid
profiles and fatal clinical outcomes in COVID patients. The main
findings are as follows: (1) COVID-19 patients in severe disease
were characterized by decreased apoA-1 and HDL-C levels;
(2) low apoA-1 and HDL-C levels on admission were able to
predict COVID-19 severity and mortality during hospitalization;
and (3) apoA-1 and HDL-C levels were strongly correlated
with inflammatory indicators, and deviated markedly from the
normal reference range in severe cases throughout the course of
the disease.

Previous studies have shown that infection and sepsis are
accompanied by a metabolic change in the lipid profile, featuring
hypertriglyceridemia and reduced HDL-C levels in serum (4, 8).

FIGURE 3 | Kaplan-Meier survival curves for in-hospital deaths based on

dichotomized HDL-C and apoA-1 concentrations. COVID-19 patients with

apoA-1 (A) and HDL-C (B) levels above and below the optimal cutoff value

(calculated by ROC analysis) showed obvious disparity in survival time (p <

0.0001).

Lipidmetabolism dysregulation has also been confirmed in septic
patients secondary to both community and hospital-acquired
pneumonia (9, 10). In the context of COVID-19, excessive
cytokine activation in response to SARS-CoV-2 infection appears
to contribute to multiple organ dysfunction. As a result, sepsis
and septic shock are frequently observed complications in severe
COVID-19 patients (11, 12). Therefore, it is not surprising that
serum apoA-1 and HDL-C levels were lower in severely ill
patients, especially non-survivors, compared to mild cases.

Both apoA-1 (r = −0.55; p < 0.001) and HDL-C (r = −0.45;
p < 0.001) levels were negatively related to SOFA scores, a
common diagnostic tool for identifying sepsis severity (13). Based
on multivariate analyses, decreased apoA-1 and HDL-C levels
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FIGURE 4 | Dynamic alterations in lipid and major laboratory markers from admission in COVID-19 patients. Temporal changes in CRP (A), IL-6 (B), TG (C), LDL-C

(D), apoA-1 (E), HDL-C (F), TC (G), and apoB (H) in a subset of COVID-19 patients with ≥2 longitudinal data across three time periods, including on admission,

mid-hospitalization, and end of hospitalization. Horizontal dashed lines indicate normal reference range of factors. Mean values of normally distributed parameters

(lipid metrics) and median values of non-normally distributed factors (CRP and IL-6) in each group at three time periods are linked by lines. Significant differences

among three groups at each time point were compared using one-way ANOVA with Tukey’s multiple comparisons test or Kruskal-Wallis test as appropriate. Statistical

significance (p < 0.05) is indicated by ξ between severe (death) and severe (survivor) cases, @ between severe (death) and mild cases, and # between severe

(survivor) and mild cases. IL-6, interleukin-6; CRP, C-reactive protein; TG, triglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein-cholesterol; HDL-C,

high-density lipoprotein-cholesterol, apoA-1, apolipoprotein A-1; apoB, apolipoprotein B.
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FIGURE 5 | Correlations among lipid profiles and laboratory parameters. (A) Heatmap values represent pairwise Spearman rank correlation coefficients. Blue

indicates positive correlation, red indicates negative correlation. (B) Spearman correlation coefficient analysis shows that initial HDL-C and apoA-1 levels were

significantly inversely correlated with peak values of CRP and IL-6 during disease course.

were independently associated with COVID-19 severity after
adjusting for established indicators of severity, such as age, low
albumin, and increased D-dimer, CRP, and IL-6 levels (14, 15).
These covariates were included in the multivariate analysis due
to their close association with sepsis development reported in
previous studies (16, 17). In addition, ROC analysis illustrated
that decreased apoA-1 and HDL-C levels were strong predictors
of COVID-19 severity. In line with our findings, Groin et al.
found that low serum HDL-C concentration on admission is a
risk factor for the development of severe sepsis (18).

Our results also highlighted the predictive value of decreased
HDL/apoA-1 levels on admission to in-hospital death in COVID-
19 patients. Almost half of our research population developed
into severe cases, with a relatively high mortality rate of 15.1%.
This may be because Leishenshan Hospital was a designated
hospital for treating complicated patients transferred from other
local hospitals. Our study, for the first time, illustrated that
in-hospital death increased significantly in patients with low
serum apoA-1 (<0.95 g/L) or HDL-C (<0.84 mmol/L). In
addition, ROC analysis verified the predictive value of HDL-
C and apoA-1 levels for in-hospital death among COVID-19
patients. This is in agreement with previous study, which found
that low apoA-1 concentration is independently associated with
the 30-day mortality rate in septic patients (19). Interestingly,
here, the temporal recording of lipid profiles showed that
the initial decrease in apoA-1/HDL-C levels in survivors
began to recover at the end of hospitalization. A similar
tendency in HDL-C change has also been observed in patients
recovering from sepsis (20). Here, however, apoA-1 rapidly
deteriorated in non-survivors throughout the clinical course of
the disease.

The underlying mechanisms of HDL-C reduction in severe
COVID-19 patients and its association with increased mortality
are not fully understood. HDL-C and its major structural protein
(apoA-1) directly exert anti-inflammatory effects by neutralizing
lipopolysaccharides (LPS), thus playing an important role
in host resistance to bacterial, viral, and parasitic infection
(21). The protective role of apoA-1 is also evidenced in
acute lung injury and acute respiratory distress syndrome.
Specifically, apoA-1-deficient mice exhibit enhanced recruitment
of neutrophils and monocytes to airspace under LPS inhalation
(22). However, both HDL-C and its beneficial effects can
be disturbed by inflammation (23, 24). For example, pro-
inflammatory cytokines like IL-6 and CRP directly inhibit
apolipoprotein synthesis enzyme activity, resulting in reduced
apoA-1 and HDL-C production (25). In our study, IL-6 and
CRP concentrations were significantly higher in the severe group,
and were negatively correlated with lipid indicators apoA-1
and HDL-C. We also found that serum amyloid A (SAA), an
acute phase protein, was markedly increased in severe patients.
SAA-enriched HDL is reported to clear more rapidly from
circulation than normal HDL (26). Hence, the inflammatory-
induced humoral innate response to scavenge lipoprotein from
circulation may be another potential mechanism leading to low-
HDL-C levels. As a result, a vicious cycle occurs in severely
ill COVID-19 patients, with a deficiency in HDL-C resulting
in cytokine overproduction and a further depletion of HDL-
C.

In our study, TC and LDL-C levels in severe patients tended
to follow a pattern similar to that of HDL-C. Low TC and
LDL-C levels are considered as markers of malnutrition, as
nutrition provides the basic substrate for cholesterol synthesis
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(27). Furthermore, early enteral nutrition is reported to accelerate
the recovery of TC levels (20). Consistently, the nutrition
states of patients deteriorated in our study, as reflected
by continuously decreased levels of albumin in the severe
group. Like HDL-C, inflammatory mediators also participate
in impaired LDL-C synthesis. Thus, hypocholesterolemia may
reflect both malnutrition and an overactive inflammatory status
in severe COVID-19 patients.

Although admission TG levels were comparable between
mild and severe cases, TG levels were remarkably elevated in
non-survivors. Serum TG frequently increases under a septic
environment due to reduced TG hydrolysis. Inflammatory
cytokines also contribute to inhibit LPL activity, overproduction
of free fatty acid, and TG synthesis (26). Besides, after
comparing the survival rates between four groups of
patients stratified by TG and apoA-1 levels, we found that
patients with lower apoA-1 levels and elevated TG levels
displayed the unfavorable prognosis with the lowest survival
rate (Supplementary Figure 2). Thus, we considered that
elevated TG levels, together with persistently low lipoprotein
cholesterol concentrations, might be a marker of uncontrolled
inflammation and increased risk of death in COVID-19
patients. And further assessment in larger cohorts are required
for validation.

STUDY LIMITATIONS

There are several limitations in our study. First, given the
small sample size, to avoid overfitting, we only calculated
the Kaplan-Meier survival curve to evaluate the prognostic
values of apoA-1 and HDL-C but did not conduct multivariate
cox regression to assess the independent prognostic values
of these lipid metrics. Thus, further larger cohorts are
warranted to verify our conclusions. Second, some patients
were already in poor condition when transferred from
the local hospital to Leishenshan Hospital, resulting in a
higher rate of severe cases in our study. Further studies
on outpatients and other mobile hospitals are required
to provide a more complete picture of the relationship
between lipid profiles and disease progression. Third, our
study only focused on lipid concentrations rather than their
quality. Therefore, whether lipid particle composition and
functional alteration can affect COVID-19 outcomes deserves
further investigation.

CONCLUSIONS

Lipid metabolism disorders, characterized by low HDL-C and
apoA-1 levels, were found in severely ill COVID-19 patients.
The altered HDL-C and apoA-1 levels were negatively correlated
with inflammatory indicators. Low apoA-1 and HDL-C levels
on admission exhibited predictive value in discriminating
disease severity and mortality during hospitalization. Our study
examined COVID-19 in regard to lipid metabolism, and thus
provides new insights into the disease.
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The global pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

that causes coronavirus disease 2019 (COVID-19) has led to 47m infected cases and

1. 2m (2.6%) deaths. A hallmark of more severe cases of SARS-CoV-2 in patients

with acute respiratory distress syndrome (ARDS) appears to be a virally-induced

over-activation or unregulated response of the immune system, termed a “cytokine

storm,” featuring elevated levels of pro-inflammatory cytokines such as IL-2, IL-6,

IL-7, IL-22, CXCL10, and TNFα. Whilst the lungs are the primary site of infection for

SARS-CoV-2, in more severe cases its effects can be detected in multiple organ systems.

Indeed, many COVID-19 positive patients develop cardiovascular complications, such

as myocardial injury, myocarditis, cardiac arrhythmia, and thromboembolism, which are

associated with higher mortality. Drug and cell therapies targeting immunosuppression

have been suggested to help combat the cytokine storm. In particular, mesenchymal

stromal cells (MSCs), owing to their powerful immunomodulatory ability, have shown

promise in early clinical studies to avoid, prevent or attenuate the cytokine storm. In

this review, we will discuss the mechanistic underpinnings of the cytokine storm on the

cardiovascular system, and how MSCs potentially attenuate the damage caused by the

cytokine storm induced by COVID-19. We will also address how MSC transplantation

could alleviate the long-term complications seen in some COVID-19 patients, such as

improving tissue repair and regeneration.
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INTRODUCTION

As of 3rd November 2020, there are >47 million cases of the
coronavirus 19 or severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) that causes coronavirus disease 2019 (COVID-
19) in the World. There have been >1.2 million reported
deaths due to COVID-19, and >34 million infected cases have
recovered. As it stands, the infection and death rate due to
COVID-19 is below that of previous pandemics. For example,
the 1918 Spanish flu outbreak saw 500 million people infected
throughout the World and 17–50 million people died over a 2
year span; with up to 25 million deaths in the first 25 weeks (1).
Prior to the 1918 flu pandemic, influenza outbreaks had only
killed juveniles and the elderly or already weakened patients.
However, the Spanish flu was killing completely healthy young
adults, while leaving children and those with weaker immune
systems still alive (2). This high mortality was attributed to
malnourishment, overcrowdedmedical camps and hospitals, and
poor hygiene, all exacerbated by the recent war which promoted
bacterial superinfection (3). The outcome of the COVID-19
pandemic is impossible to predict, however history shows that
past pandemics have reshaped societies in profound ways. It is
clear that COVID-19 has already changed theWorld and the way
we live and work forever.

SARS-CoV-2 gains entry to human cells through the
angiotensin-converting enzyme 2, or ACE2 receptor (4). ACE2-
mediated viral entry is facilitated by serine proteases, most
notably transmembrane protease serine 2 (TMPRSS2), which
primes the SARS-CoV-2 spike glycoprotein (5). Initial infection
of lung epithelia or alveoli allows SARS-CoV-2 to access
the otherwise enclosed systemic circulation, subsequently pre-
disposing multiple organs to potential infection. Multiple organs
and tissues, such as the lungs, heart, kidneys, liver, and the
vasculature, contain cells which co-express ACE2 and TMPRSS2,
or other serine proteases (cathepsin B and cathepsin L1) (6–9).

Similar to other diseases caused by coronaviruses, the main
transmission route of SARS-CoV-2 is via respiratory droplets
and aerosolised particles (10) that are propelled into the
air when a person speaks, coughs, shouts, sings, sneezes, or
laughs. At the onset of the COVID-19 pandemic, the main
symptoms were fever (98%), cough (76%), and myalgia or
fatigue (44%) (11). Then, loss of sense of taste and smell,
termed anosmia, became a symptom in March 2020 (12),
with a large proportion of those reporting anosmia presenting
with mild symptoms. Patients can then develop breathing
difficulty within 1 week and the severely ill patients soon
developed acute respiratory distress syndrome (ARDS), acute
cardiac injury, secondary infections, or a combination, resulting
in hospital admission and severe cases requiring mechanical
ventilation in the ICU (11). Such patients typically exhibit
an exaggerated immune response, or cytokine storm, that has
become a hallmark of severe SARS-CoV-2 infection. Suppressing
the pro-inflammatory nature of the disease is critical to
improving patient morbidity and mortality rates and, therefore,
developing and identifying viable therapeutic strategies is of
urgent scientific importance. Transplantation of mesenchymal
stem/stromal cells (MSCs) is one such potential therapy to

combat COVID-19 induced inflammation and regeneration of
damaged tissues.

The merits of MSCs are that they are multipotent stromal
cells that can differentiate into a variety of cell types, including
osteoblasts, chondrocytes, myocytes, and adipocytes that have
their own characteristic structures and functions of specific
tissues. They are typically found in the bone marrow, but
have also been characterized in the adipose tissue, dental
pulp, umbilical cord tissue, amniotic fluid, and heart (13).
Mesenchymal stromal cells are easily accessible from various
tissues, are free from ethical issues and have demonstrated no
adverse outcomes in clinical trials. They have high proliferation
rates, can be systemically administered, and possess key stem
cell properties, such as multipotency (14, 15), in addition
to being effective immunomodulators, collectively making
MSCs a promising therapy in improving COVID-19 morbidity
and mortality.

Old Age, Being Male and CVD
Co-morbidity—Significant Risk Factors for
Mortality
Severity and high mortality from COVID-19 has been linked to
old age, being male, cardiovascular disease (CVD), hypertension,
and cardiometabolic disease including diabetes and obesity. A
retrospective, multicentre cohort study by Zhou et al. (16)
examined 191 patients, of whom 137 were discharged and 54
died in hospital. Of these patients, 91 (48%) had a comorbidity,
with hypertension being the most common [58 (30%) patients],
followed by diabetes [36 (19%) patients] and coronary heart
disease [15 (8%) patients]. Multivariable regression analysis
showed increasing odds of in-hospital death associated with older
age [odds ratio (OR) 1.10, 95% CI 1.03–1.17, per year increase; p
= 0.0043], higher Sequential Organ Failure Assessment (SOFA)
score (5.65, 2.61–12.23; p < 0.0001), and D-dimer >1µg/mL
(18.42, 2.64–128.55; p = 0.0033) on admission. In univariable
analysis, odds of in-hospital death was higher in patients
with diabetes or coronary heart disease. Age, lymphopenia,
leucocytosis, and elevated ALT, lactate dehydrogenase, high-
sensitivity cardiac troponin I, creatine kinase, D-dimer, serum
ferritin, IL-6, prothrombin time, creatinine, and procalcitonin
were also associated with death (16).

In a retrospective case series involving 1,591 critically ill
COVID-19 patients admitted from February 20 to March 18,
2020 in Lombardy, Italy, who required treatment in the ICU, the
median (IQR) age was 63 (56–70) years and 1,304 (82%) were
male. Of the 1,043 patients with available data, 709 (68%) had
at least one comorbidity and 509 (49%) had hypertension. The
second most common comorbidities were CVD [223 patients,
21% (95% CI, 19–24)] and hypercholesterolemia [188 patients,
18% (95% CI, 16–20%)]. ICU mortality was higher in those
who were older (≥64 years). The prevalence of hypertension
was higher among patients who died in the ICU (63%, 195 of
309 patients) compared with those discharged from the ICU
(40%, 84 of 212 patients) [difference, 23% (95% CI, 15–32); P <

0.001] (17).
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Emerging evidence strongly implicates COVID-19 as a
vascular disease, with many COVID-19 positive patients
purportedly developing cardiovascular complications, such
as myocardial injury (18), cardiac arrhythmia (19) and
thromboembolism (20, 21). Interestingly, cardiovascular
complications have also been reported in patients with no
underlying pathology, for instance with acute viral myocarditis
(22, 23). Cardiovascular (CV) system involvement is associated
with higher mortality rates and is largely indicated by elevated
inflammatory biomarkers, including D-dimer, cardiac troponin
(cTn), ferritin, and interleukin (IL)-6 (24). For further insight,
readers are directed to our review on Vascular Manifestations of
COVID-19 (25) in this series.

Myocardial Damage: The Role of Cardiac
Troponin and Other Relevant Markers
A number of studies show that a high proportion of COVID-
19 patients exhibit elevated levels of cardiac damage biomarkers,
such as cTn, with reports of up to 38% of patients testing
positive for COVID-19 displaying high circulating levels of
cTn (26). In comparison to COVID-19 patients with low cTn,
those exhibiting high levels of cTn are hospitalized for longer
requiring mechanical ventilation and admission to ICU, are at
a significantly greater risk of developing ARDS and cardiac
arrhythmias, and ultimately have a higher risk of mortality
(27). In a study comparing clinical characteristics between
survivors of COVID-19, and those who succumbed to the disease,
researchers found that elevated levels of cTn were found in
77% of patients who subsequently died, compared to only 14%
of patients who had survived (28). In addition, Guo et al.
(29) showed that myocardial injury (elevated cTnT levels) was
associated with worse outcome. Patients with underlying CVD
are more likely to present with high cTn levels, with the poor
prognosis for those with elevated levels further compounded if
the patient had underlying CVD, compared to those without
underlying CVD (69.4 vs. 37.5% mortality rate, respectively)
(29). In the study by Zhou et al. (16) the highest OR for
mortality in COVID-19 patients (n = 191) was for elevated
cTn (>28 pg/mL, OR: 80.1) compared to other biomarkers,
including circulating lymphocyte count (OR: 0.02) and D-dimer
(OR: 20.04). It is also evident that throughout hospitalization,
levels of cTn rise, and importantly, survivors showed no rise
in this biomarker during the hospital stay, whereas patients
with COVID-19 who died from complications, showed a steady
upward rise in cTn until death (16). In another study, a significant
predictor of mortality due to COVID-19 was the peak cTn
during hospitalization, not the level measured upon admission
(26), suggestive that risk stratification should include serial
cTn measurements.

Besides cTn, other biomarkers, such as creatine kinase (CK),
electrocardiographic (ECG) changes, and imaging might also
reveal cardiac pathology in COVID-19 patients. Data acquired
from multi-centers showed plasma lactate dehydrogenase and
CK levels were correlated with COVID-19 severity and ICU
admissions, reaching 26.1 and 70.5%, respectively (30). CK

isoenzyme-MB (CK-MB), myohaemoglobin (MYO), and N-
terminal pro-brain natriuretic peptide (NT-proBNP) are elevated
above normal ranges in 3.7, 10.6, and 12.4% confirmed cases,
respectively (31). When stratified by disease severity, patients
with abnormal CK-MB, MYO, and NT-proBNP increased
to 6.7, 26.7, and 33.3% respectively in the critical cases,
underscoring underlying ischaemia and cardiac dysfunction.
This is further supported by ECG findings characteristic
of ischaemia, such as T-wave depression and inversion, ST
depression, and presence of Q waves (18). In a case report,
the presence of acute pulmonary embolism in COVID-19
was associated with right ventricular dilatation and dyskinesis
on echocardiography, indicating that some patients develop
ventricular hypertrophy (32).

Immune Response to COVID-19: Healthy
vs. Hyperactive
The immune response to COVID-19 can be split into a healthy
antiviral immune response or a defective/overactive immune
response. The latter has been linked to damage to the lungs
and other organs, resulting in onset of severe illness. Initially,
SARS-CoV-2 infection and destruction of lung cells switches
on antiviral defenses triggering a local immune response. This
includes recruitment of macrophages and monocytes to respond
to the infection, interferons and release of cytokines and
chemokines and primed adaptive T and B cell immune responses.
In most cases, this process is capable of resolving the infection.
However, in some cases, a dysfunctional immune response
occurs, resulting in severe lung and multi-system damage, and
possible failure (33).

In the healthy immune response, the innate antiviral defenses
fight against the virus and virus-specific T cells can later eliminate
the infected cells before the virus spreads. Neutralizing antibodies
in these individuals can block viral infection, and phagocytic cells
such as alveolar macrophages recognize neutralized viruses and
apoptotic cells and clear them by phagocytosis. Altogether, these
processes lead to clearance of the virus with minimal lung and
multi-system damage, resulting in recovery (33).

In a defective immune response, there is a hyperactivation of
the immune cells, with excessive infiltration of monocytes,
macrophages and T cells, in the lungs. This causes
overproduction of pro-inflammatory cytokines, the so-called
“cytokine storm” or “cytokine release syndrome,” which
eventually can lead to lung damage, pulmonary oedema and
pneumonia. The resulting cytokine storm leads to widespread
inflammation circulating to other organs, leading to multiple
organ damage (33). Elucidating the mechanisms underlying
the immune response to COVID-19 and the causes for the
hyperactivation of the immune response are at the forefront
of this exciting research area. Recently, Merad and Martin
(34) reviewed how activated monocyte-derived macrophages
leading to a dysregulated macrophage response contribute to
the COVID-19 cytokine storm by releasing massive amounts of
pro-inflammatory cytokines (34). Moreover, the biological and
clinical consequences of the so-called cytokine storm are still
largely unknown.
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CYTOKINE STORM IN COVID-19

The term cytokine storm was first employed in describing
the events modulating the onset of graft-vs.-host disease (35).
Cytokine storms characterize a wide spectrum of infectious and
non-infectious diseases. Since 2005, it was associated to the avian
H5N1 influenza virus infection (36) and then infections with
MERS and SARS, with an inflammatory milieu containing IL-1β,
IL-6, and TNF-α being associated with worse disease outcomes
(37). Now, severe COVID-19 disease caused by SARS-CoV-2
infection is also associated with a dysregulated and hyperactive
systemic inflammatory response; a cytokine storm (38).

It was first reported that several pro-inflammatory cytokines
and chemokines, including IL-2, IL-7, IL-10, CXCL10 (IP-10),
CXCL8, CCL2 (MCP1), TNFα, and IFNγ were higher in the
plasma of COVID-19 patients as compared to healthy controls.
More importantly, among infected patients, IL-2, IL-7, IL-10,
granulocyte colony- stimulating factor (G-CSF), macrophage
inflammatory protein 1α (MIP1α), CXCL10, CCL2, and TNFα
circulating concentrations (but not those of IFNγ) were found
to be significantly higher in patients requiring admission to ICU
and mechanical ventilation, compared to patients experiencing a
less severe clinical course (11).

Chen et al. (39) characterized the immunological features of
COVID-19 patients presenting with differing disease severity.
Eleven patients with severe disease displayed significantly higher
serum levels of IL-6, IL-10, and TNF-α and lower absolute
numbers of T lymphocytes, CD4+T cells, and CD8+T cells as
compared with 10 patients with moderate disease. Of note, severe
cases were characterized by a lower expression of IFN-γ by
CD4+T cells as compared with moderate cases (39). Likewise,
analysis from Liu et al. (40) demonstrated significant decreases in
the counts of T cells, especially CD8+ T cells, as well as increases
in IL-6, IL-10, IL-2, and IFN-γ levels in the peripheral blood in
the severe COVID-19 cases (n = 13) compared to those in the
mild cases (n = 27), suggesting that disease severity is associated
with significant lymphopenia and hyperinflammation.

Del Valle et al. (41) used a multiplex cytokine assay to measure
serum IL-6, IL-8, TNF-α, and IL-1β in hospitalized COVID-
19 patients (n = 1,484) upon admission to the Mount Sinai
Health System in New York, USA. They showed that serum
IL-6, IL-8, and TNFα levels at the time of hospitalization were
strong and independent predictors of patient outcomes, with
elevated inflammatory profile associated with reduced survival.
Importantly, when adjusting for disease severity score, common
laboratory inflammation markers, hypoxia and other vitals,
demographics, and a range of comorbidities, IL-6 and TNF-α
serum levels remained independent and significant predictors of
disease severity and death (41).

In an elegant study, Lucas et al. (42) have identified that
development of a maladaptive immune response profile was
associated with severe COVID-19 outcome, and early immune
signatures correlated with divergent disease trajectories. Through
serially analyzing immune responses in peripheral blood in 113
COVID-19 patients with moderate (non-ICU) and severe (ICU)
disease, they revealed an association between early, elevated
cytokines and worse disease outcomes. Indeed, they observed

a “core COVID-19 signature” shared by both moderate and
severe groups of patients defined by the following inflammatory
cytokines that positively correlated with each other; these
included: IL-1α, IL-1β, IL-17A, IL-12 p70, and IFN-α. In
severe patients, they observed an additional inflammatory cluster
defined by: thyroid peroxidase (TPO), IL-33, IL-16, IL-21, IL-
23, IFN-λ, eotaxin, and eotaxin 3. Interestingly, most of the
cytokines linked to cytokine release syndrome, such as IL-
1α, IL-1β, IL-6, IL-10, IL-18, and TNF-α, showed increased
positive associations in severe patients. After day 10, in patients
with moderate disease, these markers steadily declined. In
contrast, severe patients maintained elevated levels of these
core signature makers. Notably, additional correlations between
cytokines emerged in patients with severe disease following day
10. Therefore, there were sharp differences in the expression
of inflammatory markers along disease progression between
patients who exhibit moderate vs. severe COVID-19 symptoms.
Altogether, data showed a broad elevation of type-1, type-
2, and type-3 signatures in severe cases of COVID-19, with
distinct temporal dynamics and quantities between severe and
moderate patients. Unsupervised clustering analysis of plasma
and peripheral blood leukocyte data identified four immune
signatures, representing (A) tissue repair growth factors, (B)
type-2/3 cytokines, (C) mixed type-1/2/3 cytokines, and (D)
chemokines involved in leukocyte trafficking that correlated
with three distinct disease trajectories of patients. The immune
profile of patients who recovered with moderate disease was
enriched in tissue reparative growth factor signature (A), while
the profile for those with worsened disease trajectory had
elevated levels of all four signatures. Overall, results suggested
that a multi-faceted inflammatory response is associated with
late COVID-19 severity, which raises the possibility that early
immunological interventions that target inflammatory markers
predictive of worse disease outcome are preferred to blocking
late-appearing cytokines.

Supporting the work of Lucas et al. (42) a recently published
article has identified a core peripheral blood immune signature
across 63 hospital-treated patients in London, UK with COVID-
19. Specifically, among several changes in immune cells expressed
at unusual levels in the blood of patients, the work identified a
triad of IP-10 (CXCL10), IL-10, and IL-6 to correlate strongly
with disease severity. Indeed, patients with COVID-19 who
displayed measurably higher levels of IP-10 (CXCL10), IL-10,
and IL-6 when first admitted to hospital went on to become
more severely ill. The triad of cytokines was found to be
a rigorous predictor of disease severity than commonly-used
clinical indicators, including CRP, D-dimer, and ferritin (43).

As the COVID-19 cytokine storm is a multi-faceted
inflammatory response, therapies that target this as a whole and
those that enhance tissue repair (i.e., mesenchymal stem/stromal
cells; MSCs) should be considered. Indeed, Lucas et al. (42)
found IL-6 to be highly enriched in patients with severe
disease. In fact, all ICU patients in their study, including the
ones who succumbed to the disease, received Tocilizumab,
an IL-6R blocking antibody. Positive outcomes have been
reported with Tocilizumab treatment, including a reduction in
an inflammatory-monocyte population associated with worse
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outcomes (44). However, as patients still succumbed to COVID-
19, this highlights the need for combination therapy to
block other cytokines highly represented in severe COVID-19
cases, including inflammasome-dependent cytokines and type-2
cytokines (42).

THE EFFECTS OF THE COVID-19
CYTOKINE STORM

On the Lungs Leading to Acute Respiratory
Distress Syndrome (ARDS)
Acute respiratory distress syndrome (ARDS) is a form of
hypoxaemic respiratory failure that is characterized by severe
impairment of gas exchange and lungmechanics, with a high case
fatality rate. Acute respiratory distress syndrome can come about
through the severe widespread inflammatory injury present
throughout the lungs, leading to a loss of vascular barrier
integrity and likely promoting pulmonary oedema, thereby
causing inflammation of endothelial cells (endothelialitis). Acute
respiratory distress syndrome is a prominent feature in patients
with severe COVID-19 infection (45, 46) and is the leading cause
of mortality (47).

The precise pathophysiological mechanisms underlying
ARDS in COVID-19 patients are not fully understood.
However, alveolar macrophages are central to mediating the
inflammation associated with ARDS (48), with the initial
inflammatory stage involving alveolar macrophages interacting
with lymphocytes (49) and epithelial cells (50), thereby
augmenting the inflammatory response and accentuating tissue
damage (51). Following initial stimulation, neutrophils and
circulating macrophages are recruited to the lungs (activated
by the pro-inflammatory cytokines), thereby triggering further
inflammatory responses (52) equating to a positive feedback
loop. These cells may disrupt the air–blood barrier by causing
collateral tissue damage, particularly to airway epithelial cells and
vascular endothelial cells, which express the ACE2 entry receptor
for SARS-CoV-2; the damage of vascular endothelial cells may
account for thrombotic microangiopathies (53). Furthermore,
severe infection of the lung alveoli allows the SARS-CoV-2 virus
and pro-inflammatory cytokine overload to enter the systemic
circulation where it can infiltrate multiple organs, particularly
since cells in many of them co-express ACE2 and TMPRSS2
(7, 8, 54).

In addition to the marked lung damage observed in COVID-
19 infection, clinical cohort studies have revealed involvement
of the kidneys (11, 16, 19, 30, 55, 56), liver (11, 30, 57, 58),
gastrointestinal tract (11, 30, 59, 60), central nervous system
(61, 62), and CV system (16, 18, 19, 63).

Mitochondrial-Related Mechanisms
Mitochondria are essential for meeting the rise in energy demand
required to fuel the immune system response and also for
inducing immunomodulatory mechanisms, serving as a platform
for host defense against RNA viruses such as SARS-CoV-2 (64,
65). The effects of SARS-CoV-2 infection upon mitochondrial
respiratory capacity is a key consideration in the context of

the host cytokine response. Mitochondrial respiratory capacity
has been suggested to account for 10–30% of the variance
in circulating leukocyte immune reaction across individuals,
influencing the cytokine signature produced by leukocytes in
response to lipopolysaccharide (LPS) administration (66). In
particular, complex IV activity was positively correlated with
LPS-stimulated IL-6 release (66). This is of particular interest in
relation to SARS-CoV-2, whereby blood IL-6 has been identified
as a predictor of patient fatality (47).

Aside from respiration, mitochondria are essential in host
cell detection of RNA via pattern recognition receptors (PPRs),
including cytosolic sensors retinoic acid-inducible gene 1 (RIG-
1) and melanoma differentiation-associated protein 5 (MDA5)
(67). These utilize the mitochondrial signaling protein MAVS
(mitochondrial antiviral signaling protein), which recruits the
E3 ligases TNF receptor associated factor 3 (TRAF3) and
TRAF6, facilitating activation of interferon regulatory factors
(IRFs) and NF-κB to induce antiviral genes. In this manner,
MAVS activity coordinates the activation of a dominant antiviral
mechanism, the type 1 interferon (IFN) pathway (64). SARS-
CoV-2 open reading frame (Orf) 9b targets the translocase
of outer mitochondrial membrane protein 70 (TOMM70),
linking mitochondrial signaling to induction of the IFN pathway
(68). The Orf9b of SARS-CoV-2 also localizes to the outer
mitochondrial membrane, disrupting the MAVS signalosome
(69) and impairing the host IFN response (69, 70). Other
mitochondrial factors that may impact the IFN response include
mitochondrial stress, whereby release of mtDNA into the cytosol
is detected by the DNA sensor cGAS, which promotes STING-
IRF3 signaling, potentiating IFN pathway signaling (71).

Inflammasomes, the multiprotein complexes providing a
platform for the activation of pro-inflammatory caspase-
1 culminating in cytokine release, are also mitochondrial-
dependent. An example is NLRX1, a target of SARS-CoV-2
Orf9c (68). NLRX1 interacts with mitochondrial complex III,
stimulating reactive oxygen species (ROS) production (72). ROS
production from mitochondrial complexes I and III is known to
mediate both innate and adaptive viral immune responses (73),
impacting both MAVS and NF-κB signaling (72).

Pro-inflammatory cytokines are known to elicit metabolic
alterations, with NF-κB and interleukin signaling impacting
glucose control and glycolytic function. For instance,
development of insulin resistance has been linked to IL-1
and IL-6 signaling in the context of type 2 diabetes mellitus
(74). This is a key consideration in SARS-CoV-2, whereby poor
blood glucose control has been associated with higher mortality
in diabetic patients (75) and high glucose levels associated with
viral replication in monocytes, with enhanced glycolytic capacity
coinciding with raised IL-1β (76).

NF-κB mediated metabolic re-programming has been
demonstrated in acute viral myocarditis (VM) (77, 78), a
condition characterized by viral induced leukocyte infiltration
and cardiac dysfunction. Case studies of acute VM have been
reported in female COVID-19 patients (ages 21 and 43), resulting
in substantial disruption to cardiac function in the absence of
coronary artery disease (22, 23). Viral fulminant myocarditis, a
syndrome on the clinical spectrum of acute myocarditis, has also
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been associated with death in SARS-CoV-2 patients suffering
from cardiac injury (79).

In human and mouse models of VM, cardiac inflammation
indicated through cytokine mediated NF-κB activation was
linked to impaired expression of genes related to oxidative
metabolism. This included downregulation of genes encoding
mitochondrial regulatory proteins associated with biogenesis
(PGC-1α, PGC1-1β, Tfam, and NRF-1) alongside regulators
of β-oxidation (e.g., PPAR-α), tricarboxylic acid cycle and
electron transport chain (ETC) function. This coincided with
a fall in high energy phosphates and NAD levels and a
shift toward anaerobic glycolysis, indicated through increased
expression of glucose and lactate transporters and glycolytic
enzymes (77). Together, this indicates that the inflammatory
response associated with acute VM initiates reprogramming
of cardiomyocyte energy metabolism away from oxidative
metabolism and toward glycolysis. This culminated in an
energy-starved status of the heart, the extent to which likely
contributed to impaired cardiac function. NF-κB signaling has
also been linked to impaired insulin signaling by stimulating
phosphorylation of insulin receptor substrate-1, in turn inducing
insulin resistance and cardiac dysfunction associated with VM
(78). The metabolic implications of VM onset and resulting
impairment of myocardial function are thus vital considerations
in the pathophysiology of SARS-CoV-2 infection.

On the Cardiovascular System
A number of case reports have demonstrated cardiac
abnormalities in patients with COVID-19, includingmyocarditis,
myo-pericarditis, electrocardiographic complications,
cardiogenic shock, decompensated heart failure, and other
histological/imaging complications, such as reduced left
ventricular ejection fraction (LVEF) (80–85). Moreover, and as
described previously, cross-sectional studies have consistently
reported elevations in cardiac injury markers, such as cTn,
NT-proBNP, and creatine kinase myocardial band (CK-MB)
concentrations, with patients presenting with cardiac injury
being at a higher risk of mortality, even after being adjusted for
confounding variables such as age, pre-existing CVD, and ARDS
(18). These data give strong evidence for cardiac complications
associated with COVID-19, however, the mechanisms for these
complications may not be solely the result of a direct viral
infection of cardiac cells.

The CV system is also at high-risk as a result of indirect
mechanisms, such as the cytokine storm. The cytokine storm
is likely to induce cardiovascular damage through mechanisms
related to endothelial dysfunction, atherosclerotic plaque
instability/rupture, cardiomyocyte death, and myocarditis. The
mechanisms of endothelial dysfunction within the COVID-19
population are not limited to elevations in pro-inflammatory
cytokine concentrations and include direct viral infection
of endothelial cells, angiotensin II (Ang II) hyperactivity,
complement activation, and other elements of immune
dysregulation, such as neutrophil extracellular trap (NET)
formation. Indeed, evidence of SARS-CoV-2 viral structures
have been observed in endothelial cells in various tissue beds
(63), which may promote an imbalance between ACE2 and

Ang II. Liu et al. (86) support this notion by demonstrating
elevated plasma Ang II concentrations in patients with COVID-
19. For a more in depth review of direct viral infection of
endothelial cells, including Ang II hyperactivity, readers are
directed to our recent review on the vascular manifestations of
COVID-19 (25). Complement activation has been associated
with microthrombosis in a small number of patients with
COVID-19 (87) and NET formation has been correlated with
COVID-19-associated ARDS (88). Both complement activation
and NET formation are associated with pro-inflammatory
responses. The complement system detects viral pathogens, thus
contributing to the innate immune response to viral infections
(89), whilst NETs have the ability to induce IL-1β secretion
from macrophages and play a role in the development of
atherosclerosis, causing endothelial damage and dysfunction
(90, 91). Moreover, endothelial cells undergoing apoptosis
have been shown to activate the complement system (92),
which may further exacerbate cytokine secretion and promote
microthrombosis. Therefore, it should be acknowledged that
direct viral infection of endothelial cells, subsequent Ang II
hyperactivity and the pro-inflammatory effects of complement
activation and NET formation promote both direct and indirect
perturbations to the cardiovascular system, whilst exacerbating
the cytokine storm. Moving forward, the predominant focus
of this section is to discuss the potential effects of the cytokine
storm upon the cardiovascular system.

The cytokine storm is not only one of the predominant
pathophysiological mechanisms of fulminant myocarditis
(without evidence of viral infiltration) (93), which has been
reported in patients with COVID-19, but inflammatory
infiltration into endothelial cells has also been reported in
histological studies (63, 94). Inflammatory infiltration into
endothelial cells promotes endothelialitis, perturbing endothelial
cell membrane function, loosening inter-endothelial junctions,
and causing cell swelling (94, 95). Indeed, Varga et al. (63) showed
endothelial cell death and dysfunction in patients infected with
SARS-CoV-2, which facilitated the induction of endothelialitis in
several organs, including cardiac tissue, as a direct consequence
of viral involvement and of the host inflammatory response.

The presence of endothelialitis demonstrates the activation
of endothelial cells, promoting the expression of cell-surface
adhesion molecules and thus the binding of inflammatory
cells to the endothelium (96, 97). These pathophysiological
consequences promote vascular hyperpermeability. Disruption
of inter-endothelial junctions cause endothelial cells to be “pulled
apart,” thus resulting in inter-endothelial gaps (95, 98), denoting
cytoskeletal alterations to the endothelium. Moreover, this
cytokine storm-induced endothelial dysfunction pre-disposes the
CV system to a pro-coagulant state, promoting thromboembolic
events, which has been linked to higher disease severity,
and higher instances of mortality (99). Interestingly thrombin
exposure, coupled with an elevation in the influx of Ca2+

promotes elevations in endothelial cell permeability which can
be induced by an increase in TNF-α expression (100, 101).

Elevations in cytosolic Ca2+ influx into endothelial cells is
a pivotal step in the disruption to inter-endothelial junctions
and thus the progression to increased vascular permeability
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(101, 102). A determinant of this increased Ca2+ influx
is the upregulation of transient receptor potential channels,
which is induced via TNF-α (100), causing a destabilization
of microtubules (103). Evidence supports the notion of a
cytokine-induced hyperpermeability response of the vasculature,
with Tinsley et al. (104) demonstrating the role of cytokine
(TNF-α, IL-1β, and IL-6) induced-vascular hyperpermeability
through a protein kinase C (PKC) and myosin light chain
kinase (MLCK) dependent mechanism in cultured rat heart
microvascular endothelial cells. Moreover, the authors replicated
these findings in vivo using a coronary ischemia/reperfusion (I/R)
rodent model of heart failure, demonstrating TNF-α increases
endothelial permeability in a PKC andMLCK dependent manner
(104). Therefore, translating this to COVID-19 pathophysiology,
cytokine storm induced Ca2+ influx into endothelial cells may
be a contributing mechanism underpinning the disruption
to inter-endothelial junctions and the promotion of vascular
permeability. Furthermore, the cytokine-induced stimulation of
PKC and MLCK may promote direct damage to cardiac tissue,
which may pose significant deleterious effects upon patients with
pre-existing CVD, a common comorbidity in the more severe
COVID-19 population (105).

Histological studies in pulmonary vasculature have indicated
endothelialitis, with unexpected observations of intussuseptive
angiogenesis. In this study (94), the degree of intussuseptive
angiogenesis was associated with the duration of hospitalization.
Whilst hypoxia may be a contributing mechanism, the
authors concluded the predominant mechanism was likely the
presence of endothelialitis and thrombosis (94). Intussuseptive
angiogenesis is the formation of intravascular vessel formation,
through non-sprouting mechanisms, commonly observed as
“pillar” formation within the vasculature (106), which can
significantly alter the microcirculation, and can be triggered
by extraluminal processes, including inflammation (107).
Inflammatory-mediated intussuseptive angiogenesis has been
demonstrated previously in murine models of colitis, suggesting
this is an adaptive response to prolonged inflammation (108).
This provides further evidence of the perturbations to the
vasculature caused by the cytokine storm in COVID-19.
The promotion of intussuseptive angiogenesis as an adaptive
response to vascular damage, has also been shown to accelerate
fibrotic neovascularisation (109).

Inflammatory environments also promote the generation
of ROS which can result in damage and dysfunction of the
vasculature. ROS act as signaling molecules to defend against
oxidative stress by promoting the upregulation of antioxidant
mechanisms, however, high concentrations of ROS can activate
endothelial cells and inhibit normal endothelial functioning.
Cytokines, such as TNF-α, have been shown to interact
with the ETC and stimulate the release of mitochondrial-
derived ROS, such as hydrogen peroxide (110) and superoxide
(111). Moreover, in response to infections, inflammatory
cytokines, such as TNF-α and IL-1β, coming into contact with
endothelial cells induce NAD(P)H oxidase-derived ROS (112,
113). The generation of excessive ROS elevates superoxide anion
production, which can degrade nitric oxide (NO), lead to the
formation of other free radicals, such as peroxynitrite, and thus

result in endothelial cell dysfunction and apoptosis (96, 114, 115).
Therefore, it is likely that the cytokine storm experienced in
patients with COVID-19 will promote the elevation in ROS and
result in oxidative stress, which is a key mechanism of endothelial
dysfunction in hypertension (116) and CVD (117). Elevations in
ROS also act as secondary inflammatory signals, which has been
shown to induce the secretion of pro-inflammatory cytokines,
such as IL-1β, TNF-α, and IL-6 (118). Therefore, this creates
a vicious cycle of cytokine-induced oxidative stress and ROS-
induced pro-inflammatory cytokine signaling, secondary to the
COVID-19 hyper-activation of the immune response.

Inflammatory cytokines do not just alter endothelial structure
and function. Cytokines such as TNF-α, IL-1β, and IL-6
promote vascular smooth muscle cell (VSMC) proliferation
from the media to the intima of the vasculature, which results
in the secretion of extracellular matrix proteins within, and
thus expanding the intima in pathological conditions, such as
atherosclerosis (119). Moreover, in human coronary VSMCs,
IL-1β has been shown to stimulate an upregulation in Rho-
kinase, via a PKC-dependent mechanism, which may contribute
to medial thickening and the atherogenic environment (120).
Interestingly, this can also be stimulated by an upregulation
in angiotensin II, which has been noted within the COVID-
19 literature if infected cells experience a downregulation of
ACE2 expression (121), which will also contribute to the
pro-inflammatory environment experienced in patients with
COVID-19. Activation of RhoA can also be stimulated by
TNF-α which has been shown to promote endothelial cell
permeability in cultured human umbilical vein endothelial
cells (HUVECs) (122). These pathophysiological processes are
shared with thrombosis, which is a common manifestation in
patients with severe COVID-19 (99). Combined with damage
to endothelial cells contributing to the apparent “COVID-19
coagulopathy” (123), VSMC proliferation, stimulated by various
cytokines, may contribute to the high instance of coagulation
derangements and thromboembolic events observed in patients
with severe COVID-19.

Whilst the COVID-19 induced cytokine storm can pre-
dispose the CV system to damage and progression of pre-existing
cardiovascular comorbidities, perturbations to vascular cells
may also contribute to the overexpression of pro-inflammatory
cytokines. Both endothelial cells and VSMCs secrete pro-
inflammatory cytokines when either damaged or undergoing
apoptosis. Expression of cell-surface adhesion molecules and
certain cytokines, such as IL-8, on the surface of endothelial
cells induce a pro-inflammatory phenotype and the recruitment
of blood monocytes which induce the secretion of pro-
inflammatory cytokines, such as TNF-α and IL-1β (124).
Moreover, under atherogenic conditions, VSMCs have been
shown to also adopt a pro-inflammatory phenotype, promoting
the secretion of IL-6 and IL-8, along with cell-surface adhesion
molecules, such as vascular cell adhesion molecule 1 (124, 125).
Therefore, both endothelial cells and VSMCs, once damaged,
may switch to a pro-inflammatory phenotype and thus propagate
the expression of pro-inflammatory cytokines.

Whilst there is a plethora of evidence which suggests that the
cytokine storm experienced in COVID-19 patients may promote
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damage to the vasculature, sustained inflammation directly
contributes to progressive cardiomyocyte apoptosis. Elevated
TNF-α levels seen in a variety of clinical conditions including
COVID-19, drives cardiomyocytes to apoptosis (126, 127). TNF-
α can induce cardiomyocyte apoptosis directly, via the TNF
receptor, or indirectly, through stimulation of NO production or
ROS, which in turn is induced by pro-inflammatory cytokines
such as IL-1, IL-6, TNF-α, and IFN-7 (128). High levels of
cTn are reflective of cardiomyocyte death and injury, and as
stated earlier, are associated with COVID-19 disease severity and
mortality (16).

In the heart, the acute inflammatory response can expand
tissue damage and prolonged inflammation leads to accentuated
adverse remodeling. Indeed, pro-inflammatory cytokines and
upregulated monocytes/macrophages can inhibit cardiac repair,
which is dependent on timely suppression and resolution
of pro-inflammatory signaling. Activation of IL-1 signaling
induces cytokine expression, promotes matrix-degrading
properties, suppresses fibroblast proliferation and inhibits
transdifferentiation of fibroblasts into myofibroblasts, altogether
delaying activation of a reparative response (129). Moreover,
a severe or prolonged reparative response is associated with
pathological scarring and fibrosis (130).

The full extent of cardiovascular cell dysfunction and death,
induced by the cytokine storm in COVID-19, is yet to be
fully elucidated. This section provides evidence of the potential
effects and mechanisms of the COVID-19 cytokine storm on
the cardiovascular system. It is likely that cardiomyocyte and
vascular cell damage and dysfunction, as well as mitochondrial-
related mechanisms play a role in the progression of COVID-
19 and in the pathogenesis of cardiovascular injury in COVID-
19. The induction of ROS generation and the ensuing oxidative
stress, coupled with vascular cell secretion of pro-inflammatory
cytokines further propagates the inflammatory environment
and exaggerated immune response in patients with COVID-
19, promoting disease progression and multi-organ dysfunction.
Moreover, cardiac and vascular cell dysfunction pre-disposes
the CV system to a pro-inflammatory and pro-atherogenic state
and thus increases the risk of serious cardiac events. Therefore,
suppression of the cytokine storm, is key for improving patient
outcomes with COVID-19, whilst also protecting the CV
system. One such therapy is transplantation of mesenchymal
stem/stromal cells (MSCs).

MSCs AS A THERAPY FOR SEVERE
COVID-19 PATIENTS

Immunomodulatory Role of MSCs
An important function of MSCs is that they have powerful
immunomodulatory properties, possessing natural abilities to
detect changes in their environment such as inflammation.
Mesenchymal stromal cells can both directly and indirectly
stimulate immunomodulation by interacting with immune
cells and releasing various anti-inflammatory cytokines via
paracrine effects, respectively (131). Functional alterations to
dendritic cells, monocytes, macrophages, regulatory T-cells

(Tregs), and B-cells underpin MSCs’ immunomodulatory
capacity, whilst also through cell-to-cell interaction
mechanisms (13). Once systemically administered, a significant
portion of MSCs accumulate within the lungs, which can
promote anti-inflammatory effects, thus improving the
lung microenvironment and potentially restoring vascular
barrier integrity and reducing oedema; whilst also promoting
endogenous repair and regeneration mechanisms to reduce (or
prevent further) fibrosis of the lung (132, 133).

Animal models of ARDS lung injury due to influenza virus
have shown that infection by this and related viruses causes ion
channel transporter abnormalities which causes fluid secretion, a
major cause of the pulmonary oedema in the lungs of infected
individuals. In such animal models, MSCs prevent or reduce
the secretory effect of influenza virus on lung alveolar cell ion
channels, and when administered intravenously in aged animals
have resulted in increased oxygenation, improved respiration,
reduction in pro-inflammatory cytokines, and an increase in
survival (134).

Mesenchymal stromal cells are well-known to respond to the
inflammatory environment with multimodal activity resulting
in sustained anti-inflammatory effects; conversion of Th17
cells to anti-inflammatory FOXP3 Treg cells by MSC-secreted
transforming growth factor (TGF) β1 and the essential presence
of CCL18 producing type-2 anti-inflammatory macrophages
from differentiated pro-inflammatory monocytes (135). They are
known to dampen the innate immune response to insult (such
as acute lung injury, burn injuries) or infection via preventing
neutrophil infiltration into injured/infected sites (136–139) or via
shifting the phenotype of macrophages from an M1 to M2 anti-
inflammatory phenotype (140). Specifically the MSCs appear
to reduce inflammation via reducing macrophage secretion of
neutrophil chemoattractant proteins CXCL1, CXCL2 (137, 141)
as a result of activation of phosphorylation of p38 MAPK (141)
and greater IL-10 release (137), dampened production of IL-6
and TNF-α (137, 138), and suppression of reactive oxygen species
production by neutrophils (142, 143). Together this contributes
toward a shift from a pro- to an anti-inflammatory environment
and is an essential part of the immunomodulatory function
of MSCs as this helps prevent against autoimmunity (13), as
demonstrated in MSC-treated graft vs. host disease (144).

Mesenchymal stromal cells can also induce local and systemic
immunomodulatory responses independently of the cytokine
storm. For instance, MSCs can prevent the infiltration of
cells of the innate immune system, thereby indirectly reducing
the secretion of inflammatory cytokines. In a murine model,
BM-MSCs reduced CD45+ cells and neutrophil populations
in the mucosa via release of tumor necrosis factor-induced
protein 6 (TSG-6) (145). Both MSCs and TSG-6 induced
the expansion of regulatory macrophages, expressing IL-10
and inducible nitric oxide synthase (NOS), and increased the
population of FOXP3CD45+ cells. Interestingly, TSG-6 was
associated with MSC-mediated depletion of corneal, splenic,
and peripheral blood CD11b+ monocytes/macrophages in a
model of inflammatory corneal neovascularization (146). In
addition to TSG-6, MSCs can also release other bioactive
molecules that promote protective responses in innate immune
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cells, including kynurenic acid (147), spermine (148, 149), and
lactate (150). Adaptive immune cells, such as T and B cells,
are also direct targets of MSCs. Following transplantation,
MSCs form aggregates with B and T cells, stimulating the
production of FOXP3 and IL-10 (145). Mesenchymal stromal
cells directly inhibit the activation of cytotoxic CD8+ T-
cells via downregulation of CD25, CD38, and CD69 (151).
In B cells, MSCs downregulate chemotactic properties, with
no effect on costimulatory molecules or cytokine production
(152). Mesenchymal stromal cell-mediated indoleamine 2,3-
dioxygenase signaling promotes the survival and proliferation
of CD5+ Bregs (153). There are also data to suggest that
MSCs could act via extracellular vesicles and exosomes to
modulate innate and adaptive immunity (154, 155). The
immunoregulatory mechanisms of mesenchymal stem and
stromal cells in inflammatory disease are reviewed in (156).

Consequently, on the basis of these and other studies with
MSCs in animal models, clinical investigators have postulated
that human MSCs should be effective in the pathology of human
ARDS (157). Indeed in a report of allogeneic MSCs in ARDS
patients, a single low dose of cells (2 million cells/kg/BW)
achieved rapid reduction in inflammatory cytokines and efficacy
in influenza-related ARDS which was otherwise refractory to
conventional supportive therapy (158). For further insight on the
therapeutic potential of cell therapy to treat ARDS readers are
directed too (159, 160).

The systemic redistribution of MSCs have the ability to target
other organs that are damaged. As multi-organ damage is a
common manifestation in patients with severe COVID-19, this
makes MSCs an attractive therapy to combat not only lung
damage, but also damage observed in other organs, such as the
heart. Therefore, the use of MSCs to modulate the immune
response, avoiding, preventing or attenuating the cytokine storm
leading to multi-organ failure may be the key for the treatment of
COVID-19 infected patients.

Use of MSCs to Treat COVID-19
Table 1 summarizes the published clinical studies thus far using
MSCs as a therapy to treat COVID-19. Table 2 summarizes the
ongoing, registered clinical trials usingMSCs as a therapy to treat
COVID-19. For review articles on the rationale and treatment
of COVID-19-related ARDS using MSCs, readers are directed to
Moll et al. (165) and Can and Coskun (166).

The first clinical study undertaken in China, showed
that for seven patients with COVID-19-related pneumonia,
transplantation of 1 × 106 MSCs/Kg/BW allogeneic MSCs
was effective by restoring the balance of the immune system
resulting in significant resolution of signs and symptoms of
pulmonary disease (133). Before the transplantation, all patients
had COVID-19-related pneumonia with symptoms of high fever,
weakness, shortness of breath, and low oxygen saturation. Results
showed that all symptoms had disappeared by 2–4 days after
the transplantation. The oxygen saturations rose to ≥ 95% at
rest, without or with oxygen treatment. This was not the case
in the three placebo control patients. Among the MSC-treated
patients, one severe and two mild patients were able to make a
recovery and be discharged 10 days after treatment. The study

found improvement was particularly dramatic for an elderly
male patient in a severe critical condition (133). The improved
recovery time with MSC treatment would lead to decreased
hospitalization which would be vital for overwhelmed hospital
wards and ICUs.

The transplanted MSCs significantly elevated IL-10 and
reduced TNF-α concentrations in seven MSC transplanted
patients with COVID-19-pneumonia compared to the three
patients in the placebo control group receiving standard care.
In the severe (n = 4) and critically severe (n = 1) patients, a
significant elevation in Tregs and dendritic cells were observed
after MSC administration, compared with the mild and control
patients. Specifically, there was a switch from pro-inflammatory
cytokine producing CXCR3+CD4+ T cells, CXCR3+CD8+

T cells, and CXCR3+ NK cells to CD14+CD11c+CD11b
mid regulatory dendritic cell (DCreg) population, indicating
improvement in immunomodulatory function. Furthermore, in
the critically severe patient an over activation of T-cells and
natural killer (NK) cells were evident, however, after MSC
treatment, T-cells and NK cells were almost eradicated, with
the CD14+CD11c+CD11b mid DCregs restored to normal
levels (133). These findings demonstrate the ability of MSCs to
induce their immunomodulatory benefits in a set of patients with
COVID-19, restoring the balance of the immune response by
attenuating the cytokine storm.

These findings have been further supported within the
literature with a case study by Zhang et al. (162) demonstrating
a regression of COVID-19 symptoms between 2 and 7 days
post-Wharton’s Jelly derived human umbilical cord MSCs
administration, with a reduction in ground glass opacity
and pneumonia infiltration within the lungs 6 days post-
transplantation. Moreover, CD3+, CD4+, and CD8+ T-cells
were increased and CRP, IL-6, and TNF-α concentrations were
reduced. Another case report of a patient with severe COVID-
19 who experienced two cytokine storms, was treated with
a synergistic use of convalescent plasma and umbilical cord
MSCs. Treatment resulted in lymphocyte counts returning to
normal after the fourth day following convalescent plasma
administration and a reduction in inflammatory markers, with
a steady elevation in PaO2 following the administration of
umbilical cord MSCs (167).

One limitation to MSC therapies for treating COVID-
19 may be the expression of ACE2 and the predominant
serine protease responsible for priming the SARS-CoV-2
spike glycoprotein, TMPRSS2, which may promote SARS-
CoV-2 infection of transplanted cells and thus promote
further spread and progression of COVID-19. However, Leng
et al. (133) after performing 10x single cell RNA sequencing
analysis, demonstrated transplanted MSCs are ACE2-negative
and TMPRSS2-negative.

Taken together, via their immunomodulatory and reparative
role these studies provide support to the rationale for MSC
transplantation as a therapy to treat COVID-19. Moreover,
whilst these studies demonstrate evidence for their use
against lung damage, the suppression of pro-inflammatory
markers will provide protection against damage or further
damage to other organs. For example, with COVID-19 leading
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TABLE 1 | Summarisation of clinical studies and ongoing clinical trials assessing the therapeutic benefit of MSC transplantation in patients with COVID-19, including studies assessing the therapeutic potential of MSCs

in patients with acute respiratory distress syndrome (ARDS), without COVID-19.

Citation N Subjects MSC source and

dose

MSC timing Recipient site Results

Leng et al. (133) MSC transplant:

n = 7; CON: n = 3

COVID-19 pneumonia Clinical grade ACE2−

MSCs at 1 × 106

cells/kg

The time when symptoms

and/or signs were still getting

worse, even as the expectant

treatments were being

conducted

Systemic - ↑ IL-10 vs. CON

- ↓ TNF-α vs. CON

- ↔ IP-10

- Trend for ↑ VEGF vs. CON

- Inflammation, AAT, MYO and CK reduced in critically

severe patient with a reduction in ground-glass opacity

and pneumonia infiltration

Liang et al. (161) Case study Critical COVID-19 Allogenic hUCMSCs at

5 × 107 cells 3 times

Admitted 2 days after

symptoms onset and MSCs

were transplanted on the 9, 12,

and 15th days after admission.

In combination with antibiotics

and thymosin α1

Systemic No side effects were observed. After 2nd administration:

- ↓ Bilirubin, WBC and neutrophil count, CRP and

ALT/AST

- ↑ lymphocyte count

- ↑ CD3+, CD4+, and CD8+ T cells

- Trachea cannula removed

After 3rd administration:

- Pneumonia relieved

- Removed from ICU 2 days following

- Negative throat swab

Zhang et al.

(162)

Case study COVID-19 pneumonia -

History of diabetes

Wharton’s jelly-derived

hUCMSCs at 1 x 106

cells/kg

Admitted 5 days after

symptoms onset and MSCs

were transplanted on the 17th

day of admission

Systemic Post-transplant:

- COVID-19 symptoms disappeared 2 to 7 days

- ↓ Ground glass opacity and pneumonia infiltration day 6

- ↑ CD3+, CD4+ & CD8+ T cells

- ↓ CRP, IL-6 & TNF-α

Chen et al. (163) MSC transplant:

n = 17; CON: n = 44

H7N9-induced ARDS Allogenic menstrual-

blood-derived MSCs at

1 × 106 cells/kg

3 patients treated with 3

infusion at the early stage of

infection; 6 patients were

treated with 3 infusions at the

late stage of infection; 8

patients accepted 4 infusions

of at late stage of infection

Systemic At admission:

- No differences, except ↓ PCT vs. CON

At discharge:

- ↑ mortality rate of CON

- ↓ PCT, ALT, sCr, CK, PT, and D-dimer vs. CON

At follow-up (5 year; n = 4):

- ↑ Hb

- ↓ PT

Sengupta et al.

(164)

N = 23 COVID-19: cohort a

(mild COVID-19): n = 1;

cohort b (hypoxaemia

and COVID-19): n =

20; cohort c (intubated

COVID-19): n = 3

Bone-marrow derived

MSCs exosome

agent—ExoFlow-

−15mL

Not specified Systemic - 71% patients recovered and/or were discharged after

5.6 days post-infusion

- 13% remained critically ill

- 16% died

- 80% improved PaO2/FiO2 ratio within 3 days

- ↓ CRP, ferritin and D-dimer on day 5

-↑ CD3+, CD4+, and CD8+ T cells on day 5

CON, control; ACE2, Angiotensin converting enzyme 2; IL-10, Interleukin-10; TNF-α, Tumor necrosis factor α; IP-10, Interferon gamma-induced protein 10; VEGF, Vascular endothelial growth factor; AST, Aspartate amino transferase;

MYO, Myoglobin; CK, Creatine kinase; hUCMSC, human umbilical cord mesenchymal stem cells; WBC, white blood cell; CRP, C-reactive protein; ALT, Alanine aminotransferase; ICU, intensive care unit; ARDS, Acute respiratory distress

syndrome; PCT, Procalcitonin; sCr, serum creatinine; PT, Prothrombin time.

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

D
e
c
e
m
b
e
r
2
0
2
0
|
V
o
lu
m
e
7
|A

rtic
le
6
0
2
1
8
3

223

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
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TABLE 2 | List of registered, ongoing, clinical trials using mesenchymal stem/stromal cells (MSCs) as a therapy to treat COVID-19.

Clinical trials number Participants MSC source Outcomes

NCT04371393 (USA) Target: N = 300 MSCs (Remestemcel-L) at 2 × 106 cells/kg administered

twice during first week (second infusion 4 days following

first) plus standard care vs. placebo (Plasma-Lyte)

(second infusion 4 days following first) plus standard care

- All-cause mortality

- SAEs

- No. of days off mechanical ventilation

- Resolution/improvement of ARDS

- Length of stay

- Clinical improvement scale

- Hs-CRP, IL-6, IL-8, TNF-α

NCT03042143 (Northern

Ireland)—REALIST trial

Target: N = 75 Single infusion of human umbilical cord derived CD362

enriched MSCs at maximum tolerable dose from phase I

(dose escalation pilot study) plus standard care vs.

placebo (Plasma-Lyte) plus standard care

- Oxygenation index

- SAEs

- SOFA

- Respiratory compliance

- P/F ratio

- Driving pressure

- Extubation and reintubation

- Ventilation free days

- Length of ICU/hospital stay

- Mortality

NCT04444271 (Pakistan) Target: N = 20 Bone marrow derived MSCs at 2 × 106 cells/kg on day

1 and 7 plus standard care vs. saline injection plus

standard care

- Survival

- No. oxygen support days

- Time to negative nCoV test

- CT scan

- No. days to discharge

NCT04416139 (Mexico) Target: N = 10 Umbilical cord derived MSCs from De bank Laboratory

at 1 × 106 cells/kg (no control group—data compared to

controls treated in a previous trial)

- PaO2/FiO2 ratio

- HR and RR

- Body temperature

- Leukocyte, lymphocyte, and platelet counts

- PCT, fibrinogen, D-dimer, ferritin

- CRP, TNF-α, IL-1, IL-10, IL-6, IL-17

- VEGF

- T-cell analysis (CD4+ and CD8+)

- NK and dendritic cells

- SAEs

- CT scan

- nCoV-test

NCT04429763

(Colombia)—CELMA

Target: N = 30 Umbilical cord derived MSCs at 1 × 106 cells/kg plus

standard care vs. placebo (not stated) plus standard

care control

- NEWS scale

- Time to hospital discharge

- Respiratory function

- Inflammatory markers

- Hematological and renal assessments

NCT04315987 (Brazil) Target: N = 90 NestaCell MSCs at 2 × 107 cells/kg on days 1, 3, 5, and

7 plus standard care vs. placebo (not stated) on days 1,

3, 5, and 7 plus standard care

- Change in clinical condition

- Mortality

- SpO2

- PaO2/FiO2 ratio

- T-cell analysis (CD4+ and CD8+)

- SAEs

- Blood count and cardiac, hepatic, and renal profiles

NCT04366323 (Spain) Target: N = 26 Allogenic and expanded adipose tissue derived MSCs at

8 × 106 cells × 2 (no control group)

- Safety of administration (SAEs)

- Efficacy of administration

NCT04456361 (Mexico) Target: N = 9 Wharton’s jelly derived MSCs at 1 × 108 cells/kg (no

control group)

- SpO2

- PaO2/FiO2 ratio

- Ground glass opacity and pneumonia infiltration

- LDH, CRP, D-dimer, and Ferritin

NCT04366271 (Spain) Target: N = 106 Undifferentiated allogenic umbilical cord MSCs (dose not

stated) vs. standard care

- Mortality due to lung involvement

- All-cause mortality

- Days without mechanical ventilation

- Days without vasopressors

- Negative nCoV-test

- SAEs

(Continued)
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TABLE 2 | Continued

Clinical trials number Participants MSC source Outcomes

NCT04252118 (China) Target: N = 20 MSCs (source not stated) at 3 × 107 cells at day 0, 3,

and 6 vs. standard care

- CT scan

- SAEs

- Pneumonia evaluation

- Mortality

- T-cell analysis (CD4+ and CD8+)

- AAT, CRP, and CK

NCT04313322 (Jordan) Target: N = 5 Wharton’s jelly derived MSCs at 1 × 106 cells/kg for 3

doses, spaced 3 days apart (No control group)

- Alleviations of symptoms

- CT scan

- Negative nCoV-test

NCT04336254 (China) Target: N = 20 Allogenic human dental pulp MSCs at 3 × 107 cells at

day 1, 4, and 7 vs. saline control at day 1, 4, and 7

- TTCI

- CT scan

- Immune function markers

- Time for negative nCoV-test

- Blood count and classification

- SpO2

- RR

- Body temperature

- SAEs

- CRP

NCT04346368 (China) Target: N = 20 Bone marrow derived MSCs at 1 × 106 cells/kg at day 1

vs. standard care

- PaO2/FiO2 ratio

- SAEs

- Clinical outcome

- No. days in hospital

- CT scan

- Changes in viral load

- T-cell analysis (CD4+ and CD8+)

- Mortality

- CRP

NCT04288102 (China) Target: N = 100 Umbilical cord derived MSCs at 4 × 107 at day 0, 3, and

6 vs. saline control at day 0, 3, and 6

- Pneumonia evaluation

- Time to clinical improvement

- PaO2/FiO2 ratio

- Days on oxygen therapy

- SpO2

- 6-min walk test

- Lymphocyte counts

- Cytokine/chemokine assessment

- SAEs

- All-course mortality

NCT04273646 (China) Target: N = 48 Umbilical cord derived MSCs at 0.5 × 106 cells/kg at

day 1, 3, 5, and 7 plus standard care vs. saline control at

day 1, 3, 5, and 7 plus standard care

- Pneumonia evaluation

- SAEs

- Survival

- Organ failure assessment

- CRP and Procalcitonin

- Lymphocyte count

- T-cell analysis (CD3+, CD4+, and CD8+)

- CD4+/CD8+ ratio

NCT04339660 (China) Target: N = 30 Umbilical cord derived MSCs at 1 × 106 cells/kg vs.

saline control

- TNF-α, IL-1β, IL-6, TGF-β, IL-8, PCT, CRP

- SpO2

- Mortality

- CT scan

- Blood count recovery time

- Duration of respiratory symptoms

- Negative nCoV-test

NCT04382547 (Belarus) Target: N = 40 Allogenic pooled olfactory mucosa derived MSCs (dose

not stated) vs. standard care control

- nCoV-test

- SAEs

NCT04457609 (Indonesia) Target: N = 40 Umbilical cord derived MSCs at 1 × 106 cells/kg with

Oseltamivir and Azithromycin vs. standard care with

Oseltamivir and Azithromycin

- Clinical improvement markers

- General laboratory outcomes

- PCT, bilirubin, D-dimer, and fibrinogen

- Troponin and NT-proBNP

- LIF, IL-6, IL-10, ferritin, CXCR3

- T-cell analysis (CD4+, CD8+, and CD56+)

(Continued)
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TABLE 2 | Continued

Clinical trials number Participants MSC source Outcomes

- VEGF

- CT scan

NCT04352803 (USA) Target: N = 20 Autologous adipose derived MSCs at 0.5 × 106 cells/kg

vs. standard care control

- SAEs

- Progression and time to/on mechanical ventilation

- Length of hospital stay

- All-cause mortality

NCT04490486 (USA) Target: N = 21 Umbilical cord derived MSCs at 1 × 108 cells on day 0

and 3 vs. 1% human serum albumin in Plasmalyte A on

day 0 and 3

- SAEs

- Inflammatory markers

- COVID-19 viral load

- SOFA score

- Electrolyte levels

- LDH

- No. ICU discharges

- Vasoactive agent use

- Mortality

- Immune markers

- CT scan

NCT04522986 (Japan) Target: N = 6 Adipose derived MSCs at 1 × 108 cells once a week for

4 weeks (no control group)

- SAEs

NCT04461925 (Ukraine) Target: N = 30 Placenta derived MSCs at 1 × 106 cells/kg once every 3

days for 3 infusions vs. standard care control

- PaO2/FiO2 ratio

- Length of hospital stay

- Mortality

- CRP

- CT scan

- Duration of respiratory symptoms

- Blood count recovery time

NCT04362189 (USA) Target: N = 100 Allogenic adipose tissue derived MSCs (Hope

Biosciences) at 1 × 106 cells/dose at day 0, 3, 7, and 10

vs. saline control at day 0, 3, 7, and 10

- IL-6, CRP, TNF-α, and IL-10

- Oxygenation

- RTRA

- ECG assessment

- Routine blood assessments

- Cardiac, hepatic, and renal assessment

- Blood count

- Platelets, Prothrombin time, D-dimer, and INR

- Immune markers

- SAEs

- Chest X-ray

- CT scan

- Negative nCoV-test

NCT04371601 (China) Target: N = 60 Umbilical cord derived MSCs at 1 × 106 cells/kg once

every 4 days for 4 infusions vs. standard care control

- PaO2/FiO2 ratio

- TNF-α and IL-6

- Immune markers

- CRP and calcitonin

NCT04348461 (Spain) Target: N = 100 Allogenic expanded adipose tissue derived MSCs at 1.5

× 106 cells/kg vs. standard care control

- Efficacy of administration of MSCs

- SAEs

NCT04452097 (USA) Target: N = 9 Umbilical cord derived MSCs (3 groups):

- Low dose: 0.5 × 106 cells/kg

- Middle dose: 1 × 106 cells/kg

- High dose: 1.5 × 106 cells/kg

- SAEs

- TEAEs

- Selection of appropriate dose for Phase II trial

NCT04494386 (USA) Target: N = 60 Umbilical cord lining derived MSCs at 1 × 106 cells/dose

vs. saline control—either a single dose or 2 doses

separated by 48 h

- DLT

- SAEs

- Berlin definition of ARDS

- SpO2 and PaO2/FiO2 ratio

- No. of VFDs

- Blood count

- Routine blood assessments

- BUN and urinalysis

- AAT

NCT04345601 (USA) Target: N = 30 MSCs (source not specified) at 1 × 108 cells vs.

standard care control

- SAEs

- Change to clinical status

(Continued)
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TABLE 2 | Continued

Clinical trials number Participants MSC source Outcomes

NCT04377334 (Germany) Target: N = 40 Allogenic bone marrow derived MSCs (dose not stated)

vs. standard care control

- Lung injury score

- D-dimer

- Pro-resolving lipid mediators

- Phenotype of immune cells

- Cytokine and chemokine analysis

- Survival

- Extubation

- Lymphocyte subpopulation

- Complement molecules

- SARS-CoV-2 specific antibody

NCT04390139 (Spain) Target: N = 30 Wharton’s jelly derived MSCs at 1 × 106 cells/kg on day

1 and 3 vs. placebo (not stated) on day 1 and 3

- All-cause mortality

- SAEs

- Need for mechanical ventilation

- No. of VFDs

- PaO2/FiO2 ratio

- SOFA index

- APACHE II score

- Duration of hospitalization

- Immune response

- Feasibility of MSCs

- nCoV-test

- LDH, D-dimer, and ferritin

- Subpopulations of lymphocytes and immunoglobins

- In vitro response of receptor lymphocytes

NCT04392778 (Turkey) Target: N = 30 MSCs (source not stated) at 3 × 106 cells/kg on day 0,

3, and 6 to COVID-19 patients with a ventilator vs. saline

control on day 0, 3, and 6 to COVID-19 patients with a

ventilator vs. standard care control to COVID-19 patients

without a ventilator

- Clinical improvement

- CT scan

- Negative nCoV-test

- Blood tests

NCT04467047 (Brazil) Target: N = 10 MSCs (source not stated) at 1 × 106 cells/kg (safety and

feasibility study)

- Survival

- CRP

- Length of hospital stay

- PaO2/FiO2 ratio

- Liao’s score (2020)

- CT scan

- Negative nCoV-test

NCT04398303 (USA) Target: N = 70 Allogenic umbilical cord derived MSCs at 1 × 106

cells/kg vs. MSC conditioned media at 100ml vs.

placebo (MEM-α) at 100ml

- Mortality

- No. of VFDs

- No. of days on O2 therapy

- No. of ICU-free days

- Pulmonary function

- Berlin criteria score

NCT04437823 (USA) Target: N = 20 Umbilical cord derived MSCs at 0.5 × 106 cells/kg on

day 1, 3, and 5 vs. standard care control

- SAEs

- CT scan

- Negative nCoV-test

- SOFA score

- Mortality

- Clinical respiratory changes

NCT04269525 (China) Target: N = 16 Umbilical cord derived MSCs at 3.3 × 107 cells on day

1, 3, 5, and 7

- PaO2/FiO2 ratio

- Mortality

- Length of hospital stay

- nCoV PCR and antibody-test

- Lung imaging

- WBC and lymphocyte count

- PCT

- IL-2, IL-4, IL-4, IL-6, IL-10, TNF-α, γ-IFN, and CRP

- NK cells

- T-cell analysis (CD4+, CD8+)

(Continued)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 December 2020 | Volume 7 | Article 602183227

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


Ellison-Hughes et al. Cytokine Storm and MSCs

TABLE 2 | Continued

Clinical trials number Participants MSC source Outcomes

NCT04447833 (Sweden) Target: N = 9 Allogenic bone marrow derived MSCs at 1 × 106

cells/kg (n = 3) and 2 × 106 cells/kg (n = 6)

- SAEs

- All-cause mortality

- Leucocytes and thrombocytes

- CRP

- Prothrombin

- Creatinine

- AST and AAT

- NT-proBNP

- Blood pressure

- Body temperature

- Efficacy for MSC use

- Lung function

- 6-min walk test

- Quality of life assessment

- Blood biomarkers

- Sensitisation test

NCT04491240 (Russia) Target: N = 90 Inhalation of MSC exosomes at 0.5–2 × 1010

nanoparticles for COVID-19 patients (n = 30) and

SARS-CoV-2 pneumonia patients (n = 30) vs. inhalation

of solution free placebo (n = 30)—inhalation twice a day

for 10 days

- SAEs

- TTCI

- Blood gases

- SpO2

- Chest imaging

NCT04333368 (France) Target: N = 40 Umbilical cord Wharton’s jelly derived MSCs at 1 × 106

cells/kg at day 1, 3, and 5 vs. placebo (NaCl) control at

day 1, 3, and 5

- PaO2/FiO2 ratio

- Lung injury score

- Mortality

- No. of VFDs

- Use of sedatives

- Use of neuromuscular blocking agent

- ICU-acquired weakness

- SAEs

- Quality of life at 1 year

- Cytokine analysis

- Anti-HLA antibodies

NCT04466098 (USA) Target: N = 30 Thawed product containing MSCs (source not stated) at

300 × 106 cells 3 times separated by 48 h vs. placebo

(dextran and human serum albumin) control 3 times

separated by 48 h

- SAEs

- Inflammatory markers

- PaO2/FiO2 ratio

- Mean airway, peak and plateau pressure

- PEEP

- Mortality

- No. of ICU free days

- No. of VFDs

- Acute lung injury score

- No. of days off O2 therapy

NCT04445220 (USA) Target: N = 22 Allogenic human MSCs at 2.5 × 106 cells (low dose) and

7.5 × 106 cells (high dose) vs. standard care

control—patients with COVID-19 and acute kidney injury

- Safety and tolerability

- SAEs

NCT04276987 (China) Target: N = 30 Allogenic adipose tissue derived MSC exosomes inhaled

at 2 × 108 nano-vesicles on 5 consecutive days

- SAEs

- TTCI

- No. of patients weaning from mechanical ventilation

- Vasoactive agent use

- No. of days on mechanical ventilation

- Mortality

- SOFA score

- Lymphocyte count

- CRP, LDH, and D-dimer

- NT-proBNP

- IL-1β, IL-2R, IL-6, and IL-8

- Chest imaging

- Negative nCoV-test

(Continued)
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TABLE 2 | Continued

Clinical trials number Participants MSC source Outcomes

IRCT20140528017891N8

(Iran)

Target: N = 10 Umbilical cord derived MSCs at 0.5–1 million cells/kg at

1st, 3rd, and 6th day vs. saline injection at 1st, 3rd, and

6th day plus standard care

- Mortality

- Pneumonia severity index and CT scan

- SpO2 supply

- CRP and PCT

- Lymphocyte count

- T-cell analysis (CD3+, CD4+, and CD8+)

NCT04355728 (USA) Target: N = 24 Umbilical cord derived vs. standard care control - Adverse events

- 90 day survival post-infusion

- No. of VFDs

- Change in oxygenation index and plat-PEEP

- SOFA and SIT scores

- TnI, CRP, and D-dimer

- WBC and platelet count

- AA/EPA ratio

- 25-Hydroxyl Vitamin D

- Alloantibody levels

CHICTR2000030224

(China)

Target: N = NA MSCs (source unknown): critical and severe group

injected with MSCs vs. critical and severe control group

injected with saline

- SpO2

- CT scan

- Temperature

- Routine blood markers

- Inflammatory markers

- Hepatic and renal function

ChiCTR2000030173 (China) Target: N = NA Umbilical cord derived vs. standard care control - Pulmonary function

- nCoV pneumonic nucleic acid test

- Pulmonary CT and chest radiography

CHICTR2000030138

(China)

Target: N = NA Umbilical cord derived vs. standard care plus saline

injection control

- Clinical index

ChiCTR2000030088 (China) Target: N = NA Umbilical cord Wharton’s jelly derived MSCs at 1 × 106

cells/kg vs. standard care and saline injection control

- nCoV pneumonic nucleic acid test

- CT scan of ground glass shadow

CHICTR2000029990;

TARGET N = NA (China)

Target: N = NA MSCs (source unknown) vs. standard care and saline

injection control

- Respiratory system function (O2 saturation)

recovery time

ChiCTR2000029817 (NA) Target: N = NA Umbilical cord derived MSCs and NK cells:

- High dose group: NK cells and MSCs at > 5 × 109;

Once every 2 days, five times

- Conventional dose group: NK cells and MSCs at > 3

× 109; once every 2 days, three times

- Preventive dose group: NK cells and MSCs at > 3 ×

109; one infusion

- Time to disease recovery and time to negative nCoV

test

- Clearance rate and time of main symptoms

- Transfer to ICU time

- Routine blood tests

- Biochemical indicators

- Immune indices

CHICTR2000029816 (NA) Target: N = NA Umbilical cord derived MSCs (dose not stated) vs.

standard care control

- Time to disease recovery and time to negative nCoV

test

- Clearance rate and time of main symptoms

- Transfer to ICU time

- Routine blood tests

- Biochemical indicators

- Immune indices

ChiCTR2000029580 (China) Target: N = NA Ruxolitinib and MSCs (source and dose not stated) vs.

standard care control

- Safety

CHICTR2000029569

(China)

Target: N = NA Umbilical cord derived blood mononuclear cells

conditioned medium vs. standard care control

- PSI, CT, and X-Ray

- Arterial blood gas

- Assisted breathing time

- Mortality

- Disease evolution

- Hospitalization days

- Safety outcome index

EUCTR2020-001450-22-

ES

(Spain)

Target: N = NA Allogenic umbilical cord derived MSCs (dose not stated) - Mortality

- Mechanical ventilation incidence

- Need for vasopressors

- Safety profile of MSCs

- Neutrophils, monocytes and NK cells

(Continued)
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TABLE 2 | Continued

Clinical trials number Participants MSC source Outcomes

PCT, ferritin, D-dimer and hs-troponin

- PCR test

- B and T lymphocytes

- Interleukins, Th1, 2&17, NLRP3, and HMGB1

IRCT20200421047150N1

(Iran)

Target: N = NA Umbilical card Wharton’s jelly derived: three injections at

0.5–1 million cells/kg at 1st, 3rd, and 6th day. Control

receiving standard care plus saline injection at 1st, 3rd,

and 6th day

- Not stated

ACTRN12620000612910

(Australia)

Target: N = NA Mesenchymoangioblast derived MSCs (CYP-001) at 2 ×

106 cells/kg twice vs. ICU standard care control

- Not stated

NCT04361942 (Spain) Target: N = 24 Allogenic MSCs (source unknown) vs. placebo (not

stated)

- Withdrawal of invasive mechanical ventilation

- Mortality

- Patients achieving a clinical response

- Patients achieving a radiological response

EUCTR2020-001266-11-

ES

(Spain)

Target: N = 100 Allogenic adipose tissue MSCs - Efficacy and safety of administration of MSCs

- Survival

- Temperature

- Withdrawal of mechanical ventilation

- Patients transitioning to O2 therapy from mechanical

ventilation

- O2 therapy duration

- Days in ICU

- Duration of hospitalization

- PaO2/FiO2

- Chest radiology

- Routine blood markers

- Inflammatory markers

- Coagulation markers

- Immune markers

Source: https://clinicaltrials.gov/ct2/home and https://trialstreamer.robotreviewer.net/.

hs-CRP, high sensitivity C-reactive protein; IL-, Interleukin-; TNF-α, Tumor necrosis factor-α; SAE, Serious adverse event; HR, Heart rate; RR, Respiratory rate; PCT, Procalcitonin; VEGF,

Vascular endothelial growth factor; RTRA, Return to room air; INR, International normalized ratio of blood coagulation; TEAE, treatment emergent serious adverse events; DLT, Dose

limiting toxicity; VFD, Ventilator free days; BUN, Blood urea nitrogen; APACHE, Acute physiology and chronic health disease classification; AST, Aspartate aminotransferase; NEWS,

National early warning score; LDH, Lactate dehydrogenase; AAT, Alanine aminotransferase; CK, Creatine kinase; TTCI, Time to clinical improvement; LIF, Leukemia inhibiting factor;

PEEP, Positive end-expiratory pressure; SOFA, Sequential organ failure assessment; SIT, Small identification test; TnI, Troponin I; AA, Arachidonic acid; EPA, Eicosapentaenoic acid;

nCoV, novel coronavirus; Polymerase chain reaction; NK, Natural killer; Th, T helper; NLRP3, NLR Family Pyrin Domain Containing 3; HMGB1, High mobility group box 1.

to myocardial injury, MSC transplantation could offer a
cardioprotective role.

MSC TRANSPLANTATION COULD
ATTENUATE DAMAGE AND FACILITATE
REPAIR OF THE CARDIOVASCULAR
SYSTEM SEEN WITH COVID-19

In addition to the potential for MSCs to modulate the immune
response and subsequent tissue damage in COVID-19, there is
prospect for MSCs to treat the cardiac and cardiovascular effects
of the SARS-CoV-2 virus, which may be long-lasting (Figure 1).
As previously discussed, in a large proportion of patients there
is evidence of myocardial injury, as suggested by elevated cTnI
and cTnT levels (16, 19, 168, 169), and ventricular dysfunction
indicated by raised circulating NT-proBNP (29, 31). Elevated
cardiac biomarkers are associated with more severe prognosis
and mortality in COVID-19 patients (18, 26, 29, 169, 170),
suggesting the cardiac effects of the virus can drive worsening
prognosis for the patient. Moreover, there are a number of studies

detailing the severe cardiac effects of the virus, such as the
development of heart failure (HF) (28), as well as incidences of
acute coronary syndromes (ACS) (171, 172), ischaemic stroke
(173) and myocardial infarction (MI) (171, 172). Given the
significant deleterious effect of the virus on the myocardium,
treatment options to minimize or to alleviate the cardiovascular
side effects of the infection and disease are needed.

Treatment with MSCs may offer a clinical benefit to patients
due to their regenerative and reparative potential if there is
significant myocardial injury and myocardial cell death. There
have been a number of studies investigating the use of autologous
(174–180) or allogeneic MSCs (178, 181–184) for the treatment
of cardiomyopathies and post-MI. Although the use of MSCs
to treat cardiovascular dysfunction and damage in COVID-19
patients has yet to be fully elucidated, the studies over the past
decade provide good preliminary evidence for researchers and
clinicians alike to further investigate the use of this cellular
therapy in COVID-19 patient cohorts.

Several studies in pig, rat and mouse models of MI showed
significant reduction in infarct size or fibrosis (185–194), and
improvements in cardiac function (185–187, 189, 190, 195, 196).
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FIGURE 1 | MSC transplantation attenuates the damaging effects of the cytokine storm through immunomodulation and improving tissue repair and regeneration.

A meta-analysis of 52 pre-clinical animal studies of cell therapy
for ischaemic heart disease reported that MSC therapy is safe and
associated with significant ∼7.5% improvements in LVEF (197).
In order to elicit increased efficacy, cell combination therapy has
been investigated. In swine models of MI, human bone marrow-
derivedMSCs and cardiac-derived stromalMSC stem/progenitor
cells from autologous or allogeneic sources were co-injected into
the border zone of the infarct. Results showed that by combining
the cell types there was greater therapeutic efficacy, improving
cardiac repair/regeneration and LV functional recovery without
adverse immunologic reaction (198, 199).

These promising findings have been followed by a number of
human clinical trials. In a number of these human studies, the
infusion and transplantation of MSCs have been deemed safe for
treating MI patients (179, 200) as well as having been successful
in improving some cardiac functional measures post-MI, such
as LVEF (175, 177, 200–204), and improving global longitudinal
strain measures (201). Penn et al. (204) showed in a phase
I clinical trial in patients with first ST-elevation–myocardial
infarction (STEMI), delivery of MSCs (MultiStem) using a
coronary adventitial delivery system was well-tolerated and safe.
In patients who exhibited significant myocardial damage, the
delivery of ≥50 million MultiStem resulted in improved EF and

stroke volume 4 months later (204). However, some of these
studies, and others, found no difference between MSC treatment
and no treatment/placebo on infarct size or perfusion changes
in the months following the enrolment to the study (177, 205,
206). Additionally, several human studies fail to observe any
clinical benefit for patients (179, 184, 205, 207). Inconsistent
findings are likely due to the number and phenotype of MSCs
being transplanted, their source, as well as mode and location of
administration (myocardial, epicardial, or endocardial injection;
systemic transplantation).

Despite mixed findings on the efficacy for improving cardiac
function, MSCs can offer potential as regenerative cells for the
CV system, where through a paracrine mechanism they activate
endogenous repair mechanisms leading to blood vessel growth
via angiogenesis, improved cardiomyocyte survival, reduced
cardiomyocyte reactive hypertrophy, and fibrosis (Figure 1).
We have clonally derived (from a single cell) a population of
stromal cells with multipotent stem/progenitor cell properties
from the adult mammalian heart, including human (208–
210). These cells produce a repertoire of pro-survival and
cardiovascular regenerative growth factors. We administered
these cells intracoronary at differential doses (5 × 106, 5 ×

107, and 1 × 108) in three groups of white Yorkshire female
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pigs with MI, 30min after coronary reperfusion. Pig serum
was injected to six control pigs after MI. We found a high
degree of cell engraftment in the damaged pig myocardium. By
3 weeks after MI and cell transplantation, there was increased
new cardiomyocyte and capillary formation, which was not
evident in the control hearts (194). Moreover, cell treatment
preserved myocardial wall structure and attenuated remodeling
by reducing cardiomyocyte hypertrophy, apoptosis, and scar
formation (fibrosis) (211).

In mouse, rat and in vitro cell model studies, MSCs have
been found to be potently angiogenic (192, 212–221). As
outlined previously, MSCs most likely promote angiogenesis via
paracrine means, such as secretion of angiogenic factors; vascular
endothelial growth factor (VEGF), basic fibroblast growth factor
(bFGF), transforming growth factor beta (TGF-β), and platelet-
derived growth factor (PDGF) (222, 223), which are promoted
under hypoxic conditions (224). Proteomic analysis of secreted
exosomes, which carry lipids, proteins and genetic material to
target tissues, from MSCs reveal several target pathways (225).
These include inflammation and angiogenesis, of which, the
angiogenesis pathway revealed specific interaction with NF-κ-B
signaling. When these exosomes were cultured with HUVECs, a
significant increase in endothelial tube formation was detected in
a dose-dependent fashion (225). Zhang et al. (226) investigated
the potential forMSC-derived exosomes to promote angiogenesis
and cardiac repair post-MI in rats. Firstly, they observed
that exosomes isolated from MSCs promoted tube formation
of cardiac stem/progenitor cells in vitro. They subsequently
transplanted cardiac stem/progenitor cells internalized with these
exosomes into a rat model of MI, and observed an increased
capillary density, which was followed by an improvement in
LVEF, and reduction in fibrosis after 28 days post-implantation.
Interestingly, the source of MSCs can significantly alter their pro-
angiogenic potential. Du et al. (219) isolated MSCs from bone
marrow, adipose tissue, umbilical cord and placenta and assessed
their pro-angiogenic capacity using in vitro tube formation
assays, as well as endothelial cell proliferation and assessment
of angiogenic gene expression by RT-PCR. They found that
MSCs isolated from the bone marrow and the placenta promoted
angiogenesis in vitro to a greater extent than MSCs from adipose
tissue and umbilical cord. In addition, they found that MSCs
from these sources had a greater expression of VEGF mRNA and
protein (219).

As well as promoting angiogenesis, MSCs may promote
recovery from cardiac injury/insult by differentiating into
mature cardiomyocytes, or by promoting resident cardiomyocyte
proliferation. Mesenchymal stromal cells have a broad
differentiation capacity, and have been shown to be able to
differentiate into osteoblasts (227), neuronal cells (228) as well
as upregulate cardiomyocyte markers, such as cardiac myosin
heavy chain (229) and troponin T (229, 230). However, several
studies have failed to observe significant trans-differentiation of
MSCs into either endothelial cells or functional cardiomyocytes
(189, 231, 232). Otherwise, MSCs have been found to promote
cardiomyocyte DNA synthesis and proliferation, and signal
cardiomyocyte gene upregulation (including VEGF, cyclin
A2, and TGF-β2) (194, 233). Through their paracrine activity,

they also prevent cardiomyocyte cell apoptosis (188, 221, 234–
236) with several studies observing a reduced activation of
the caspase-3 pathway in cardiomyocytes exposed to either
MSC-derived exosomes (236) or conditioned media (237).

Other methods to maximize cellular function of cell therapies
include “priming” which involves promoting expression of
certain receptors, proteins and cytokines in the cells prior to
transplantation or infusion. Mesenchymal stromal cells primed
in vitro, prior to in vivo administration may offer opportunity
to improve the efficacy of MSC treatment. Several studies have
shown that by priming these cells in vitro, for example to highly
express GATA-4 (MSCGATA−4) (238), or CXCR4 (MSCCXCR4)
(233, 239) may improve the angiogenic paracrine activity of
these cells.Mesenchymal stromal cells whichwere overexpressing
GATA-4 contained more VEGF and IGF-1 protein, which,
when blocked with neutralizing antibodies, attenuated the pro-
angiogenic activity of MSCGATA−4 (238). Moreover, cardiac-
derived stem/progenitor cells that express high levels of GATA-
4 have shown to foster cardiomyocyte survival through IGF-
1 paracrine signaling (240). MSCCXCR4 cells themselves were
found to be highly angiogenic compared to un-primed MSCs,
with greater expression of VEGF, which may partly explain
the greater in vitro tube formation observed in a study by
Zhang et al. (239). CXCR4 over-expression may be beneficial in
promoting cell migration to ischaemic tissue due to the ligand
stromal-derived factor-1 (SDF-1) (241), which is released in
ischaemic tissue (242, 243). Thus, by selecting CXCR4+ MSCs,
or promoting CXCR4 expression in vitro, MSC migration to
target infarct or damaged areas may be improved, subsequently
allowing the cells to stimulate repair in the area required
more efficiently.

Heart tissue damage post-MI, although largely due to
ischaemic tissue injury and insult and associated cardiomyocyte
loss, is also due to inflammation associated in the hours and days
post-MI (244, 245). This inflammatory response is associated
with further cardiac tissue damage and injury, as indicated
by sustained and continual increases in cTnI and cTnT (246).
Indeed MSC exosomes can regulate T-cell proliferation (215)
as well as alter the balance between M1 and M2 macrophages
in the infarcted heart (191), and the number of neutrophils
and NK cells post-MI in the cardiac tissue (244) suggesting
strong anti-inflammatory properties of the MSCs. In fact, a
study by Luger et al. (244) found that MSC exosomes were
able to reduce the number of NK cells in cardiac tissue post-
MI, followed by a separate experiment whereby depleting NK
cells 24 h prior to MI in mice, reduced the resulting infarct
size. These findings infer that NK cells are involved in causing,
or significantly contributing to, the cardiac damage resulting
from an ischaemic challenge, and that MSCs could attenuate this
inflammation. Taken together, it appears that MSCs also promote
cardiac recovery via attenuating the ongoing inflammatory
response, which is also a likely pathway for COVID-19-associated
myocardial injury.

Although there is significant promise in the use of MSCs for
cellular therapy to treat cardiovascular conditions, their efficacy
for use in treating COVID-19-related cardiac dysfunction and
injury is yet to be determined.
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MSC TRANSPLANTATION IN COVID-19
PATIENTS COULD ALLEVIATE
PULMONARY FIBROSIS

Fibrotic disorders in the lung, such as idiopathic pulmonary
fibrosis (IPF), share similar comorbidities with COVID-19. Both
conditions are progressive in nature, often because of worsening
lung injury and fibrosis of alveolar walls. This underscores a
common anti-fibrotic strategy.

Clinical trials with anti-fibrotic agents have shown promise
in reversing progression of pulmonary fibrosis, as evidenced
with nintedanib (247) and pirfenidone (248), which were
approved by the FDA more than 6 years ago (249). This is
supported by findings from pre-clinical animal models. An
animal model of IPF with increased fibrosis and defective
clearance of fibrocytes and myofibroblasts, was improved upon
treatment with nintedanib (250). However, whether these agents
will have clinical efficacy in COVID-19 remains unknown.
Notably, commercial anti-fibrotic drugs, such as nintedanib and
pirfenidone, are only available for oral delivery. This limits
their use in COVID-19 patients, given that the population with
fibrotic lung damage are usually hospitalized and intubated.
Moreover, the hepatoxic side effects of both drugs and the
contraindication of pirfenidone in renal dysfunction further limit
their use, especially noting that SARS-CoV-2 is associated with
development of both liver and kidney dysfunctions (58, 251).
This highlights the need for better therapeutic strategies for lung
fibrosis. Novel treatment options, such as cell-based therapy for
replenishing lost functional capacity of resident stromal cells,
have great potential for patients with COVID-19.

Cell-based therapy has been keenly investigated in the pre-
clinical models using bleomycin-induced pulmonary fibrosis.
Bleomycin-induced lung injury is a well-characterized model of
human pulmonary fibrosis, with an initial phase of inflammatory
activation and consequent fibrosis. In mice, intravenous injection
of the primary human amniotic epithelial cells (hAECs) reduced
lung inflammation and expression of the pro-fibrotic ligand TGF-
β1 (252). Human amniotic epithelial cells transplantation also
reduced the Ashcroft score, a validated marker of severity of
lung fibrosis (253), likely due to increased degradation by matrix
metalloproteinase (MMP)-2 and reduced expressions of tissue
inhibitors of MMPs (TIMP)-1 and 2 (252). A pooled analysis
of pre-clinical evidence demonstrated significantly better results
on Ashcroft score and collagen contents for hAECs compared
to placebo (254). Much akin to hAECs, MSCs have been
shown to ameliorate pulmonary injury induced by bleomycin
in experimental models (255). This has been demonstrated for
bone marrow, umbilical cord, and amniotic fluid derived MSCs,
respectively. The therapeutic efficacy of MSCs is also reported in
othermodels of lung fibrosis. For example, adipose tissue-derived
MSCs significantly attenuated lung function and fibrosis in a
rodent model of silica-induced lung fibrosis (256). In summary,
these data show that MSC-based therapy is a promising tool
to address the pathophysiological consequences of COVID-
19 in the lung. However, clinical translation would require
more refined understanding of the anti-fibrotic mechanisms
of MSCs.

Cumulative data show that MSCs protect against fibrosis
via hepatocyte growth factor (HGF)-mediated mechanisms.
Hepatocyte growth factor was originally identified as a
mitogen for hepatocytes. It has now been shown to mediate
mitogenic, anti-inflammatory, anti-apoptotic, and regenerative
effects during tissue repair. In models of I/R lung injury,
transplanted HGF-overexpressed MSCs resulted in lessened
oxidative stress, inflammation, and attenuated lung injury
(257). Hepatocyte growth factor also prolonged the survival of
engrafted MSCs via increased expression of the anti-apoptotic
protein Bcl-2 and repression of caspase-3 activation. In the
context of fibrosis, there is evidence to suggest that HGF
modulates pro-fibrotic pathways. For instance, microvesicles
from human Wharton’s Jelly MSCs inhibited apoptosis, fibrosis
in pulmonary tissues, and activation of PI3K/AKT/mTOR
pathway (258). These effects were blocked by using HGF-mRNA-
deficient microvesicles or PI3K inhibitor. Hepatocyte growth
factor also inhibits alveolar epithelial-to-mesenchymal transition
and production of TGF-β1 independent of MSCs (259).

Other pathways have also been implicated in mediating
the anti-fibrotic role of MSCs, including the activation of
MMP-9 (260), programmed death (PD)-1/PD-L1 (261), and
anti-apoptotic Bcl-2 (256, 257). MMP-9 is said to promote
the degradation of collagen deposits, thereby facilitating the
repair process following lung injury. On the other hand,
MSC transplantation has been associated with repressed
TGF-β1/SMAD3 (255), Wnt/β-catenin signaling (262),
MyD88/TGF-β1 signaling (263), and N-methyl-d-aspartate
receptor activity (264). Inhibition of Wnt/β-catenin signaling
has a two-fold function. Firstly, it prevents downstream
activation of pro-fibrotic genes and development of fibrosis; and,
secondly, it rescues lung resident MSCs from differentiating to
myofibroblasts (265).

Whether similar benefits will be seen in COVID-19 patients
remains to be established. A single center, non-randomized, dose-
escalation phase 1b trial of eight patients withmoderate-to-severe
IPF treated with intravenous bone marrow-derived MSC showed
a good short-term safety profile (266). CT fibrosis score did
not change 6 months after administration compared to baseline;
however, there was no further worsening of fibrosis during
follow-up. Similar findings were noted in a larger (randomized)
trial of 20 IPF patients treated with high-dose bone marrow-
derived MSCs (267). Subsequently, a trial of 61 patients with
influenza A (H7N9)-induced ARDS showed significant reduction
in the inflammatory marker CRP following menstrual-blood-
derived MSC treatment, compared to placebo (163). While
treated patients showed linear fibrosis, ground-glass opacity,
and pleural thickening on chest CT at baseline, there was
improvement in all patients after 24 weeks and up to 1 year after
MSC treatment.

Our current understanding of the mechanisms of MSC-
mediated improvement in lung (fibrotic) injury is incomplete,
especially in the context of COVID-19. There are other important
questions that will need to be addressed, too. For instance,
would the MSCs need to be primed for improved efficacy?
Previous studies have shown that pre-conditioning of MSCs
with oncostatin M (268, 269), low-dose TGF-β1 (270), IL-6
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(269), or ischaemia (271) improves the survival and therapeutic
benefits. Obtaining the best MSCs for transplantation in terms of
optimum immunomodulatory capacity and availability should be
considered in COVID-19 studies. Primary MSCs, such as those
obtained from bone marrow, umbilical cord, or adipose tissue,
are limited by lack of available donors, many lack standardized
preparations, with variations in quality, limited regenerative
capacity, and finite lifespans. To overcome these limitations,
a recent study investigated a novel hESC-derived MSC-like
cell population, termed Immunity-and Matrix-Regulatory Cells
(IMRCs) (272). Produced to good manufacturing standards,
IMRCs demonstrated excellent safety and efficacy profiles in
in vivo models of mice and monkeys. Additionally, IMRCs
demonstrated superior immunomodulatory effects compared
to umbilical cord-derived MSCs and the anti-fibrotic agent,
pirfenidone (272).

CONCLUSION

Evidence now supports severe COVID-19 being associated with
a dysregulated and hyperactive inflammatory systemic response;
a cytokine storm. Older people (>60 years) and people with co-
morbidities are more likely to develop a dysfunctional immune
response, and resultant cytokine storm, that causes pathology and
fails to successfully eradicate the pathogen. The exact reasons
for this are unclear, although one reason may be a decline in
immune function with age and chronic sterile inflammation due

to the build-up of senescent cells and immunosenescence in aging
humans (273).

The manifestations of elevated pro-inflammatory, sustained
circulating factors due to the cytokine storm are not just
confined to the lungs, with significant damage to the CV system
and multi-organ damage and dysfunction. Interventions that
target single cytokines (i.e., Tocilizumab targeting IL-6) do not
seem efficacious in reducing mortality. Mesenchymal stromal
cells owing to their powerful immunomodulatory function can
holistically target and suppress the cytokine storm. At the same
time, MSC transplantation is safe and has proven effective at
activating endogenous repair mechanisms, leading to improved
cardiac function, tissue regeneration and decreased fibrosis.
Therefore, attenuating persistent organ dysfunction. Further
mechanistic studies are required to investigate if MSC therapy
can alleviate the cardiovascular consequences of COVID-19, and
thus reduce cardiovascular risk in these patients. Work should
also focus on determining the optimal dose, timing of injections
(multiple dosing at different stages of the disease), systemic
distribution of transplanted cells, type of MSCs used or use of
exosomes, and the anti-viral effects of MSC transplantation.

AUTHOR CONTRIBUTIONS

LC put together the tables. TA put together the figure. GE-H
oversaw the completion of the article. All authors contributed to
writing the article.

REFERENCES

1. Rosenwald SM. History’s deadliest pandemics, from ancient Rome to
modern America | The Spokesman-Review. The Spokesman-Review. (2020)
Available online at: https://www.spokesman.com/stories/2020/apr/15/
historys-deadliest-pandemics-from-ancient-rome-to-/ (accessed August
23, 2020).

2. Gagnon A, Miller MS, Hallman SA, Bourbeau R, Herring DA, Earn DJD,
et al. Age-specific mortality during the 1918 influenza pandemic: unravelling
the mystery of high young adult mortality. PLoS ONE. (2013) 8:e69586.
doi: 10.1371/journal.pone.0069586

3. Morens DM, Fauci AS. The 1918 influenza pandemic: insights for the 21st
century. J Infect Dis. (2007) 195:1018–28. doi: 10.1086/511989

4. Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for the
recognition of SARS-CoV-2 by full-length human ACE2. Science. (2020)
367:1444–8. doi: 10.1126/science.abb2762

5. Hoffmann M, Kleine-Weber H, Schroeder S, Mü MA, Drosten C, Pö S.
SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked
by a clinically proven protease inhibitor. Cell. (2020) 181:271–80.e8.
doi: 10.1016/j.cell.2020.02.052

6. Aimes TR, Zijlstra A, Hooper DJ, Ogbourne MS, Sit M-L, Fuchs
S, et al. Endothelial cell serine proteases expressed during vascular
morphogenesis and angiogenesis. Thombosis Haemost. (2003) 89:561–72.
doi: 10.1055/s-0037-1613388

7. Pan X-W, Xu D, Zhang H, Zhou W, Wang L-H, Cui X-G. Identification of a
potential mechanism of acute kidney injury during the COVID-19 outbreak:
a study based on single-cell transcriptome analysis. Intensive Care Med.

(2020) 46:1114–6. doi: 10.1007/s00134-020-06026-1
8. Sungnak W, Huang N, Bécavin C, Berg M, Queen R, Litvinukova M,

et al. SARS-CoV-2 entry factors are highly expressed in nasal epithelial
cells together with innate immune genes. Nat Med. (2020) 26:681–7.
doi: 10.1038/s41591-020-0868-6

9. Chen L, Li X, Chen M, Feng Y, Xiong C. The ACE2 expression in
human heart indicates new potential mechanism of heart injury among
patients infected with SARS-CoV-2. Eur Soc Cardiol. (2020) 116:1097–100.
doi: 10.1093/cvr/cvaa078

10. Meselson M. Droplets and aerosols in the transmission of SARS-CoV-2. N
Engl J Med. (2020) 382:2063. doi: 10.1056/NEJMc2009324

11. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of
patients infected with 2019 novel coronavirus in Wuhan, China. Lancet.
(2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

12. Kaye R, Chang CWD, Kazahaya K, Brereton J, Denneny JC. COVID-
19 anosmia reporting tool: initial findings. Otolaryngol Head Neck Surg

(United States). (2020) 163:132–4. doi: 10.1177/0194599820922992
13. Weiss ARR, Dahlke MH. Immunomodulation by mesenchymal stem cells

(MSCs): mechanisms of action of living, apoptotic, and dead MSCs. Front
Immunol. (2019) 10:1191. doi: 10.3389/fimmu.2019.01191

14. Golchin A, Seyedjafari E, Ardeshirylajimi A. Mesenchymal stem cell therapy
for COVID-19: present or future. Stem Cell Rev Rep. (2020) 16:427–33.
doi: 10.1007/s12015-020-09973-w

15. Golchin A, Farahany TZ, Khojasteh A, Soleimanifar F, Ardeshirylajimi A.
The clinical trials of mesenchymal stem cell therapy in skin diseases: an
update and concise review. Curr Stem Cell Res Ther. (2018) 14:22–33.
doi: 10.2174/1574888x13666180913123424

16. Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course
and risk factors for mortality of adult inpatients with COVID-19 in
Wuhan, China: a retrospective cohort study. Lancet. (2020) 395:1054–62.
doi: 10.1016/S0140-6736(20)30566-3

17. Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A,
et al. Baseline characteristics and outcomes of 1591 patients infected with
SARS-CoV-2 admitted to ICUs of the Lombardy Region, Italy. JAMA. (2020)
323:1574–81. doi: 10.1001/jama.2020.5394

18. Shi S, Qin M, Shen B, Cai Y, Liu T, Yang F, et al. Association of
cardiac injury with mortality in hospitalized patients with COVID-19 in

Frontiers in Cardiovascular Medicine | www.frontiersin.org 21 December 2020 | Volume 7 | Article 602183234

https://www.spokesman.com/stories/2020/apr/15/historys-deadliest-pandemics-from-ancient-rome-to-/
https://www.spokesman.com/stories/2020/apr/15/historys-deadliest-pandemics-from-ancient-rome-to-/
https://doi.org/10.1371/journal.pone.0069586
https://doi.org/10.1086/511989
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1055/s-0037-1613388
https://doi.org/10.1007/s00134-020-06026-1
https://doi.org/10.1038/s41591-020-0868-6
https://doi.org/10.1093/cvr/cvaa078
https://doi.org/10.1056/NEJMc2009324
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1177/0194599820922992
https://doi.org/10.3389/fimmu.2019.01191
https://doi.org/10.1007/s12015-020-09973-w
https://doi.org/10.2174/1574888x13666180913123424
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1001/jama.2020.5394
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ellison-Hughes et al. Cytokine Storm and MSCs

Wuhan, China. JAMA Cardiol. (2020) 5:802–10. doi: 10.1001/jamacardio.
2020.0950

19. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical characteristics
of 138 hospitalized patients with 2019 novel coronavirus-infected
pneumonia in Wuhan, China. JAMA. (2020) 323:1061–9. doi: 10.1001/jama.
2020.1585

20. Léonard-Lorant I, Delabranche X, Séverac F, Helms J, Pauzet C, Collange
O, et al. Acute pulmonary embolism in patients with COVID-19 at CT
angiography and relationship to d-Dimer levels. Radiology. (2020) 296:E189–
91. doi: 10.1148/radiol.2020201561

21. Poissy J, Goutay J, Caplan M, Parmentier E, Duburcq T, Lassalle
F, et al. Pulmonary embolism in patients with COVID-19:
awareness of an increased prevalence. Circulation. (2020) 142:184–6.
doi: 10.1161/CIRCULATIONAHA.120.047430

22. Sala S, Peretto G, Gramegna M, Palmisano A, Villatore A, Vignale D, et al.
Acute myocarditis presenting as a reverse Tako-Tsubo syndrome in a patient
with SARS-CoV-2 respiratory infection. Eur Heart J. (2020) 41:1861–2.
doi: 10.1093/eurheartj/ehaa286

23. Kim IC, Kim JY, Kim HA, Han S. COVID-19-related myocarditis
in a 21-year-old female patient. Eur Heart J. (2020) 41:1859.
doi: 10.1093/eurheartj/ehaa288

24. Clerkin KJ, Fried JA, Raikhelkar J, Sayer G, Griffin JM, Masoumi A, et al.
COVID-19 and cardiovascular disease. Circulation. (2020) 141:1648–55.
doi: 10.1161/CIRCULATIONAHA.120.046941

25. Roberts KA, Colley L, Agbaedeng TA, Ellison-Hughes GM, Ross
MD. Vascular manifestations of COVID-19—thromboembolism and
microvascular dysfunction. Front Cardiovasc Med. (2020) 7:598400.
doi: 10.3389/fcvm.2020.598400

26. Deng Q, Hu B, Zhang Y, Wang H, Zhou X, Hu W, et al. Suspected
myocardial injury in patients with COVID-19: evidence from front-line
clinical observation in Wuhan, China. Int J Cardiol. (2020) 311:116–21.
doi: 10.1016/j.ijcard.2020.03.087

27. Santoso A, Pranata R, Wibowo A, Al-Farabi MJ, Huang I, Antariksa
B. Cardiac injury is associated with mortality and critically ill
pneumonia in COVID-19: a meta-analysis. Am J Emerg Med. (in press).
doi: 10.1016/j.ajem.2020.04.052

28. Chen T,WuD, ChenH, YanW, Yang D, Chen G, et al. Clinical characteristics
of 113 deceased patients with coronavirus disease 2019: retrospective study.
BMJ. (2020) 368:m1091. doi: 10.1136/bmj.m1091

29. Guo T, Fan Y, Chen M, Wu X, Zhang L, He T, et al. Cardiovascular
implications of fatal outcomes of patients with coronavirus
disease 2019 (COVID-19). JAMA Cardiol. (2020) 5:811–8.
doi: 10.1001/jamacardio.2020.1017

30. Guan W, Ni Z, Hu Y, Liang W, Ou C, He J, et al. Clinical characteristics
of coronavirus disease 2019 in China. N Engl J Med. (2020) 382:1708–20.
doi: 10.1056/NEJMoa2002032

31. Han H, Xie L, Liu R, Yang J, Liu F, Wu K, et al. Analysis of heart injury
laboratory parameters in 273 COVID-19 patients in one hospital in Wuhan,
China. J Med Virol. (2020) 92:819–23. doi: 10.1002/jmv.25809

32. Danzi GB, Loffi M, Galeazzi G, Gherbesi E. Acute pulmonary embolism and
COVID-19 pneumonia: a random association? Eur Heart J. (2020) 41:1858.
doi: 10.1093/eurheartj/ehaa254

33. Tay MZ, Poh CM, Rénia L, MacAry PA, Ng LFP. The trinity of COVID-
19: immunity, inflammation and intervention. Nat Rev Immunol. (2020)
20:363–74. doi: 10.1038/s41577-020-0311-8

34. Merad M, Martin JC. Pathological inflammation in patients with COVID-
19: a key role for monocytes and macrophages. Nat Rev Immunol. (2020)
20:355–62. doi: 10.1038/s41577-020-0331-4

35. Ferrara JLM, Abhyankar S, Gilliland DG. Cytokine storm of graft-versus-
host disease: a critical effector role for interleukin-1. Transpl Proc. (1993)
56:1518–23. doi: 10.1097/00007890-199312000-00045

36. Yuen K, Wong S. Human infection by avian influenza A H5N1. Hong Kong
Med. (2005) 11:189–199.

37. Noroozi R, Branicki W, Pyrc K, Łabaj PP, Pospiech E, Taheri M, et al.
Altered cytokine levels and immune responses in patients with SARS-
CoV-2 infection and related conditions. Cytokine. (2020) 133:155143.
doi: 10.1016/j.cyto.2020.155143

38. Blanco-Melo D, Nilsson-Payant BE, Liu W-C, Lim JK, Albrecht RA,
Tenoever BR. Imbalanced host response to SARS-CoV-2 drives development
of COVID-19. Cell. (2020) 181:1036–45. doi: 10.1016/j.cell.2020.04.026

39. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical and
immunological features of severe and moderate coronavirus disease 2019.
J Clin Invest. (2020) 130:2620–9. doi: 10.1172/JCI137244

40. Liu J, Li S, Liu J, Liang B, Wang X, Wang H, et al. Longitudinal
characteristics of lymphocyte responses and cytokine profiles in the
peripheral blood of SARS-CoV-2 infected patients. EBioMedicine. (2020)
55:102763. doi: 10.1016/j.ebiom.2020.102763

41. Del Valle DM, Kim-Schulze S, Hsin-Hui H, Beckmann ND, Nirenberg S,
Wang B, et al. An inflammatory cytokine signature helps predict COVID-
19 severity and death. medRxiv Prepr Serv Heal Sci. [Preprint] (2020).
doi: 10.1101/2020.05.28.20115758

42. Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, et al.
Longitudinal analyses reveal immunological misfiring in severe COVID-19.
Nature. (2020) 584:463. doi: 10.1038/s41586-020-2588-y

43. Laing AG, Lorenc A, Del Molino Del Barrio I, Das A, Fish M, Monin L, et al.
A dynamic COVID-19 immune signature includes associations with poor
prognosis. Nat Med. (2020) 26:1–13. doi: 10.1038/s41591-020-1038-6

44. Guo C, Li B, Ma H, Wang X, Cai P, Yu Q, et al. Single-cell analysis
of two severe COVID-19 patients reveals a monocyte-associated and
tocilizumab-responding cytokine storm. Nat Commun. (2020) 11:1–11.
doi: 10.1038/s41467-020-17834-w

45. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ.
COVID-19: consider cytokine storm syndromes and immunosuppression.
Lancet. (2020) 395:1033–4. doi: 10.1016/S0140-6736(20)30628-0

46. Pedersen SF, Ho YC. SARS-CoV-2: a storm is raging. J Clin Invest. (2020)
130:2202–5. doi: 10.1172/JCI137647

47. Ruan Q, Yang K, Wang W, Jiang L, Song J. Clinical predictors of
mortality due to COVID-19 based on an analysis of data of 150
patients from Wuhan, China. Intensive Care Med. (2020) 46:846–8.
doi: 10.1007/s00134-020-05991-x

48. Aggarwal NR, King LS, D’Alessio FR. Diverse macrophage populations
mediate acute lung inflammation and resolution. Am J Physiol Lung Cell Mol

Physiol. (2014) 306:709–25. doi: 10.1152/ajplung.00341.2013
49. D’Alessio FR, Tsushima K, Aggarwal NR, West EE, Willett MH, Britos MF,

et al. CD4+CD25+Foxp3+ tregs resolve experimental lung injury in mice
and are present in humans with acute lung injury. J Clin Invest. (2009)
119:2898–913. doi: 10.1172/JCI36498

50. Geiser T, Atabai K, Jarreau P-H,Ware BL, Pugin JR,Matthay AM. Pulmonary
edema fluid from patients with acute lung injury augments in vitro alveolar
epithelial repair by an IL-1b-dependent mechanism. Am J Respir Crit Care

Med. (2001) 163:1384–8. doi: 10.1164/ajrccm.163.6.2006131
51. Han S, Mallampalli RK. The acute respiratory distress syndrome:

from mechanism to translation. J Immunol. (2015) 194:855–60.
doi: 10.4049/jimmunol.1402513

52. Hu X, Chakravarty SD, Ivashkiv LB. Regulation of interferon and toll-like
receptor signaling during macrophage activation by opposing feedforward
and feedback inhibition mechanisms. Immunol Rev. (2008) 226:41–56.
doi: 10.1111/j.1600-065X.2008.00707.x

53. Risitano AM, Mastellos DC, Huber-Lang M, Yancopoulou D, Garlanda C,
Ciceri F, et al. Complement as a target in COVID-19? Nat Rev Immunol.

(2020) 20:343–4. doi: 10.1038/s41577-020-0320-7
54. Xu H, Zhong L, Deng J, Peng J, Dan H, Zeng X, et al. High expression of

ACE2 receptor of 2019-nCoV on the epithelial cells of oral mucosa. Int J
Oral Sci. (2020) 12:1–5. doi: 10.1038/s41368-020-0074-x

55. Arentz M, Yim E, Klaff L, Lokhandwala S, Riedo FX, Chong M, et al.
Characteristics and outcomes of 21 critically ill patients with COVID-
19 in Washington State. JAMA. (2020) 323:1612–4. doi: 10.1001/jama.
2020.4326

56. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological
and clinical characteristics of 99 cases of 2019 novel coronavirus
pneumonia inWuhan, China: a descriptive study. Lancet. (2020) 395:507–13.
doi: 10.1016/S0140-6736(20)30211-7

57. Wong SH, Lui RNS, Sung JJY. Covid-19 and the digestive system. J

Gastroenterol Hepatol. (2020) 35:744–8. doi: 10.1111/jgh.15047

Frontiers in Cardiovascular Medicine | www.frontiersin.org 22 December 2020 | Volume 7 | Article 602183235

https://doi.org/10.1001/jamacardio.2020.0950
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1148/radiol.2020201561
https://doi.org/10.1161/CIRCULATIONAHA.120.047430
https://doi.org/10.1093/eurheartj/ehaa286
https://doi.org/10.1093/eurheartj/ehaa288
https://doi.org/10.1161/CIRCULATIONAHA.120.046941
https://doi.org/10.3389/fcvm.2020.598400
https://doi.org/10.1016/j.ijcard.2020.03.087
https://doi.org/10.1016/j.ajem.2020.04.052
https://doi.org/10.1136/bmj.m1091
https://doi.org/10.1001/jamacardio.2020.1017
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1002/jmv.25809
https://doi.org/10.1093/eurheartj/ehaa254
https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1097/00007890-199312000-00045
https://doi.org/10.1016/j.cyto.2020.155143
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1172/JCI137244
https://doi.org/10.1016/j.ebiom.2020.102763
https://doi.org/10.1101/2020.05.28.20115758
https://doi.org/10.1038/s41586-020-2588-y
https://doi.org/10.1038/s41591-020-1038-6
https://doi.org/10.1038/s41467-020-17834-w
https://doi.org/10.1016/S0140-6736(20)30628-0
https://doi.org/10.1172/JCI137647
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1152/ajplung.00341.2013
https://doi.org/10.1172/JCI36498
https://doi.org/10.1164/ajrccm.163.6.2006131
https://doi.org/10.4049/jimmunol.1402513
https://doi.org/10.1111/j.1600-065X.2008.00707.x
https://doi.org/10.1038/s41577-020-0320-7
https://doi.org/10.1038/s41368-020-0074-x
https://doi.org/10.1001/jama.2020.4326
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1111/jgh.15047
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ellison-Hughes et al. Cytokine Storm and MSCs

58. Zhang C, Shi L, Wang FS. Liver injury in COVID-19: management
and challenges. Lancet Gastroenterol Hepatol. (2020) 5:428–30.
doi: 10.1016/S2468-1253(20)30057-1

59. Jin X, Lian JS, Hu JH, Gao J, Zheng L, Zhang YM, et al. Epidemiological,
clinical and virological characteristics of 74 cases of coronavirus-infected
disease 2019 (COVID-19) with gastrointestinal symptoms. Gut. (2020)
69:1002–9. doi: 10.1136/gutjnl-2020-320926

60. Zhou Z, Zhao N, Shu Y, Han S, Chen B, Shu X. Effect of gastrointestinal
symptoms in patients with COVID-19.Gastroenterology. (2020) 158:2294–7.
doi: 10.1053/j.gastro.2020.03.020

61. Mao L, Jin H,WangM, Hu Y, Chen S, He Q, et al. Neurologic manifestations
of hospitalized patients with coronavirus disease 2019 in Wuhan, China.
JAMA Neurol. (2020) 77:683–90. doi: 10.1001/jamaneurol.2020.1127

62. Varatharaj A, Thomas N, Ellul M, Davies NW, Pollak T, Tenorio EL, et al.
UK-wide surveillance of neurological and neuropsychiatric complications
of COVID-19: the first 153 patients. SSRN Electron J [Preprint]. (2020).
doi: 10.2139/ssrn.3601761

63. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel
AS, et al. Endothelial cell infection and endotheliitis in COVID-19. Lancet.
(2020) 395:1417–8. doi: 10.1016/S0140-6736(20)30937-5

64. Jacobs JL, Coyne CB. Mechanisms of MAVS regulation at the mitochondrial
membrane. J Mol Biol. (2013) 425:5009–19. doi: 10.1016/j.jmb.2013.10.007

65. Rongvaux A. Innate immunity and tolerance toward mitochondria.
Mitochondrion. (2018) 41:14–20. doi: 10.1016/j.mito.2017.10.007

66. Karan KR, Trumpff C, McGill MA, Thomas JE, Sturm G, Lauriola V, et al.
Mitochondrial respiratory capacity modulates LPS-induced inflammatory
signatures in human blood. Brain Behav Immun Heal. (2020) 5:1–12.
doi: 10.1016/j.bbih.2020.100080

67. Kawai T, Akira S. Antiviral signaling through pattern recognition receptors.
J Biochem. (2007) 141:137–45. doi: 10.1093/jb/mvm032

68. Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, et al. A
SARS-CoV-2 protein interaction map reveals targets for drug repurposing.
Nature. (2020) 583:459–68. doi: 10.1038/s41586-020-2286-9

69. Shi C-S, Qi H-Y, Boularan C, Huang N-N, Abu-Asab M, Shelhamer JH,
et al. SARS-coronavirus open reading frame-9b suppresses innate immunity
by targeting mitochondria and the MAVS/TRAF3/TRAF6 signalosome. J
Immunol. (2014) 193:3080–9. doi: 10.4049/jimmunol.1303196

70. Spiegel M, Pichlmair A, Martínez-Sobrido L, Cros J, García-Sastre A,
Haller O, et al. Inhibition of beta interferon induction by severe
acute respiratory syndrome coronavirus suggests a two-step model for
activation of interferon regulatory factor 3. J Virol. (2005) 79:2079–86.
doi: 10.1128/jvi.79.4.2079-2086.2005

71. West AP, Khoury-Hanold W, Staron M, Tal MC, Pineda CM, Lang SM, et al.
Mitochondrial DNA stress primes the antiviral innate immune response.
Nature. (2015) 520:553–7. doi: 10.1038/nature14156

72. Arnoult D, Soares F, Tattoli I, Castanier C, Philipott D, Girardi ES. An N-
terminal addressing sequence targets NLRX1 to the mitochondrial matrix. J
Cell Sci. (2009) 122:3161–8. doi: 10.1242/jcs.051193

73. Breda CN de S, Davanzo GG, Basso PJ, Saraiva Câmara NO, Moraes-Vieira
PMM. Mitochondria as central hub of the immune system. Redox Biol.

(2019) 26:101255. doi: 10.1016/j.redox.2019.101255
74. Fève B, Bastard J-P. The role of interleukins in insulin resistance

and type 2 diabetes mellitus. Nat Rev Endocrinol. (2009) 5:305–11.
doi: 10.1038/nrendo.2009.62

75. Zhu L, She ZG, Cheng X, Qin JJ, Zhang XJ, Cai J, et al. Association
of blood glucose control and outcomes in patients with COVID-19
and pre-existing type 2 diabetes. Cell Metab. (2020) 31:1068–77.e3.
doi: 10.1016/j.cmet.2020.04.021

76. Codo AC, Davanzo GG, Monteiro L de B, de Souza GF, Muraro SP, Virgilio-
da-Silva JV, et al. Elevated glucose levels favor SARS-CoV-2 infection and
monocyte response through a HIF-1α/glycolysis-dependent axis. Cell Metab.

(2020) 32:437–46.e5. doi: 10.1016/j.cmet.2020.07.007
77. Remels AHV, Derks WJA, Cillero-Pastor B, Verhees KJP, Kelders

MC, Heggermont W, et al. NF-κB-mediated metabolic remodelling
in the inflamed heart in acute viral myocarditis. Biochim Biophys

Acta Mol Basis Dis. (2018) 1864:2579–89. doi: 10.1016/j.bbadis.2018.
04.022

78. Al-Huseini I, Harada M, Nishi K, Nguyen-Tien D, Kimura T, Ashida
N. Improvement of insulin signalling rescues inflammatory cardiac
dysfunction. Sci Rep. (2019) 9:1–13. doi: 10.1038/s41598-019-51304-8

79. Chen C, Zhou Y, Wang DW. SARS-CoV-2: a potential novel
etiology of fulminant myocarditis. Herz. (2020) 45:230–2.
doi: 10.1007/s00059-020-04909-z

80. Fried JA, Ramasubbu K, Bhatt R, Topkara VK, Clerkin KJ, Horn E, et al. The
variety of cardiovascular presentations of COVID-19. Circulation. (2020)
141:1930–6. doi: 10.1161/CIRCULATIONAHA.120.047164

81. He J, Wu B, Chen Y, Tang J, Liu Q, Zhou S, et al. Characteristic
electrocardiographic manifestations in patients with COVID-19. Can J

Cardiol. (2020) 36:966.e1–e4. doi: 10.1016/j.cjca.2020.03.028
82. Hu H, Ma F, Wei X, Fang Y. Coronavirus fulminant myocarditis treated with

glucocorticoid and human immunoglobulin. Eur Heart J. (2020) ehaa190.
doi: 10.1093/eurheartj/ehaa190

83. Hua A, O’gallagher K, Sado D, Byrne J. Life-threatening cardiac tamponade
complicating myo-pericarditis in COVID-19. Eur Heart J. (2020) 41:2130.
doi: 10.1093/eurheartj/ehaa253

84. Inciardi RM, Lupi L, Zaccone G, Italia L, RaffoM, Tomasoni D, et al. Cardiac
involvement in a patient with coronavirus disease 2019 (COVID-19). JAMA

Cardiol. (2020) 5:819–24. doi: 10.1001/jamacardio.2020.1096
85. Tavazzi G, Pellegrini C, Maurelli M, Belliato M, Sciutti F, Bottazzi A, et al.

Myocardial localization of coronavirus in COVID-19 cardiogenic shock. Eur
J Heart Fail. (2020) 22:911–5. doi: 10.1002/ejhf.1828

86. Liu Y, Yang Y, Zhang C, Huang F, Wang F, Yuan J, et al. Clinical
and biochemical indexes from 2019-nCoV infected patients linked to
viral loads and lung injury. Sci China Life Sci. (2020) 63:364–74.
doi: 10.1007/s11427-020-1643-8

87. Magro C, Mulvey JJ, Berlin D, Nuovo G, Salvatore S, Harp J, et al.
Complement associated microvascular injury and thrombosis in the
pathogenesis of severe COVID-19 infection: a report of five cases. Transl Res.
(2020) 220:1–13. doi: 10.1016/j.trsl.2020.04.007

88. Middleton EA, He XY, Denorme F, Campbell RA, Ng D, Salvatore SP,
et al. Neutrophil extracellular traps contribute to immunothrombosis in
COVID-19 acute respiratory distress syndrome. Blood. (2020) 136:1169–79.
doi: 10.1182/blood.2020007008

89. Li G, Fan Y, Lai Y, Han T, Li Z, Zhou P, et al. Coronavirus infections and
immune responses. J Med Virol. (2020) 92:424–32. doi: 10.1002/jmv.25685

90. Warnatsch A, Ioannou M, Wang Q, Papayannopoulos V. Neutrophil
extracellular traps license macrophages for cytokine production in
atherosclerosis. Science. (2015) 349:316–20. doi: 10.1126/science.aaa8064

91. Barnes BJ, Adrover JM, Baxter-Stoltzfus A, Borczuk A, Cools-Lartigue
J, Crawford JM, et al. Targeting potential drivers of COVID-19:
neutrophil extracellular traps. J Exp Med. (2020) 217:e20200652.
doi: 10.1084/jem.20200652

92. Mold C, Morris CA. Complement activation by apoptotic endothelial
cells following hypoxia/reoxygenation. Immunology. (2001) 102:359–64.
doi: 10.1046/j.1365-2567.2001.01192.x

93. Irabien-Ortiz Á, Carreras-Mora J, Sionis A, Pàmies J, Montiel J, Tauron M.
Fulminantmyocarditis due to COVID-19.Rev Española Cardiol (English Ed).
(2020) 73:503–4. doi: 10.1016/j.rec.2020.04.005

94. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F,
et al. Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in
Covid-19. N Engl J Med. (2020) 383:120–8. doi: 10.1056/NEJMoa2015432

95. Teuwen L-A, Geldhof V, Pasut A, Carmeliet P. COVID-19:
the vasculature unleashed. Nat Rev Immunol. (2020) 20:389–91.
doi: 10.1038/s41577-020-0343-0

96. Incalza MA, Perrini S. Oxidative stress and reactive oxygen species
in endothelial dysfunction associated with cardiovascular and metabolic
diseases. Vascul Pharmacol. (2017) 100:1–19. doi: 10.1016/j.vph.2017.05.005

97. Liu PP, Blet A, Smyth D, Li H. The science underlying COVID-19
implications for the cardiovascular system. Circulation. (2020) 142:68–78.
doi: 10.1161/CIRCULATIONAHA.120.047549

98. Pober JS, Sessa WC. Evolving functions of endothelial cells in inflammation.
Nat Rev Immunol. (2007) 7:803–15. doi: 10.1038/nri2171

99. Tang N, Bai H, Chen X, Gong J, Li D, Sun Z. Anticoagulant treatment
is associated with decreased mortality in severe coronavirus disease

Frontiers in Cardiovascular Medicine | www.frontiersin.org 23 December 2020 | Volume 7 | Article 602183236

https://doi.org/10.1016/S2468-1253(20)30057-1
https://doi.org/10.1136/gutjnl-2020-320926
https://doi.org/10.1053/j.gastro.2020.03.020
https://doi.org/10.1001/jamaneurol.2020.1127
https://doi.org/10.2139/ssrn.3601761
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1016/j.jmb.2013.10.007
https://doi.org/10.1016/j.mito.2017.10.007
https://doi.org/10.1016/j.bbih.2020.100080
https://doi.org/10.1093/jb/mvm032
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.4049/jimmunol.1303196
https://doi.org/10.1128/jvi.79.4.2079-2086.2005
https://doi.org/10.1038/nature14156
https://doi.org/10.1242/jcs.051193
https://doi.org/10.1016/j.redox.2019.101255
https://doi.org/10.1038/nrendo.2009.62
https://doi.org/10.1016/j.cmet.2020.04.021
https://doi.org/10.1016/j.cmet.2020.07.007
https://doi.org/10.1016/j.bbadis.2018.04.022
https://doi.org/10.1038/s41598-019-51304-8
https://doi.org/10.1007/s00059-020-04909-z
https://doi.org/10.1161/CIRCULATIONAHA.120.047164
https://doi.org/10.1016/j.cjca.2020.03.028
https://doi.org/10.1093/eurheartj/ehaa190
https://doi.org/10.1093/eurheartj/ehaa253
https://doi.org/10.1001/jamacardio.2020.1096
https://doi.org/10.1002/ejhf.1828
https://doi.org/10.1007/s11427-020-1643-8
https://doi.org/10.1016/j.trsl.2020.04.007
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1002/jmv.25685
https://doi.org/10.1126/science.aaa8064
https://doi.org/10.1084/jem.20200652
https://doi.org/10.1046/j.1365-2567.2001.01192.x
https://doi.org/10.1016/j.rec.2020.04.005
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1038/s41577-020-0343-0
https://doi.org/10.1016/j.vph.2017.05.005
https://doi.org/10.1161/CIRCULATIONAHA.120.047549
https://doi.org/10.1038/nri2171
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ellison-Hughes et al. Cytokine Storm and MSCs

2019 patients with coagulopathy. J Thromb Haemost. (2020) 18:1094–9.
doi: 10.1111/jth.14817

100. Paria BC, Vogel SM, Ahmmed GU, Alamgir S, Shroff J, Malik AB,
et al. Tumor necrosis factor-α-induced TRPC1 expression amplifies store-
operated Ca2+ influx and endothelial permeability. Am J Physiol Lung Cell

Mol Physiol. (2004) 287:1303–13. doi: 10.1152/ajplung.00240.2004
101. Vandenbroucke E, Mehta D, Minshall R, Malik AB. Regulation of

endothelial junctional permeability. Ann N Y Acad Sci. (2008) 1123:134–45.
doi: 10.1196/annals.1420.016

102. Sandoval R, Malik AB, Minshall RD, Kouklis P, Ellis CA, Tiruppathi
C. Ca2+ signalling and PKCα activate increased endothelial permeability
by disassembly of VE-cadherin junctions. J Physiol. (2001) 533:433–45.
doi: 10.1111/j.1469-7793.2001.0433a.x

103. Petrache I, Birukova A, Ramirez SI, Garcia JGN, Verin AD. The role
of the microtubules in tumor necrosis factor-induced endothelial
cell permeability. Am J Respir Cell Mol Biol. (2003) 28:574–81.
doi: 10.1165/rcmb.2002-0075OC

104. Tinsley JH, Hunter FA, Childs EW. PKC and MLCK-dependent, cytokine-
induced rat coronary endothelial dysfunction. J Surg Res. (2009) 152:76–83.
doi: 10.1016/j.jss.2008.02.022

105. Wu Z, McGoogan JM. Characteristics of and important lessons from the
coronavirus disease 2019 (COVID-19) outbreak in China: summary of a
report of 72314 cases from the Chinese center for disease control and
prevention. JAMA. (2020) 323:1239–42. doi: 10.1001/jama.2020.2648

106. Styp-Rekowska B, Hlushchuk R, Pries AR, Djonov V. Intussusceptive
angiogenesis: pillars against the blood flow. Acta Physiol. (2011) 202:213–23.
doi: 10.1111/j.1748-1716.2011.02321.x

107. Mentzer, SJ, Konerding, MA. Intussusceptive angiogenesis: expansion and
remodeling of microvascular networks. Angiogenesis (2014) 17:499-509.
doi: 10.1007/s10456-014-9428-3

108. Konerding MA, Turhan A, Ravnic DJ, Lin M, Fuchs C, Secomb TW, et al.
Inflammation-induced intussusceptive angiogenesis in murine colitis. Anat
Rec. (2010) 293:849–57. doi: 10.1002/ar.21110

109. Ackermann M, Stark H, Neubert L, Schubert S, Borchert P, Linz F, et al.
Morphomolecular motifs of pulmonary neoangiogenesis in interstitial lung
diseases. Eur Respir J. (2020) 55:1900933. doi: 10.1183/13993003.00933-2019

110. García-Ruiz C, Colell A, Marí M, Morales A, Fernández-Checa JC. Direct
effect of ceramide on the mitochondrial electron transport chain leads to
generation of reactive oxygen species: role of mitochondrial glutathione. J
Biol Chem. (1997) 272:11369–77. doi: 10.1074/jbc.272.17.11369

111. Zhang D, Yi F-X, Zou A-P, Li P-L. Role of ceramide in TNF-α-
induced impairment of endothelium-dependent vasorelaxation in
coronary arteries. Am J Physiol Circ Physiol. (2002) 283:H1785–94.
doi: 10.1152/ajpheart.00318.2002

112. Frey RS, Rahman A, Kefer JC, Minshall RD, Malik AB. PKCζ regulates TNF-
α-induced activation of NADPH oxidase in endothelial cells. Circ Res. (2002)
90:1012–9. doi: 10.1161/01.RES.0000017631.28815.8E

113. Wu F, Schuster DP, Tyml K, Wilson JX. Ascorbate inhibits NADPH oxidase
subunit p47phox expression in microvascular endothelial cells. Free Radic

Biol Med. (2007) 42:124–31. doi: 10.1016/j.freeradbiomed.2006.10.033
114. Liaudet L, Vassalli G, Pacher P. Role of peroxynitrite in the redox regulation

of cell signal transduction pathways. Front Biosci. (2009) 14:4809–14.
doi: 10.2741/3569

115. Radi R. Nitric Oxide, Oxidants, and Protein Tyrosine Nitration. (2004).
Available online at: www.pnas.orgcgidoi10.1073pnas.0307446101 (accessed
August 5, 2020).

116. Schulz E, Gori T, Münzel T. Oxidative stress and endothelial dysfunction in
hypertension. Hypertens Res. (2011) 34:665–73. doi: 10.1038/hr.2011.39

117. Landmesser U, Spiekermann S, Dikalov S, Tatge H, Wilke R, Kohler
C, et al. Vascular oxidative stress and endothelial dysfunction in
patients with chronic heart failure. Circulation. (2002) 106:3073–8.
doi: 10.1161/01.CIR.0000041431.57222.AF

118. Naik E, Dixit VM. Mitochondrial reactive oxygen species drive
proinflammatory cytokine production. J Exp Med. (2011) 208:417–20.
doi: 10.1084/jem.20110367

119. Browner NC, Sellak H, Lincoln TM. Downregulation of cGMP-
dependent protein kinase expression by inflammatory cytokines in

vascular smooth muscle cells. Am J Physiol Cell Physiol. (2004) 287:88–96.
doi: 10.1152/ajpcell.00039.2004.-NO

120. Hiroki J, Shimokawa H, Higashi M, Morikawa K, Kandabashi T, Kawamura
N, et al. Inflammatory stimuli upregulate Rho-kinase in human coronary
vascular smooth muscle cells. J Mol Cell Cardiol. (2004) 37:537–46.
doi: 10.1016/j.yjmcc.2004.05.008

121. Cheng H, Wang Y, Wang G. Organ-protective effect of angiotensin-
converting enzyme 2 and its effect on the prognosis of COVID-19. J Med

Virol. (2020) 92:726–30. doi: 10.1002/jmv.25785
122. Yan C, Yu H, Huang M, Li J, Zhang X, Han Y. Tumor necrosis factor-

α promote permeability of human umbilical vein endothelial cells via

activating RhoA-ERK1/2 pathway. Zhonghua Xin Xue Guan Bing Za Zhi.

(2011) 39:531–7.
123. Goshua G, Pine AB, Meizlish ML, Chang C, Zhang H, Bahel P, et al.

Articles Endotheliopathy in COVID-19-associated coagulopathy: evidence
from a single-centre, cross-sectional study. Lancet Haematol. (2020) 3026:1–
8. doi: 10.1016/S2352-3026(20)30216-7

124. Orr AW, Hastings NE, Blackman BR, Wamhoff BR. Complex regulation
and function of the inflammatory smooth muscle cell phenotype in
atherosclerosis. J Vasc Res. (2010) 47:168–80. doi: 10.1159/000250095

125. Jung YD, Fan F, McConkey DJ, Jean ME, Liu W, Reinmuth N, et al.
Role of P38 MAPK, AP-1, and NF-κb in interleukin-1β-induced IL-8
expression in human vascular smooth muscle cells. Cytokine. (2002) 18:206–
13. doi: 10.1006/cyto.2002.1034

126. Krown KA, Page MT, Nguyen C, Zechner D, Gutierrez V, Comstock KL,
et al. Tumor necrosis factor alpha-induced apoptosis in cardiac myocytes:
involvement of the sphingolipid signaling cascade in cardiac cell death. J Clin
Invest. (1996) 98:2854–65. doi: 10.1172/JCI119114

127. Haudek SB, Taffet GE, Schneider MD, Mann DL. TNF provokes
cardiomyocyte apoptosis and cardiac remodeling through activation
of multiple cell death pathways. J Clin Invest. (2007) 117:2692–701.
doi: 10.1172/JCI29134

128. Pulkki KJ. Cytokines and cardiomyocyte death. Ann Med. (1997) 29:339–43.
doi: 10.3109/07853899708999358

129. Frangogiannis NG. Inflammation in cardiac injury, repair and regeneration.
Curr Opin Cardiol. (2015) 30:240–5. doi: 10.1097/HCO.0000000000000158

130. Prabhu SD, Frangogiannis NG. The biological basis for cardiac
repair after myocardial infarction. Circ Res. (2016) 119:91–112.
doi: 10.1161/CIRCRESAHA.116.303577

131. Bernardo ME, Fibbe WE. Mesenchymal stromal cells: sensors
and switchers of inflammation. Cell Stem Cell. (2013) 13:392–402.
doi: 10.1016/j.stem.2013.09.006

132. deWitte SFH, Luk F, Sierra Parraga JM, GargeshaM,Merino A, Korevaar SS,
et al. Immunomodulation by therapeutic mesenchymal stromal cells (MSC)
is triggered through phagocytosis of MSC by monocytic cells. Stem Cells.

(2018) 36:602–15. doi: 10.1002/stem.2779
133. Leng Z, Zhu R, Hou W, Feng Y, Yang Y, Han Q, et al. Transplantation of

ACE2-mesenchymal stem cells improves the outcome of patients with covid-
19 pneumonia. Aging Dis. (2020) 11:216–28. doi: 10.14336/AD.2020.0228

134. Chan MCW, Kuok DIT, Leung CYH, Hui KPY, Valkenburg SA, Lau
EHY, et al. Human mesenchymal stromal cells reduce influenza A H5N1-
associated acute lung injury in vitro and in vivo. Proc Natl Acad Sci USA.

(2016) 113:3621–6. doi: 10.1073/pnas.1601911113
135. Melief SM, Schrama E, BrugmanMH, Tiemessen MM, Hoogduijn MJ, Fibbe

WE, et al. Multipotent stromal cells induce human regulatory T cells through
a novel pathway involving skewing of monocytes toward anti-inflammatory
macrophages. Stem Cells. (2013) 31:1980–91. doi: 10.1002/stem.1432

136. Huh JW, Kim WY, Park YY, Lim CM, Koh Y, Kim MJ, et al. Anti-
inflammatory role of mesenchymal stem cells in an acute lung injury mouse
model. Acute Crit Care. (2018) 33:154–61. doi: 10.4266/acc.2018.00619

137. Asami T, Ishii M, Namkoong H, Yagi K, Tasaka S, Asakura T, et al. Anti-
inflammatory roles of mesenchymal stromal cells during acute Streptococcus
pneumoniae pulmonary infection in mice. Cytotherapy. (2018) 20:302–13.
doi: 10.1016/j.jcyt.2018.01.003

138. Lee SH, Jang AS, Kim YE, Cha JY, Kim TH, Jung S, et al. Modulation
of cytokine and nitric oxide by mesenchymal stem cell transfer in lung
injury/fibrosis. Respir Res. (2010) 11:16. doi: 10.1186/1465-9921-11-16

Frontiers in Cardiovascular Medicine | www.frontiersin.org 24 December 2020 | Volume 7 | Article 602183237

https://doi.org/10.1111/jth.14817
https://doi.org/10.1152/ajplung.00240.2004
https://doi.org/10.1196/annals.1420.016
https://doi.org/10.1111/j.1469-7793.2001.0433a.x
https://doi.org/10.1165/rcmb.2002-0075OC
https://doi.org/10.1016/j.jss.2008.02.022
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1111/j.1748-1716.2011.02321.x
https://doi.org/10.1007/s10456-014-9428-3
https://doi.org/10.1002/ar.21110
https://doi.org/10.1183/13993003.00933-2019
https://doi.org/10.1074/jbc.272.17.11369
https://doi.org/10.1152/ajpheart.00318.2002
https://doi.org/10.1161/01.RES.0000017631.28815.8E
https://doi.org/10.1016/j.freeradbiomed.2006.10.033
https://doi.org/10.2741/3569
www.pnas.orgcgidoi10.1073pnas
https://doi.org/10.1038/hr.2011.39
https://doi.org/10.1161/01.CIR.0000041431.57222.AF
https://doi.org/10.1084/jem.20110367
https://doi.org/10.1152/ajpcell.00039.2004.-NO
https://doi.org/10.1016/j.yjmcc.2004.05.008
https://doi.org/10.1002/jmv.25785
https://doi.org/10.1016/S2352-3026(20)30216-7
https://doi.org/10.1159/000250095
https://doi.org/10.1006/cyto.2002.1034
https://doi.org/10.1172/JCI119114
https://doi.org/10.1172/JCI29134
https://doi.org/10.3109/07853899708999358
https://doi.org/10.1097/HCO.0000000000000158
https://doi.org/10.1161/CIRCRESAHA.116.303577
https://doi.org/10.1016/j.stem.2013.09.006
https://doi.org/10.1002/stem.2779
https://doi.org/10.14336/AD.2020.0228
https://doi.org/10.1073/pnas.1601911113
https://doi.org/10.1002/stem.1432
https://doi.org/10.4266/acc.2018.00619
https://doi.org/10.1016/j.jcyt.2018.01.003
https://doi.org/10.1186/1465-9921-11-16
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ellison-Hughes et al. Cytokine Storm and MSCs

139. Khedoe PPSJ, de Kleijn S, van Oeveren-Rietdijk AM, Plomp JJ, de Boer HC,
van Pel M, et al. Acute and chronic effects of treatment with mesenchymal
stromal cells on LPS-induced pulmonary inflammation, emphysema
and atherosclerosis development. PLoS ONE. (2017) 12:e0183741.
doi: 10.1371/journal.pone.0183741

140. Geng Y, Zhang L, Fu B, Zhang J, Hong Q, Hu J, et al. Mesenchymal stem cells
ameliorate rhabdomyolysis-induced acute kidney injury via the activation of
M2 macrophages. Stem Cell Res Ther. (2014) 5:80. doi: 10.1186/scrt469

141. Li S, Zheng X, Li H, Zheng J, Chen X, Liu W, et al. Mesenchymal stem cells
ameliorate hepatic ischemia/reperfusion injury via inhibition of neutrophil
recruitment. J Immunol Res. (2018) 2018:1–10. doi: 10.1155/2018/7283703

142. Espinosa G, Plaza A, Schenffeldt A, Alarcón P, Gajardo G, Uberti B, et al.
Equine bone marrow-derived mesenchymal stromal cells inhibit reactive
oxygen species production by neutrophils. Vet Immunol Immunopathol.

(2020) 221:109975. doi: 10.1016/j.vetimm.2019.109975
143. Jiang D, Muschhammer J, Qi Y, Kügler A, de Vries JC, Saffarzadeh

M, et al. Suppression of neutrophil-mediated tissue damage-a novel
skill of mesenchymal stem cells. Stem Cells. (2016) 34:2393–406.
doi: 10.1002/stem.2417

144. Hashmi S, Ahmed M, Murad MH, Litzow MR, Adams RH, Ball LM,
et al. Survival after mesenchymal stromal cell therapy in steroid-refractory
acute graft-versus-host disease: systematic review and meta-analysis. Lancet
Haematol. (2016) 3:e45–52. doi: 10.1016/S2352-3026(15)00224-0

145. Sala E, Genua M, Petti L, Anselmo A, Arena V, Cibella J, et al. Mesenchymal
stem cells reduce colitis in mice via release of TSG6, independently of
their localization to the intestine. Gastroenterology. (2015) 149:163–76.e20.
doi: 10.1053/j.gastro.2015.03.013

146. Song HB, Park SY, Ko JH, Park JW, Yoon CH, Kim DH, et al. Mesenchymal
stromal cells inhibit inflammatory lymphangiogenesis in the cornea by
suppressing macrophage in a TSG-6-dependent manner. Mol Ther. (2018)
26:162–72. doi: 10.1016/j.ymthe.2017.09.026

147. Wang G, Cao K, Liu K, Xue Y, Roberts AI, Li F, et al. Kynurenic
acid, an IDO metabolite, controls TSG-6-mediated immunosuppression
of human mesenchymal stem cells. Cell Death Differ. (2018) 25:1209–23.
doi: 10.1038/s41418-017-0006-2

148. Tjabringa GS, Zandieh-Doulabi B, Helder MN, Knippenberg M, Wuisman
PIJM, Klein-Nulend J. The polymine spermine regulates osteogenic
differentiation in adipose stem cells. J Cell Mol Med. (2008) 12:1710–7.
doi: 10.1111/j.1582-4934.2008.00224.x

149. Yang Q, Zheng C, Cao J, Cao G, Shou P, Lin L, et al. Spermidine alleviates
experimental autoimmune encephalomyelitis through inducing inhibitory
macrophages.Cell Death Differ. (2016) 23:1850–61. doi: 10.1038/cdd.2016.71

150. Selleri S, Bifsha P, Civini S, Pacelli C, Dieng MM, Lemieux W, et al.
Human mesenchymal stromal cell-secreted lactate induces M2-macrophage
differentiation by metabolic reprogramming. Oncotarget. (2016) 7:30193–
210. doi: 10.18632/oncotarget.8623

151. Groh ME, Maitra B, Szekely E, Koç ON. Human mesenchymal stem cells
require monocyte-mediated activation to suppress alloreactive T cells. Exp
Hematol. (2005) 33:928–34. doi: 10.1016/j.exphem.2005.05.002

152. Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello V, Cazzanti F, et al.
Human mesenchymal stem cells modulate B-cell functions. Blood. (2006)
107:367–72. doi: 10.1182/blood-2005-07-2657

153. Peng Y, Chen X, Liu Q, Zhang X, Huang K, Liu L, et al. Mesenchymal stromal
cells infusions improve refractory chronic graft versus host disease through
an increase of CD5+ regulatory B cells producing interleukin 10. Leukemia.

(2015) 29:636–46. doi: 10.1038/leu.2014.225
154. Zhu Y, Wang Y, Zhao B, Niu X, Hu B, Li Q, et al. Comparison of

exosomes secreted by induced pluripotent stem cell-derived mesenchymal
stem cells and synovial membrane-derived mesenchymal stem cells
for the treatment of osteoarthritis. Stem Cell Res The.r. (2017) 8:64.
doi: 10.1186/s13287-017-0510-9

155. Dabrowska S, Andrzejewska A, Strzemecki D, Muraca M, Janowski
M, Lukomska B. Human bone marrow mesenchymal stem cell-
derived extracellular vesicles attenuate neuroinflammation evoked
by focal brain injury in rats. J Neuroinflammation. (2019) 16:1–15.
doi: 10.1186/s12974-019-1602-5

156. Shi Y, Wang Y, Li Q, Liu K, Hou J, Shao C, et al. Immunoregulatory
mechanisms of mesenchymal stem and stromal cells in

inflammatory diseases. Nat Rev Nephrol. (2018) 14:493–507.
doi: 10.1038/s41581-018-0023-5

157. Huppert LA,MatthayMA. Alveolar fluid clearance in pathologically relevant
conditions: in vitro and in vivo models of acute respiratory distress
syndrome. Front Immunol. (2017) 8:371. doi: 10.3389/fimmu.2017.00371

158. Simonson OE, Mougiakakos D, Heldring N, Bassi G, Johansson HJ, Dalén
M, et al. In vivo effects of mesenchymal stromal cells in two patients with
severe acute respiratory distress syndrome. Stem Cells Transl Med. (2015)
4:1199–213. doi: 10.5966/sctm.2015-0021

159. Horie S, Gonzalez HE, Laffey JG, Masterson CH. Cell therapy in
acute respiratory distress syndrome. J Thorac Dis. (2018) 10:5607–20.
doi: 10.21037/jtd.2018.08.28

160. Xiao K, Hou F, Huang X, Li B, Qian ZR, Xie L. Mesenchymal stem cells:
current clinical progress in ARDS and COVID-19. Stem Cell Res Ther. (2020)
11:305. doi: 10.1186/s13287-020-01804-6

161. Liang B, Chen J, Li T, Wu H, Yang W, Li Y, Li J, Yu C, Nie F, Ma Z,
et al. Clinical remission of a critically ill COVID-19 patient treated by
human umbilical cord mesenchymal stem cells.Medicine. (2020) 99:e21429.
doi: 10.1097/MD.0000000000021429

162. Zhang Y, Ding J, Ren S, Wang W, Yang Y, Li S, et al. Intravenous infusion of
human umbilical cord Wharton’s jelly-derived mesenchymal stem cells as a
potential treatment for patients with COVID-19 pneumonia. Stem Cell Res

Ther. (2020) 11:207. doi: 10.1186/s13287-020-01725-4
163. Chen J, Hu C, Chen L, Tang L, Zhu Y, Xu X, et al. Clinical study of

mesenchymal stem cell treatment for acute respiratory distress syndrome
induced by epidemic influenza A (H7N9) infection: a hint for COVID-19
treatment. Engineering. (in press). doi: 10.1016/j.eng.2020.02.006

164. Sengupta V, Sengupta S, Lazo A, Woods P, Nolan A, Bremer N. Exosomes
derived from bone marrow mesenchymal stem cells as treatment for
severe COVID-19. Stem Cells Dev. (2020) 29:747–54. doi: 10.1089/scd.
2020.0080

165. Moll G, Drzeniek N, Kamhieh-Milz J, Geissler S, Volk H-D, Reinke
P. MSC therapies for COVID-19: importance of patient coagulopathy,
thromboprophylaxis, cell product quality and mode of delivery
for treatment safety and efficacy. Front Immunol. (2020) 11:1091.
doi: 10.3389/fimmu.2020.01091

166. Can A, Coskun H. The rationale of using mesenchymal stem cells in patients
with COVID-19-related acute respiratory distress syndrome: what to expect.
Stem Cells Transl Med. (2020) 9:sctm.20-0164. doi: 10.1002/sctm.20-0164

167. Peng H, Gong T, Huang X, Sun X, Luo H, Wang W, et al. A synergistic
role of convalescent plasma and mesenchymal stem cells in the treatment
of severely ill COVID-19 patients: a clinical case report. Stem Cell Res Ther.

(2020) 291:1–6. doi: 10.1186/s13287-020-01802-8
168. Lippi G, Lavie CJ, Sanchis-Gomar F. Cardiac troponin I in patients with

coronavirus disease 2019 (COVID-19): evidence from a meta-analysis. Prog
Cardiovasc Dis. (2020) 63:390–1. doi: 10.1016/j.pcad.2020.03.001

169. Wei JF, Huang FY, Xiong TY, Liu Q, Chen H, Wang H, et al. Acute
myocardial injury is common in patients with COVID-19 and impairs their
prognosis. Heart. (2020) 106:1154–9. doi: 10.1136/heartjnl-2020-317007

170. Du RH, Liang LR, Yang CQ, Wang W, Cao TZ, Li M, et al.
Predictors of mortality for patients with COVID-19 pneumonia caused by
SARSCoV- 2: a prospective cohort study. Eur Respir J. (2020) 55:2000524.
doi: 10.1183/13993003.00524-2020

171. Bangalore S, Sharma A, Slotwiner A, Yatskar L, Harari R, Shah B, et al. ST-
segment elevation in patients with covid-19—a case series. N Engl J Med.

(2020) 382:2478–80. doi: 10.1056/NEJMc2009020
172. Lodigiani C, Iapichino G, Carenzo L, Cecconi M, Ferrazzi P, Sebastian T,

et al. Venous and arterial thromboembolic complications in COVID-19
patients admitted to an academic hospital inMilan, Italy. Thromb Res. (2020)
191:9–14. doi: 10.1016/j.thromres.2020.04.024

173. Klok FA, Kruip MJHA, van der Meer NJM, Arbous MS, Gommers
DAMPJ, Kant KM, et al. Incidence of thrombotic complications in
critically ill ICU patients with COVID-19. Thromb Res. (2020) 191:145–7.
doi: 10.1016/j.thromres.2020.04.013

174. Zhu H, Song X, Jin LY, Jin P, Guan R, Liu X, et al. Comparison of intra-
coronary cell transplantation after myocardial infarction: autologous skeletal
myoblasts versus bonemarrowmesenchymal stem cells. J IntMed Res. (2009)
37:298–307. doi: 10.1177/147323000903700203

Frontiers in Cardiovascular Medicine | www.frontiersin.org 25 December 2020 | Volume 7 | Article 602183238

https://doi.org/10.1371/journal.pone.0183741
https://doi.org/10.1186/scrt469
https://doi.org/10.1155/2018/7283703
https://doi.org/10.1016/j.vetimm.2019.109975
https://doi.org/10.1002/stem.2417
https://doi.org/10.1016/S2352-3026(15)00224-0
https://doi.org/10.1053/j.gastro.2015.03.013
https://doi.org/10.1016/j.ymthe.2017.09.026
https://doi.org/10.1038/s41418-017-0006-2
https://doi.org/10.1111/j.1582-4934.2008.00224.x
https://doi.org/10.1038/cdd.2016.71
https://doi.org/10.18632/oncotarget.8623
https://doi.org/10.1016/j.exphem.2005.05.002
https://doi.org/10.1182/blood-2005-07-2657
https://doi.org/10.1038/leu.2014.225
https://doi.org/10.1186/s13287-017-0510-9
https://doi.org/10.1186/s12974-019-1602-5
https://doi.org/10.1038/s41581-018-0023-5
https://doi.org/10.3389/fimmu.2017.00371
https://doi.org/10.5966/sctm.2015-0021
https://doi.org/10.21037/jtd.2018.08.28
https://doi.org/10.1186/s13287-020-01804-6
https://doi.org/10.1097/MD.0000000000021429
https://doi.org/10.1186/s13287-020-01725-4
https://doi.org/10.1016/j.eng.2020.02.006
https://doi.org/10.1089/scd.2020.0080
https://doi.org/10.3389/fimmu.2020.01091
https://doi.org/10.1002/sctm.20-0164
https://doi.org/10.1186/s13287-020-01802-8
https://doi.org/10.1016/j.pcad.2020.03.001
https://doi.org/10.1136/heartjnl-2020-317007
https://doi.org/10.1183/13993003.00524-2020
https://doi.org/10.1056/NEJMc2009020
https://doi.org/10.1016/j.thromres.2020.04.024
https://doi.org/10.1016/j.thromres.2020.04.013
https://doi.org/10.1177/147323000903700203
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ellison-Hughes et al. Cytokine Storm and MSCs

175. Chen SL, Fang WW, Ye F, Liu YH, Qian J, Shan SJ, et al. Effect on
left ventricular function of intracoronary transplantation of autologous
bone marrow mesenchymal stem cell in patients with acute myocardial
infarction. Am J Cardio.l. (2004) 94:92–5. doi: 10.1016/j.amjcard.2004.
03.034

176. Chin SP, Poey AC, Wong CY, Chang SK, Tan CS, Ng MT,
et al. Intramyocardial and intracoronary autologous bone
marrow-derived mesenchymal stromal cell treatment in chronic
severe dilated cardiomyopathy. Cytotherapy. (2011) 13:814–21.
doi: 10.3109/14653249.2011.574118

177. LuM, Liu S, Zheng Z, Yin G, Song L, Chen H, et al. A pilot trial of autologous
bone marrow mononuclear cell transplantation through grafting artery: a
sub-study focused on segmental left ventricular function recovery and scar
reduction. Int J Cardiol. (2013) 168:2221–7. doi: 10.1016/j.ijcard.2013.01.217

178. Premer C, Blum A, Bellio MA, Schulman IH, Hurwitz BE, Parker M, et al.
Allogeneic mesenchymal stem cells restore endothelial function in heart
failure by stimulating endothelial progenitor cells. EBioMedicine. (2015)
2:467–75. doi: 10.1016/j.ebiom.2015.03.020

179. Rodrigo SF, Van Ramshorst J, Hoogslag GE, Boden H, Velders MA,
Cannegieter SC, et al. Intramyocardial injection of autologous bone marrow-
derived Ex vivo expanded mesenchymal stem cells in acute myocardial
infarction patients is feasible and safe up to 5 years of follow-up. J Cardiovasc
Transl Res. (2013) 6:816–25. doi: 10.1007/s12265-013-9507-7

180. Heldman AW, DiFede DL, Fishman JE, Zambrano JP, Trachtenberg
BH, Karantalis V, et al. Transendocardial mesenchymal stem cells
and mononuclear bone marrow cells for ischemic cardiomyopathy:
the TAC-HFT randomized trial. JAMA. (2014) 311:62–73.
doi: 10.1001/jama.2013.282909

181. Anastasiadis K, Antonitsis P, Westaby S, Reginald A, Sultan S, Doumas
A, et al. Implantation of a novel allogeneic mesenchymal precursor cell
type in patients with ischemic cardiomyopathy undergoing coronary artery
bypass grafting: an open label phase iia trial. J Cardiovasc Transl Res. (2016)
9:202–13. doi: 10.1007/s12265-016-9686-0

182. Florea V, Rieger AC, DiFede DL, El-Khorazaty J, Natsumeda M, Banerjee
MN, et al. Dose comparison study of allogeneic mesenchymal stem cells
in patients with ischemic cardiomyopathy (The TRIDENT study). Circ Res.
(2017) 121:1279–90. doi: 10.1161/CIRCRESAHA.117.311827

183. Chullikana A, Majumdar A Sen, Gottipamula S, Krishnamurthy S, Kumar
AS, Prakash VS, et al. Randomized, double-blind, phase I/II study of
intravenous allogeneic mesenchymal stromal cells in acute myocardial
infarction. Cytotherapy. (2015) 17:250–61. doi: 10.1016/j.jcyt.2014.10.009

184. Hare JM, Traverse JH, Henry TD, Dib N, Strumpf RK, Schulman SP,
et al. A randomized, double-blind, placebo-controlled, dose-escalation
study of intravenous adult human mesenchymal stem cells (prochymal)
after acute myocardial infarction. J Am Coll Cardiol. (2009) 54:2277–86.
doi: 10.1016/j.jacc.2009.06.055

185. Cai B, Wang G, Chen N, Liu Y, Yin K, Ning C, et al. Bone marrow
mesenchymal stem cells protected post-infarcted myocardium against
arrhythmias via reversing potassium channels remodelling. J Cell Mol Med.

(2014) 18:1407–16. doi: 10.1111/jcmm.12287
186. Zhang S, Ge J, Sun A, Xu D, Qian J, Lin J, al. Comparison of various

kinds of bone marrow stem cells for the repair of infarcted myocardium:
single clonally purified non-hematopoietic mesenchymal stem cells serve as
a superior source. J Cell Biochem. (2006) 99:1132–47. doi: 10.1002/jcb.20949

187. Haider HK, Jiang S, Idris NM, Ashraf M. IGF-1-overexpressing
mesenchymal stem cells accelerate bone marrow stem cell mobilization via

paracrine activation of SDF-1α/CXCR4 signaling to promote myocardial
repair. Circ Res. (2008) 103:1300–8. doi: 10.1161/CIRCRESAHA.108.186742

188. Herrmann JL, Abarbanell AM, Weil BR, Wang Y, Poynter JA, Manukyan
MC, et al. Postinfarct intramyocardial injection of mesenchymal stem
cells pretreated with TGF-α improves acute myocardial function. Am J

Physiol Integr Comp Physiol. (2010) 299:R371–8. doi: 10.1152/ajpregu.000
84.2010

189. Beitnes JO, Øie E, Shahdadfar A, Karlsen T, Müller RMB, Aakhus
S, et al. Intramyocardial injections of human mesenchymal stem cells
following acute myocardial infarction modulate scar formation and
improve left ventricular function. Cell Transplant. (2012) 21:1697–709.
doi: 10.3727/096368911X627462

190. Chen L, Zhang Y, Tao L, Yang Z,Wang L.Mesenchymal stem cells with eNOS
over-expression enhance cardiac repair in rats with myocardial infarction.
Cardiovasc Diagn Ther. (2017) 31:9–18. doi: 10.1007/s10557-016-6704-z
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During the Coronavirus Disease 2019 worldwide pandemic, patients with heart failure

are a high-risk group with potential higher mortality if infected. Although lockdown

represents a solution to prevent viral spreading, it endangers regular follow-up visits and

precludes direct medical assessment in order to detect heart failure progression and

optimize treatment. Furthermore, lifestyle changes during quarantine may trigger heart

failure decompensations. During the pandemic, a paradoxical reduction of heart failure

hospitalization rates was observed, supposedly caused by patient reluctance to visit

emergency departments and hospitals. This may result in an increased patient mortality

and/or in more complicated heart failure admissions in the future. In this scenario, different

telemedicine strategies can be implemented to ensure continuity of care to patients with

heart failure. Patients at home can be monitored through dedicated apps, telephone

calls, or devices. Virtual visits and forward triage screen the patients with signs or

symptoms of decompensated heart failure. In-hospital care may benefit from remote

communication platforms. After discharge, patients may undergo remote follow-up or

telerehabilitation to prevent early readmissions. This review provides a comprehensive

appraisal of the many possible applications of telemedicine for patients with heart failure

during Coronavirus disease 2019 and elucidates practical limitations and challenges

regarding specific telemedicine modalities.

Keywords: COVID-19, coronavirus, telemedicine, heart failure, remote monitoring, virtual visits, forward

triage, telerehabilitation

INTRODUCTION

The Coronavirus Disease 2019 (COVID-19) pandemic has caused considerable morbidity and
mortality worldwide. Epidemiological data from China indicate that patients with concomitant
cardiovascular disease are more likely to develop life-threatening complications from severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection (1–7). The risk of complications
may be even higher in patients with heart failure (HF) because they are older and have more
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comorbidities, but also due to the specific characteristics of this
syndrome (8). Lockdown of social activities has allowed limiting
the spreading of SARS-CoV-2, but it has also decreased medical
contacts. For HF patients, this might have led to late recognition
and treatment of episodes of decompensation and missed
opportunities for optimization of medical and nonmedical
therapy. In addition, lifestyle changes adopted during lockdown,
such as dietary changes, increased alcohol consumption and
decreased physical activity, may trigger HF decompensations
(9, 10).

Telemedicine represents a useful tool to prevent negative
direct and indirect consequences of SARS-CoV-2, and the
present situation might be the right moment to implement a
structured telemedicine program in clinical practice. Its main
benefits include guiding the treatment of patients in primary
care to minimize the risk of disease transmission during referral,
continuing to provide optimal treatment to the patients with
cardiovascular disease who are isolated at home or are discharged
from the hospital to prevent clinical deterioration, monitoring
early signs of new onset or worsening HF, and reducing
unnecessary visits to the hospital to decrease the incidence of
cluster infections (11).

In this review, we provide an overview of the many possible
applications of telemedicine, its limitations and challenges, in
patients with HF during COVID-19.

IMPACT OF COVID-19 ON THE
MANAGEMENT OF HEART FAILURE

Already in the first months of the COVID-19 pandemic, the
impact of cardiovascular comorbidities on disease course became
clear in observational studies, indicating that patients with
previous cardiovascular disease had higher COVID-19 disease
severity and mortality (2, 6, 7). In addition, myocardial injury
in COVID-19 has been broadly described (6, 7, 12, 13), which
might further impair myocardial function and worsen prognosis
in patients with known HF.

Patients with chronic HF represent a vulnerable group
during a pandemic of infectious respiratory disease. Previous
studies have shown that they are at increased risk for adverse
consequences of seasonal influenza (14) and other causes of
pneumonia (15). Furthermore, acute infections may trigger HF
exacerbations (16).

The social and environmental effects of lockdown must also
be mentioned. A significant decline in hospitalization rates for
acute HF during the COVID-19 pandemic, compared to before
the pandemic and each of the preceding 3 years, was described,
which might be the consequence of fear for infection leading to
reluctance to seek medical attention when needed (17). Notably,
hospitalized patients had more severe symptoms on admission,
possibly suggesting that patients have waited longer before
presenting to the hospital or less severe cases did not come to the
hospital at all. Further, lifestyle changes during lockdown, such
as dietary changes, increased alcohol consumption and decreased
physical activity, may trigger HF decompensations (9, 10).

Although lockdown represents a solution to prevent viral
spreading, it may complicate regular follow-up visits, therefore
encumbering optimization of medical therapy and limiting
detection of development of complications or disease progression
that may require a change in management.

For these reasons, the great challenge of patients with HF
during COVID-19 is keeping them safe from infection risk,
but equally continuing with strict monitoring in order to
prevent hospitalizations. As a result, health systems have largely
transitioned to noncontact care delivery methods for ambulatory
care (9). In this setting, various strategies of telemedicine and
remote monitoring were developed rapidly and implemented
more widely in HF patients (Table 1, Figure 1).

TELEMEDICINE STRATEGIES DURING
COVID-19

Home Monitoring
Several strategies can be applied to perform home monitoring
of HF patients. Two small studies performed in Boston and
New York City showed initial encouraging results of implantable
hemodynamic monitoring in COVID-19 (18, 19). However,
device and hemodynamic monitoring can only be performed in
those patients, which had implanted a device or hemodynamic
sensor before the lockdown, which are a minority of the
HF population.

A new home monitoring system should be easy to install,
be intuitive to users, and provide robust communication
(20). Hence, structured telephone support (STS), defined as
monitoring, self-care management, or both, delivered using
telephone calls (21), may represent the most simple and
affordable system for HF centers starting with telemedicine
during COVID-19.

A recent study on 103 patients in an Italian tertiary referral
center investigated whether a telemedicine service expressly
set up during the COVID-19 outbreak changed HF outcomes
compared with the same period of 2019 without telemedicine
(22). Around 60% of patients accessed telemedicine services at
least once, and half of contacts led to a clinical decision (e.g.,
adjustment of diuretic doses, change of blood pressure drugs,
rate controls, and anticoagulant management). In this study, the
telemedicine service reduced the composite of HF hospitalization
and death compared to patients in the 2019 cohort, which is
nevertheless to be interpreted cautiously in light of the previously
mentioned reduction of HF hospitalizations during lockdown.
In fact, new-established STS interventions are expected to give
significant advantages only in the long term, since they could be
influenced by a learning-to-care curve due to staff training (23).
However, the main goal of telemonitoring during COVID-19 is
not to provide superior care than standard, but to offer patients
with HF a “health maintenance strategy” which provides an
individualized target for each HF patient and adjusts treatment
to maintain the monitored parameters as close as possible to
ideal (20).

Besides HF patients in general, HF patients who
suffer SARS-CoV-2 infection and are treated at home
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TABLE 1 | Strengths and weaknesses of different telemedicine strategies for patients with heart failure during COVID-19.

Strategies Definition Objectives Challenges

Home monitoring Remote monitoring of vital parameters and

transmission (via devices, telephone,

apps) to a care center for interpretation

and management

Individualized targets

Therapy optimization

Patients’ empowerment

Avoiding social disparities

Device delivery and patients’ education

Staff training

Initial investment

Virtual visits Remote visits with audiovisual

telecommunication system or through an

online portal

Assessment of symptoms

Therapy optimization

Maintain connection between patient and

physician

Seeing new HF patients

Adequate assessment of volume status or

congestion

Availability of stable internet connection

and devices

Forward triage Sorting of patients before presentation in

the ED

Early assignation to the right path

Protect patients from high-risk exposure

Logistic reorganization of ED triage

models

Software implementation

In-hospital telemedicine Implementation of telemedicine in the

in-hospital setting

Limiting unnecessary exposure to affected

patients

Favor communication and reduce

social isolation

Staff training

Hardware costs

Telerehabilitation Delivery of rehabilitation services remotely Allow cardiac rehabilitation

during lockdown

Initial assessment

Patients’ compliance and motivation

Costs and reimbursement

ED, emergency department.

FIGURE 1 | Telemedicine in patients with heart failure before and during COVID-19. AHF, acute heart failure; COVID-19, coronavirus disease 2019; ED, emergency

department; LVAD, left ventricular assist device. Modified from https://github.com/emojione/emojione/tree/2.2.7 and https://github.com/twitter/twemoji/. Licensed

under a CC BY-SA License (https://creativecommons.org/licenses/by-sa/4.0).

could even more benefit from STS as they are at high
risk for complications (8). Remote monitoring can
also encourage patients to maintain home isolation
and assist in correct timing of stopping the isolation
precautions (24).

Virtual Visits
Virtual visits (VV) include remote visits, in which an audiovisual
telecommunication system is used, and e-visits, which are
communications between patients and providers through an
online portal (9).
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A recent statement from the Heart Failure Society of America
provides information regarding platforms, workflows, and care
models for VV in HF patients (25). Some institutions have
already balanced the deferred or canceled face-to-face HF visits
with rapid adoption of VV while employing several novel virtual
health technologies with overall positive results (26). Specifically,
the potential benefits of VV for HF patients are providing access
to care and medical advice which would be otherwise difficult
to obtain and reducing in-person exposure to SARS-CoV-2.
Involvement of caregivers who may be present at home, but not
in the outpatient clinic because of restrictions to hospital access,
is an additional advantage of VV during the pandemic (25).

Hypothetically, this might represent also a smart working
possibility for healthcare personnel, a class of workers for which
this possibility is not usually considered or available.

VV may be best utilized for medication titration and
optimization in stable patients with chronic HF. While
substantial patient information can be gained from such visits,
certain challenges remain, such as the adequate assessment of
volume status or congestion (27). Thus, in-person visits should be
reserved for recently hospitalized patients, patients approaching
or with advanced HF, who are new post implantation of a left
ventricular assist device (LVAD) or heart transplant, and those
with new-onset HF (9).

Forward Triage
Respiratory symptoms, as well as functional decline and fatigue,
may be early signs of both COVID-19 and of decompensated HF.
Hence, stratification of patients before arriving in the emergency
department (ED), the so-called forward triage, represents another
potential strategy for health care surge control.

Before COVID-19, many EDs modified their triage model
by allowing a remote provider to perform intake (28). In an
emergency situation, web-conferencing software with a direct
line from a triage room to a clinician can be rapidly implemented
(29). An automated web- or phone-based tool could guide HF
patients with concerning symptoms to determine the need for
self-isolation, symptom monitoring, urgent VV, or presenting
to the ED (30). Through a structured telemedicine program,
detailed medical and exposure histories might be easily obtained.
Screening algorithms can be integrated and local epidemiological
information can be used to standardize screening and practice
patterns across providers (29). The ultimate goal is to guide
patients to the right diagnostic–therapeutic pathway while
protecting them from unnecessary risk and exposure.

Patients with suspected COVID-19 are isolated immediately
upon arrival to emergency departments. In several centers
in the USA, telemedicine carts (i.e., systems that integrate
displays, cameras, microphones, speakers, and network access)
were already successfully deployed into COVID-19 isolation
rooms. This initiative increased provider/patient communication
and attention to staff safety, improved palliative care and
patient support services, lowered consumption of personal
protective equipment, increased patient comfort, and reduced the
psychological toll of isolation (31).

In-Hospital Telemedicine
Certain principles of virtual medicine might be considered
when approaching an HF patient seeking acute cardiac care
during COVID-19. In this setting, telemedicine measures must
aim at limiting unnecessary exposure to affected patients,
utilizing remote hemodynamic monitoring and ICU flowcharts
to evaluate patient progress and adjust medications (32). These
data can be implemented with clinical assessments performed
by a single bedside operator to generate operable conditions
for safe, remote decision-making, using tools such as electronic
stethoscopes and mobile ultrasound probes (32). Initial results of
basic thoracic ultrasound programs in ICU are encouraging with
rapid adoption of point-of-care ultrasound and commensurate
reduction in formal imaging studies (26).

Importantly, COVID-19 has presented healthcare
professionals with new and unusual barriers to effective
communication between physician, patient, and family. As
hospital visits are now frequently prohibited to patients’ relatives,
novel telecommunication and video options might be considered
for patients to speak with loved ones, review treatment choices,
and even discuss objectives of care (32). For this purpose, several
hospitals introduced use of tablets and video calls with the
ultimate goal to favor communication and reduce social isolation
of hospitalized patients (33).

Telerehabilitation
Cardiovascular rehabilitation (CR) represents a cornerstone in
the treatment of patients with HF. The term telerehabilitation
has been used in much of the literature to date and is defined
as the delivery of rehabilitation services via information and
communication technologies (34). Before COVID-19, it has been
shown to be a viable and effective alternative for individuals
who are unable to access in-person healthcare services for
the management of many conditions. During COVID-19, the
reallocation of medical resources as well as the lockdown caused
the cessation of all nonurgent medical services, including CR.
Therefore, centers had to switch to alternative ways to deliver the
core components of CR remotely.

A technology-driven CR model has been proposed, with the
assistance of any form of technology (e.g., smartphones, mobile
apps, internet, e-mail, webcams, and use of wearable sensors)
(35). A recent survey about the implementation of cardiac
telerehabilitation services during the COVID-19 pandemic in
Belgium (36) showed that half of the answering centers switched
to telerehabilitation during the pandemic, mainly for patients
that were already undergoing CR. The most frequently used
medium to deliver the CR components were online videos (71%)
followed by website information (64%) and emails (64%). As
the authors of this survey suggested, the remote delivery of
CR can also play an important role after the reopening of the
rehabilitation centers because of a reduced capacity due to social
distancingmeasures (36). For this purpose, a recent call for action
paper of the European Association of Preventive Cardiology
provides a practical guide for the setup of a comprehensive
cardiac telerehabilitation intervention during the COVID-19
pandemic, which could also be relevant to any cardiovascular
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disease patient not able to visit CR centers regularly after the
COVID-19 pandemic ceases (37).

Advanced Heart Failure
The evaluation of patients with advanced HF awaiting LVAD
placement or heart transplantation may be interrupted during
the pandemic, as traditional social work, nutrition, pharmacy
referrals, and diagnostic procedures are delayed. Telemedicine
offers a platform for these multidisciplinary assessments to occur
serially or simultaneously without delay (10). Furthermore, heart
transplant recipients on stable immunosuppression at low risk
for allograft rejection and hemodynamically optimized LVAD
patients may be managed remotely without exposing them to
further unnecessary risks (9). A telemonitoring algorithm for
patients with LVAD has been recently proposed (38), and it is
potentially adaptable to every LVAD center, regardless of the
number of LVAD patients or previous experiences.

Clinical Trials
Since the first wave of the pandemic, clinical trials unrelated to
COVID-19 have been paused in most institutions. Telemedicine
might avoid the loss of data during lockdown, which can
jeopardize the entire research validity. In clinical trials,
measurements and data collection are traditionally performed
during patient visits. As stated by a recent document of the Heart
Failure Association (39), endpoints like symptom status, quality
of life questionnaires, or even vital signs could be assessed using
home-based testing, with alternative methods such as telephone
contacts, app-based self-assessments, or video links.

DISCUSSION

Practical Considerations and Limitations
of Telemedicine
Although telemedicine provides numerous advantages in many
fields, it currently still carries practical limitations and pitfalls,
which must be taken into consideration.

First, the hardware required for telemonitoring (i.e.,
smartphones, tablets, as well as blood pressure machines,
scales, etc.) and exercise equipment for telerehabilitation (i.e.,
treadmill, stationary bike, etc.) may represent a significant
financial burden, so either patients must be able to afford this
or their health insurance/national health service must provide
or reimburse the equipment. Moreover, patients who are unable
to utilize the required devices or participate in a telemedicine
session unaided either because of old age, poor hearing, cognitive
dysfunction, language barriers, or limited education which may
require the assistance of a family member or caregiver, who may
not be available (40, 41). Finally, the use of telemedicine may be
technically limited by poor phone and internet connectivity in
rural areas (42, 43).

Telephone support is the most readily applicable and can
be performed competently by trained nurses. However, home
monitoring creates a large amount of data which must be
screened and interpreted by trained staff (44), a process that could
be time-consuming. In addition, it requires a dedicated physician
to act on critical laboratory abnormalities, all of which can be

challenging for physicians managing their practices and possibly
receiving limited reimbursement.

The care of a patient with HF requires a multidisciplinary
collaboration among physicians, pharmacologists, nurses,
physical therapists, nutritionists, and medical social workers.
Hence, technology should be conjugated also to ensure
communication between the team (e.g., virtual multidisciplinary
meetings using video calling in times of social restrictions) (37).
In addition, patients with HF often have several comorbidities
and may be looked after by more than one hospital, thus
requiring intensive collaboration between different specialists
and clinics. Authors analyzing the impact of the first COVID-
19 wave on patients with chronic diseases described a poor
interconnection between telemedicine services operating
at higher levels (i.e., secondary or tertiary care facilities)
and those deployed in primary care clinics or community
pharmacies, preventing to obtain the maximum benefit from
these digital solutions (45). Future developments should
encourage the collaboration between different professional
figures, departments, hospitals, and care institutions.

Due to the fact that telemedicine involves the transmission
of patients’ confidential information, whether those data are
processed and transferred via telephone calls, videoconference,
mobile apps, or other platforms, their monitoring requires safe
encrypted storage systems which only allow for authorized access
to data and protect patient privacy. The interfaces used must be
compliant with local regulations both regarding data protection
(i.e., GDPR) and encryption (i.e., HIPAA requirements) (46,
47). Physicians implementing telemedicine in clinical practice
during COVID-19 suggest using device management software
for telehealth devices to create security settings and enforce
encryption for devices given to patients (48).

The inclusion of new patients in a telerehabilitation
program will be challenging during lockdown, especially with
respect to the initial assessment (i.e., baseline stress test)
and initial interview, a hurdle that may be overcome by a
structured technology-based program with predefined remote
assessment methods and audio-visual communication systems
(35). However, not all patients could be comfortable with this
mode of action, and the problem of financing and delivering
technologies to the single patients still persists. An effective
approach to reorganize CR could be to start a rehabilitation
path in person and subsequently integrate this with a patient-
tailored remote telerehabilitation program in order to optimize
performance and extend patients’ education.

Finally, telemedicine services are not yet included in
the essential levels of care in many countries (9, 29, 45).
During COVID-19, some efforts were already made by
agencies like the US Food and Drug Administration, which
is facilitating the use of remote monitoring devices, and
Centers for Medicare and Medicaid Services, which is paying
for telehealth services at the same rate they would have
been paid, if provided in person (27). However, these
costs were covered only due to the emergency situation.
In order to continue after the pandemic, the shift to
telemedicine should be done in parallel with developments in
policymaking (27).
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Future Perspectives
Evidence coming from observational studies on telemedicine
during COVID-19 is of great importance. Centers having a
dedicated HF unit should collect information regarding their
own telemedicine approach, with the aim of defining strengths
and weaknesses of each program and its impact on HF patients’
care. This enormous amount of data provided during the
pandemic should then be evaluated to be wisely implemented in
daily clinical practice also after the crisis.

By evaluating results of telemedicine programs during
COVID-19, one should keep inmind that in the particular setting
of a pandemic, a system that is cost-efficient, user-friendly, and
person-centered does not need to show that it improves outcome,
but only that it is not inferior to traditional ways of delivering care
and thus allows a safe maintenance of the status quo (20).

Although this pandemic has accelerated implementation of
technology in the clinical setting, telemedicine should not be
considered a cure-all for clinical scenarios. At its core, it remains
a synergistic extension of the care team (49) and cannot entirely
reproduce the bond-forming element of the traditional doctor–
patient relationship based on direct face-to-face interactions (50).

CONCLUSIONS

COVID-19 represents a serious threat for the HF population
due to both higher risk of severe disease and death and

reduced availability of outpatient care. Telemedicine in all its
different forms and possibilities can be adopted to ensure
continued healthcare delivery to patients with HF. Thus, we
are witnessing its rapid, large-scale implementation during
the pandemic. However, there are still several limitations and
issues that should be solved in order to continue providing
high-quality telemedicine services in patients with HF also
after COVID-19.
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Coronavirus disease 2019 (COVID-19) severity andmortality have consistently been higher in men
compared to women. The possible biological and behavioral factors underlying this difference have
recently been analyzed by Capuano et al. (1). The ideas raised by the authors define a clear need
for a more adequate approach to sex differences in case fatality rate. The higher mortality rate in
men has indeed been described extensively in literature (2–4). However, the impact of the current
pandemic reaches far beyond mortality rates. To tackle this pandemic effectively, an integrated
response is essential (5). That is why in this article, we would like to draw attention to some of
the main structural, psychological, social and economic impacts this pandemic has on women, as
observed by academics, practitioners and international organizations.

Although we acknowledge gender to be complex, social, and non-binary, we will mainly focus
on the impact of the current pandemic on women and refer to other publications about the impact
on transgender and non-binary populations (6–8).

THE CURRENT LACK OF SEX-DISAGGREGATED DATA

Sex- and gender-disaggregated data on COVID-19 confirmed cases are important in order
to address gender disparities in COVID-19 health outcomes and ensure a gender-responsive
approach. However, sex disaggregated data is lacking for most countries and gender disaggregated
data is nearly absent. As of August 3, 2020, 18.07 million cases were reported worldwide. Data
presented in Figure 1 (n = 8,587,718 sex-disaggregated cases), therefore, represent only 47.5%
of all reported cases, highlighting the current lack of these valuable data. Furthermore, a striking
difference in the percentage of women among confirmed cases is seen, with 60% in countries such
as Belgium, the United Kingdom, and Canada, to 20% in countries such as the Central African
Republic, Uganda, and India. Indeed, recent data show that among all persons tested for COVID-19
in the Central African Republic, only 26% were women.

INFECTION RISK AMONG THE HEALTHCARE WORKFORCE

Women face a higher risk of becoming infected during a pandemic because of their position in
society as reported by the United Nations (UN) and the World Health Organization (WHO) (9–
11). As doctors, nurses, midwives, and community health workers, women are overrepresented at
the frontlines, making up 70% of the global health and social workforce (11). Particular issues are
the global lack of personal appropriate protective equipment (PPE) and the fact that most PPE are
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FIGURE 1 | Sex-disaggregated data (Source: Global Health 50/50, https://globalhealth5050.org/covid19/sex-disaggregated-data-tracker/, 15/08/2020) Data are

reported from the date that sex-disaggregated data was last available. The map was created using R Statistical Software (version 4.0.2. 2020-06-22, Foundation for

Statistical Computing, Vienna, Austria), “plotly” package.

based on a “default man” size providing a suboptimal barrier to
most women and leaving them more exposed (12). Data from
several outbreaks Ebola outbreaks and the SARS outbreak of 2003
demonstrate that nurses and other caretakers have been heavily
infected in comparison to other groups in society (13).

SOCIAL IMPACT

As a result of traditional social roles and stereotypes, women still
act as the primary caregiver in households, globally spending
three to four times more time on unpaid domestic work
than men [The International Labor Organization (ILO)] (14).
The additional care burden associated with childcare and
homeschooling during lockdowns and the care for sick family
members can lead to considerable health impacts including e.g.,
psychological stress. Usual coping mechanisms are limited, given
the reduced contact with peers and the disruption of supportive
networks. This especially hits single-parent households, of which
the majority are headed by women (21% of households with
children in the United States compared to 4% by men) (15).
Furthermore, as a result, having less time for education, paid
work, and career advancement, women can experience increased
social inequality during this pandemic (15, 16). Stay-at-home
measures together with financial and security concerns can put
considerable strain on families, which in some situations can lead
to domestic abuse and sexual violence. UN-reports show that

violence against women and girls has increased by 25% in several
countries and even doubled in some countries since the outbreak
of COVID-19 (17).

ECONOMIC IMPACT

Across the globe, women and girls earn less, have less
access to educational opportunities, more often hold insecure
jobs, and have limited access to financial resources and
digital technology (18). Apart from deepening these existing
inequalities, multiple studies show that the COVID-19 pandemic
has a disproportionately large economic effect on women because
the sectors in which they are most active are hard-hit (19). First
of all, the manufacturing-and-retail industry has experienced
large fallbacks in export and sales because of lockdown and
distancing measures. The World Trade Organization (WTO)
reports that female employees represent 80% of the workforce
in ready-made garment production in Bangladesh, in which
industry orders declined by 81% in April alone (20). Moreover,
a larger share of women than men work in tourism and business
travel which are highly disrupted by travel restrictions and
will require a long recovery period (16, 18). Relying on face-
to-face interactions, these occupations do not lend themselves
to teleworking. Finally, this economic downturn will also be
felt by female start-up entrepreneurs who are increasingly
finding their way to micro, small and medium enterprises
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TABLE 1 | Recommendations for a more gender-sensitive approach to pandemics.

Issue Recommendation

Lack of sex-disaggregated data States, their partners and research institutions should collect, report, and analyze data on confirmed COVID-19 cases and

deaths that are disaggregated by sex and age (10). The WHO provides global and national surveillance guidelines (10).

Higher risk of infection Employers should be aware of the higher risk women face in the health and social domain and provide safe and decent working

conditions. This can be monitored by workplace representatives, trade unions, and mutual control between employers (12).

Social impact There should be more social awareness about the social impacts of pandemics. (In)formal protection and support services

should be in place together with innovative solutions such as online fora and hotlines (16).

Core health and education services and systems should be maintained (26).

Economic impact Apart from tackling existing economic inequalities, (financial) support measures for businesses should be provided to prevent an

economic downfall (16). Moreover, the value of women’s unpaid care work should be recognized by including it in the formal

labor market and redistributing unpaid family care equally.

Human rights Decision-makers should be aware that outbreaks affect groups differently and ensure a gender-responsive intersectional

response to the COVID-19 pandemic (that recognizes the realities of different genders and addresses these) in policies, program

development, implementation etc. Increased participation of women in decision-making will help establish adaptive responses to

these realities (27). Inclusivity and diversity in decision-making should be ensured reflecting the population they represent.

Existing women’s and youth rights networks should be engaged to support connectivity and vital information flow (26).

(MSMEs) (21). MSMEs tend to be the first businesses impacted
in times of recession. Given the long-term economic impact
that COVID-19 will have, protecting female entrepreneurship
should be on the priority list of governments in order to
build a faster and more inclusive growth during the economic
recovery period.

HUMAN RIGHTS

The Secretary General of the Council of Europe put it best:
“While the virus is resulting in the tragic loss of life, we must
nonetheless prevent it from destroying our way of life” (22).
Human rights reflect the minimum standards necessary for
people to live with dignity. While the COVID-19 crisis is fast
becoming a socio-economic crisis it adds pressure on human
rights. For women and girls, the problems identified form an
undeniable increased threat to their right to life and right to
health (23). Various international law instruments [e.g., The
Universal Declaration of Human Rights, Art. 25 (24)] recognize
the right to health as an inclusive right, encompassing a wide
range of factors that help humans lead a healthy life (25). These
factors include safe drinking water, safe food, sanitation, but also
health-related education and information, the right to access to
health care, and gender equality. As the UN state in their latest
Policy Brief, the economic impact and prevalence of poverty
among women, their experience of violence, their position in
society, the limited power many women have over their sexual
and reproductive lives, and their lack of influence in decision-
making are social realities that adversely impact women’s human
rights and that should move to global action (9).

A WAY FORWARD

Prevention and response management is hindered when
gendered impacts of outbreaks are ignored obscuring critical
trends. In order to minimize these impacts, different steps
should be undertaken. In Table 1 we provide a list of important
recommendations made by international organizations.

CONCLUSION

Gendered differences of COVID-19 are present not only
at the biological level, but also at the psychological, social
and societal level. Although literature shows that men are
clearly predisposed to COVID-19 related mortality, women
are just as well victimized, albeit in a different way. The
current pandemic painfully highlights that gender inequality
is still insufficiently addressed in our society. Public health
should never be a predominantly men affair mainly focusing
on the male body—a one-man show. In contrast, more
gender-sensitive approaches that take into account different
physical, mental, and social needs across the full gender
spectrum are indispensable to guarantee optimal well-being
of all.
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Background: The coronavirus disease (COVID-19) pandemic imposed diverse

challenges on the health care system. Morbidity and mortality of non-COVID-19

emergencies might also have changed because hospitals may not be able to provide

optimal care due to restructured resources and uncertainties how to deal with potentially

infected patients. It has been recommended to stratify treatment of cardiovascular

emergencies according to cardiovascular risk. However, data on the prevalence of

asymptomatic SARS-CoV-2 infection in patients presenting with cardiac emergencies

remain scarce.

Methods: We retrospectively analyzed patients’ data from a tertiary cardiology

department between April 15 andMay 31, 2020. All patients were screened on admission

for COVID-19 symptoms using a questionnaire and body temperature measurements.

All hospitalized patients were routinely screened using nasopharyngeal swab testing.

Results: In total, we counted 710 urgent and emergency admissions. Nasopharyngeal

swab tests were available in 689 (97%) patients, 409 and 280 of which presented as

urgent and emergency admissions, respectively. Among 280 emergency admissions,

none tested positive for SARS-CoV-2.

Conclusion: In cardiac emergency patients which were screened negative for

COVID-19 symptoms, the prevalence of SARS-CoV-2 infection in regions with a modest

overall prevalence is low. This finding might be helpful to better determine timing

of emergency procedures and reasonable usage of protective equipment during the

COVID-19 crisis and the future.

Keywords: cardiac emergencies, SARS-CoV-2, COVID-19, personal protective equipment (PPE), screening
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INTRODUCTION

The coronavirus disease (COVID-19) pandemic imposed diverse
challenges on health care providers and hospitals. For instance,
hospitals needed to rapidly redistribute and reorganize resources
to treat acutely ill COVID-19 patients while keeping up with
other emergencies. At the same time outmost attention had
to be spent on containing severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) to protect other patients and staff.
Apart from rising numbers of COVID-19 patients, a change
in the presentation pattern of non-COVID emergencies was
observed. In that light, it was recently shown that hospital
admissions for acute coronary syndrome (ACS) declined during
the pandemic (1–4). Apart from a decrease in presentations,
morbidity and mortality of non-COVID-19 emergencies might
have changed because hospitals may not be able to provide
optimal care due to restructured resources and uncertainties
how to deal with potentially infected patients (5). Position
papers consequently recommended to stratify treatment of
cardiovascular emergencies according to cardiovascular risk:
(1) only high-risk emergencies (e.g., ST elevation myocardial
infarction) should be treated immediately with usage of personal
protective equipment as in confirmed COVID-19 cases; (2) other
emergencies and elective procedures should only be carried out
after receiving results of SARS-CoV-2 testing (6–8). A better
understanding of the prevalence of asymptomatic SARS-CoV-2
infections may help to guide timely management and reasonable
usage of personal protective equipment without affecting the
safety of staff and other patients.

We here sought to investigate the prevalence of SARS-
CoV-2 infections in asymptomatic patients presenting with
cardiac emergencies.

METHODS

Study Cohort
The study protocol was approved by the institutional ethics
committee (323/20 S) and conforms to the ethical guidelines of
the 1975 Declaration of Helsinki. We retrospectively analyzed
patients’ data from a tertiary cardiology department which
provides 24/7 interventional cardiac care between April 15 and
May 31, 2020 (i.e., at the peak of the pandemic’s first wave in
the region).

Screening of Patients
All patients were screened on admission for COVID-19
symptoms using a questionnaire and had their body temperature
measured (ear thermometer). Patients were assigned as COVID-
19 asymptomatic when none of the following criteria were met:
body temperature≥38.1◦C, coughing, shortness of breath, runny
nose, sore throat, or body aches. Additionally, patients were
asked whether they had been in contact to a confirmed COVID-
19 case or a patient suffering from fever and coughing without
proven SARS-CoV-2 infection. Patients reporting shortness of
breath were also regarded as COVID-19 asymptomatic if they
did not report one of the other criteria. COVID-19 asymptomatic
patients were required to wear standard surgical masks (no

FIGURE 1 | (A) Daily reported cases (Bayerisches Landesamt für Gesundheit

und Lebensmittelsicherheit, accessed on 07-15-2020) and prevalence (Daily

Situation Report of the Robert Koch Institute, accessed on 07-15-2020) of

SARS-CoV-2 infections in the Free State of Bavaria during the study period.

(B) Prevalence of asymptomatic SARS-CoV-2 infection.

N95 or FFP2-3) throughout the entire stay. Hospital staff was
also required to wear standard surgical masks at all times.
These protective measurements were recently shown to reduce
in particular the risk of SARS-CoV-2 infection for healthcare
workers (9). N95 masks or FFP2-3 masks and further dedicated
protective equipment were only used when treating SARS-CoV-2
confirmed or suspected patients.

SARS-CoV-2 Testing
All hospitalized patients were routinely screened for SARS-CoV-
2 using nasopharyngeal swab testing (SARS-CoV-2 real-time
polymerase chain reaction assay, Mikrogen Diagnostik, Neuried,
Germany) since April 15, 2020. Patients without COVID-19
symptoms were only planned to be tested at admission. Repeated
testing was performed if patients developed symptoms or if
a more recent test result was required for transferal to other
treatment facilities.

RESULTS

Until May 31, 2020, a total of 710 patients presented and
were included this analysis. Figure 1A displays the number of
daily infections in the Free State of Bavaria, Germany and the
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TABLE 1 | Baseline characteristics and reasons of admission for the patients

presenting with cardiac emergencies during the study period.

Emergency admissions

n = 280

Age, years ± SD 68.5 ± 15.0

Female gender, n (%) 103 (36.8)

Comorbidities

COPD, n (%) 19 (6.8)

Diabetes, n (%) 60 (21.4)

Hypertension, n (%) 189 (67.5)

Coronary artery disease, n (%) 131 (46.8)

Peripheral artery disease, n (%) 26 (9.3)

Cerebrovascular disease, n (%) 34 (12.1)

Cancer, n (%) 30 (10.7)

Chronic renal dysfunction, n (%) 50 (17.9)

Immunodeficiency, n (%) 8 (2.9)

Reasons for admission

Coronary, n (%) 97 (34.6)

Heart failure, n (%) 23 (8.2)

Structural, n (%) 7 (2.5)

Electrophysiology, n (%) 93 (33.2)

Other, n (%) 60 (21.4)

Coronary includes (suspected) acute coronary syndromes. Electrophysiology includes,

e.g., tachycardia and bradycardia. Other includes, e.g., syncope, pulmonary embolism.

COPD, chronic obstructive pulmonary disease; SD, standard deviation.

prevalence of SARS-CoV-2 infections per 100,000 inhabitants
during the study period. Nasopharyngeal swab tests were
available in 689 (97%) patients, 409 and 280 of which presented
as urgent [reasons: coronary 116/409 (28.4%), structural 42/409
(10.3%), heart failure 8/409 (2%), electrophysiology 209/409
(51.1%), other 34/409 (8.3%)] and emergency admissions,
respectively. As a suspected SARS-CoV-2 infection may have
reduced the likelihood of presenting with a non-emergency
leading to an underestimation of the actual prevalence, we
focused on the 280 patients admitted as cardiac emergencies.
Baseline characteristics and reasons for admission are displayed
in Table 1. None of these COVID-19 asymptomatic patients
tested positive for SARS-CoV-2. During the hospital stay, 27
(9.6%) of patients were repeatedly tested with no test revealing
a positive result.

In the total cohort, only one patient was diagnosed to be
SARS-CoV-2 positive (Figure 1B). The patient was sent in home
quarantine and treatment was scheduled to be performed after 14
days of quarantine and two subsequent negative nasopharyngeal
swabs. This patient remained asymptomatic and no further
testing was performed during quarantine.

DISCUSSION

This result needs to be reviewed in the context of the overall
SARS-CoV-2 prevalence in the respective region during the
observation period. During the study period, ∼300 cases per
100,000 citizens were reported in the Free State of Bavaria.
Thus, our data indicate that in cardiac emergency patients which

were screened negative for COVID-19 symptoms, the prevalence
of SARS-CoV-2 infection in regions with a modest overall
prevalence is low. Under these circumstances, our findings
indicate that a delay/deferral of emergency procedures due
to waiting for SARS-CoV-2 test results may not be justified
in emergency patients which are screened asymptomatic for
COVID-19, but have an unclear SARS-CoV-2 infectious status.
While our finding is in line with a recent report from Iceland,
where in a random-sample screening of the population, 0.6%
tested positive for SARS-CoV-2 (10), a study screening pregnant
women admitted for delivery in New York City found that 13.5%
of tested women were asymptomatic but tested positive (11).

In summary, the frequency of asymptomatic SARS-CoV-
2 carriers among cardiac emergency patients is low when
the overall prevalence of COVID-19 is modest. Consequently,
emergency but also elective procedures may safely be carried
out without delay and waiting for SARS-CoV-2 test results.
Importantly, the safety of personnel and patients may be further
increased by implementation of rapid or point-of-care tests
which despite potential drawbacks [for an overview, see (12)]
recently revealed promising results (13).

Our study was performed during a time period in which
the prevalence of COVID-19 in Bavaria was rather low and
our findings are therefore inherently not applicable in regions
with higher prevalence. It was also previously shown that the
highest sensitivity of SARS-CoV-2 was reached bronchoalveolar
lavage fluid (14) and we may have missed SARS-CoV-2 infection
due to only performing nasopharyngeal swab testing. Additional
major limitations are the retrospective nature of this analysis
and that the data are derived from a single center. The low
prevalence of SARS-CoV-2 infection may therefore be due
to chance and requires validation in further cohorts to draw
definitive conclusions. Our data may nevertheless be helpful to
better determine timing of emergency procedures and reasonable
usage of protective equipment during the COVID-19 crisis and
the future.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic is currently the biggest public health concern
across the globe. On a global scale, from December 2019 to September 2020, more than 34,114,000
people were infected with the disease, with 1,016,000 deaths recorded (1). Although the etiology
of the disease has long been investigated, it is still a harsh challenge for the medical and
scientific community.

COVID-19 infection is complex, and the risk factors are different from the known viral
respiratory infections. People with chronic inflammatory diseases (such as obesity, hypertension,
diabetes, and cardiovascular disorder) are at a huge risk of developingmoderate to severe symptoms
and being hospitalized in the intensive care unit (ICU) (2, 3). The most common phenomena
among these conditions are chronic low-grade inflammation and increased cardiovascular
complications. Several evidences have been put forward to support the association between
COVID-19 and thromboinflammation (3, 4). Specifically, venous thrombosis has been found to
be causally related to pulmonary embolism in many cases (5).

Exercise is well-known for having a prophylactic and therapeutic effect on chronic inflammatory
diseases, with a high impact on the vascular system. Furthermore, it has been reported that exercise
may decrease the severity of infectious diseases and number of days of disease symptoms (6).
Consistent with this, it is speculated that regular exercise represents a protective factor against the
severity of COVID-19 relating to thromboinflammation and its complications.

EXERCISE AS A TOOL FOR DECREASING CHRONIC
INFLAMMATION AND IMPROVING ANGIOGENESIS AND IMMUNE
RESPONSE

The vascular system is largely affected by COVID-19 infection. Although pulmonary failure is not
directly related to the loss of pulmonary alveoli, lack of blood flow in this area can induce a collapse
of the alveoli, as recently demonstrated by Ackermann et al. (7). Furthermore, kidneys are highly
vascularized organs that also may be affected by this infection (2).

Venous thrombosis is usually found in coagulopathies and also observed in arterial thrombosis
and stroke (7). Clinical markers of the coagulation cascade, such as D-dimer and fibrinogen, are
elevated in those with moderate and severe forms of COVID-19 (8). Low innate antiviral defense
and high inflammatory cytokine release contribute to the severity of COVID-19 (9), suggesting that
it can be an important trigger for thrombotic complications. High amounts of pro-inflammatory
cytokines contribute to the activation of thrombotic pathways. For instance, it was demonstrated
that interleukin (IL)-6 induces thrombin generation and that IL-1 and tumor necrosis factor
(TNF)-α inhibit anticoagulant pathways (8).
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FIGURE 1 | Thromboinflammation and the effect of exercise. A sedentary lifestyle leads to an increase in the release of pro-inflammatory cytokines, which induce a

low-grade chronic inflammation. These inflammatory mediators enhance the thrombotic pathways that facilitate thromboinflammation, which has been associated

with poor prognosis in coronavirus disease 2019 (COVID-19) patients. Exercise decreases inflammation by many pathways, including the release of anti-inflammatory

cytokines. Regular exercise is associated with lower levels of fibrinogen and reactive oxygen species and increased amounts of nitric oxide (NO) production, thus

inducing a healthy endothelium environment.

Exercise, especially in the form of regular aerobic activities,
have the potential of dampening chronic inflammation
by stimulating anti-inflammatory pathways and associated
improvement of cardiovascular functions. Accordingly, by
decreasing the basal concentration of inflammatory cytokines
and reducing the percentage of pro-inflammatory T effector
memory CD45+ re-expressing T cells (T-EMRA cells), exercise
indirectly prevents the activation of thrombotic pathways (10).

Exercise has been shown to directly affect coagulation.
While acute and strenuous activities can culminate in pro-
coagulative stimuli, regular activity has been shown to
diminish platelet activation under resting conditions (11).
Exercise reduces fibrinogen level and enhances the plasma
volume without increasing the erythrocyte volume (11).
Also, exercise was used as a treatment for deep venous
post-thrombotic syndrome (12). Heart failure patients with
reduced fraction of ejection, when treated with moderate
endurance exercise, showed a reduction in vascular endothelial
damage as well as suppression of inflammation and oxidative
stress (13).

The intensity and duration of aerobic exercise are correlated
with the increase in nitric oxide production and reduction
of reactive oxygen species, which lead to an improvement
in endothelial function. Moreover, aerobic exercise reduces
hypertension on coronary arteries and vascular stiffness (14).

In parallel, regular exercise can enhance the innate and
adaptive immune defense system, thus improving the response
against viral infections. While it can only be speculated that
exercise has a protective effect against severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection, regular activity
has been shown to decrease the severity of infectious episodes
and number of days of the symptom in other infectious diseases
(6). Concerning influenza infection, exercise is associated with a
lower excess risk of mortality (15). Similarly, in murine models, it
was proven that moderate exercise reduces mortality in the initial
days after an influenza virus infection (16). Moreover, moderate
aerobic training has been shown to enhance T cell count, which
is found to be decreased in the blood of SARS-CoV-2-infected
patients (21), increase anti-inflammatory cytokines, improve
endothelial function, and repair (Figure 1), enhance VO2peak,
and have beneficial effects on clinical outcomes (22). Aminimum
of 150min per week (30 min−5 days/week) of moderate aerobic
exercise (5–7 on a scale of 0–10, where 0 is super easy and
10 is exhaustive) was recommended by the American College
of Sports Medicine to achieve the health benefits of exercise.
Moderate aerobic exercise is applied to improve immunity and
metabolic complications that can reduce the poor prognosis of
COVID-19 (23).

Therefore, we hypothesized that moderate intensity of aerobic
training could be a protective factor against severe courses of
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COVID-19 (17) (Figure 1). Therefore, we can draw the attention
of physicians toward assessment of the fitness level of COVID-
19 patients.

THE POTENTIAL ROLE OF EXERCISE IN
THE RECOVERY OF THOSE INFECTED
WITH CORONAVIRUS DISEASE 2019

In 2016, the WHO proposed “functioning” as a third clinical
outcome indicator, such that diseases that are not fully
cured are accompanied by some dysfunctions. Improving
functional life while recovering from a disease is a key sign
of medical effectiveness and overall health. Many patients who
are recovering from COVID-19, especially those presenting
severe symptoms during the infection phase, are not able to
return to the normal life of caring for themselves after being
discharged (18).

As discussed above, poor vascularization could cause
alveoli collapse, thus leading to pulmonary failure. Several
individuals infected by SARS-CoV-2 have presented
respiratory problems with impairment of pulmonary
ventilation function and air exchange in the alveoli, which
lead to chest tightness, dyspnea, and pulmonary fibrosis
(18). Pulmonary fibrosis is directly associated with high
mortality rates. Furthermore, dyspnea, which is often
associated with loss of skeletal muscle mass, is responsible
for a decreased exercise capacity due to a reduction of daily
leaving activities (19).

Several studies have investigated the role of exercise in
the treatment of chronic lung disease and pulmonary fibrosis
patients. A meta-analysis recently published stated that aerobic
training significantly improves exercise capacity and health-
related quality of life of patients with chronic respiratory disease
and/or pulmonary fibrosis and that aerobic training improved the
dyspnea scores when combined with breathing exercises (20).

It is important to remember that most of the benefits
promoted by physical exercise in the rehabilitation of respiratory
and cardiovascular diseases can be gradually lost if the patient
does not continue to exercise in the long run (18). However, the
practice of exercise for the improvement of medical conditions
should be supervised. In conclusion, regular exercise could be an
adjuvant for the prevention and treatment of COVID-19.
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Background: Recent studies revealed a high prevalence of venous thromboembolism

(VTE) events in coronavirus disease 2019 (COVID-19) patients, especially in those who

are critically ill. Available studies report varying prevalence rates. Hence, the exact

prevalence remains uncertain. Moreover, there is an ongoing debate regarding the

appropriate dosage of thromboprophylaxis.

Methods: We performed a systematic review and proportion meta-analysis following

the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)

guidelines. We searched PubMed and EMBASE for studies exploring the prevalence

of VTE in critically ill COVID-19 patients till 25/07/2020. We pooled the proportion of

VTE. Additionally, in a subgroup analysis, we pooled VTE events detected by systematic

screening. Finally, in an exploratory analysis, we compared the odds of VTE in patients

on prophylactic compared with therapeutic anticoagulation.

Results: The review comprised 24 studies and over 2,500 patients. The pooled

proportion of VTE prevalence was 0.31 [95% confidence interval (CI) 0.24, 0.39; I2 94%],

of VTE utilizing systematic screening was 0.48 (95% CI 0.33, 0.63; I2 91%), of deep

venous thrombosis was 0.23 (95% CI 0.14, 0.32; I2 96%), and of pulmonary embolism

was 0.14 (95% CI 0.09, 0.20; I2 90%). Exploratory analysis of few studies, utilizing

systematic screening, VTE risk increased significantly with prophylactic, compared with

therapeutic anticoagulation [odds ratio (OR) 5.45; 95% CI 1.90, 15.57; I2 0%].

Discussion: Our review revealed a high prevalence of VTE in critically ill COVID-19

patients. Almost 50% of patients had VTE detected by systematic screening. Higher

thromboprophylaxis dosages may reduce VTE burden in this patient’s cohort compared

with standard prophylactic anticoagulation; however, this is to be ascertained by ongoing

randomized controlled trials.

Keywords: COVID-19, SARS-CoV-2, VTE, thrombosis, venous, ICU, DVT—deep vein thrombosis
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INTRODUCTION

The pool of recent evidence suggests that coronavirus disease
2019 (COVID-19) is a thrombogenic condition. It leads to an
increased incidence of both venous and arterial thromboembolic
events (1). COVID-19 patients admitted to the intensive
care units (ICU) seem to carry a higher risk (1). Venous
thromboembolism (VTE) prevalence in the critically ill COVID-
19 patients varied across individual studies. This is likely
due to differences in screening methods (systematic vs. non-
systematic screening), among other study-specific characteristics,
leaving VTE’s exact prevalence unknown. The prevalence of deep
venous thrombosis (DVT) was considered low compared with
pulmonary embolism (PE), which led researchers to consider
microthrombosis as an additional mechanism of PE in COVID-
19 patients (2).

VTE’s heightened risk led to a wide chemoprophylaxis
use for critically ill COVID-19 patients (3). Notwithstanding
this, recent studies showed that even COVID-19 patients
on chemoprophylaxis remain to carry a high risk of VTE
compared with non-COVID-19 patients (4). As a result, guidance
driven by expert opinions suggested utilizing higher doses of
anticoagulation (1). However, this recommendation lacks robust,
supporting systematic studies. Thus, we aimed to systematically
review the literature and explore the pooled prevalence of VTE,
PE, and DVT in critically ill COVID-19 patients. Additionally,
we aimed to evaluate the yield of systematic VTE screening and
its effect on the prevalence. Moreover, if data allow, we aimed to
examine the odds of VTE in patients on prophylactic compared
with therapeutic anticoagulation.

This review follows the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines
(5). It is pre-registered at the International Prospective
Register of Systematic Reviews (PROSPERO) (registration
number: CRD42020185916).

ELIGIBILITY CRITERIA

We limited our review to observational studies (cohort, cross-
sectional, retrospective, or case series), estimating the proportion
of VTE events in critically ill COVID-19 adult (>18 years)
patients (admitted to the ICU). To facilitate a timely review,
we limited our inclusion to articles written in the English
language only.We excluded studies where the proportion of VTE
could not be ascertained or if the population of interest is not
ICU patients.

INFORMATION SOURCES AND
LITERATURE SEARCH

For a timely review, we performed the search in PubMed,
MEDLINE, and EMBASE. We used free text, emtree, and
MeSH terms in our search. There were no language or date
limitations implied in the search. The last date of the formal
search was the 10th of July 2020; however, we performed a
scoping search till the 25th of July 2020. Example of a utilized

search strategy was [(“venous thromboembolism” OR “deep vein
thrombosis” OR “lung embolism” OR “vein thrombosis”/exp/mj)
AND [embase]/lim] AND [(“covid 19” OR (coronavirus AND
disease AND 2019) OR (sars AND cov AND 2) OR “covid
19”/exp/mj) AND [embase]/lim]. We also performed relevant
citations and reference searches.

SCREENING AND DATA EXTRACTION

Two reviewers (MM and SM) conducted the screening in two
stages. The first stage was screening the retrieved articles’ titles
and abstracts independently. Secondly, the articles’ full text
was retrieved and assessed for inclusion. When disagreement
occurred, a third reviewer (LA) settled the disagreement guided
by the protocol.We used pre-made excel sheets to collect relevant
articles data. This included the last author name, publication
date, study country, sample size, events number (DVT, PE, and
VTE), baseline characteristics (median age, gender frequency,
average BMI, and other comorbidities), intubation frequency,
thromboprophylaxis frequency, and follow-up duration.

STUDY QUALITY AND RISK OF BIAS
ASSESSMENT

We used a validated tool for assessing the risk of bias of
prevalence studies. The tool was devised by Hoy et al. and
is composed of 10 items summarizing four domains (6). We
additionally generated funnel plots to examine the risk of
publication bias in our review.

DATA ANALYSIS

A scoping review revealed heterogeneity of the method of VTE
screening, reporting, and detection. Additionally, there were
varying follow-ups given the nature of ICU admitted patients.
Hence, neither the true incidence (different follow-up times and
some patients may already have the event of interest before the
study) nor the true prevalence (varying follow-up times and
absence of unifying screening for all individuals at risk) could
be accurately pooled. We instead decided a priori to pool a
proportion of VTE with a 95% confidence interval (CI). This
proportion represents the number of patients with the event of
interest divided by the study population at risk during the study
regardless of their follow-up duration. We felt that this would be
a proxy or an estimate of the prevalence. We used the validated
method of double arcsine transformation to stabilize the variance
and confine the CI between 0 and 1 (7). We generated forest
plots to display the results of the analysis. We used the Cochrane
Q test and I2 to examine heterogeneity. I2 >60% indicates
significant heterogeneity. Regardless of the heterogeneity, we
would use the random-effects model (REM) in our analysis.
We used MetaXl software for statistical analysis (version 5.3©,
EpiGear International Pty Ltd., ABN 51 134 897 411, Sunrise
Beach, Queensland, Australia, 2011–2016).
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FIGURE 1 | PRISMA flow diagram.

SUBGROUP AND SENSITIVITY ANALYSES

We a priori decided to examine the proportion of DVT
and PE. Additionally, we looked at the proportion of
VTE in various populations (systematic screening vs.
non-systematic screening, therapeutic vs. prophylactic
anticoagulant dose). Moreover, we performed a sensitivity
analysis to reflect the relative constituent studies’ impact
on the consistency of the pooled proportion of the
primary endpoint.

RESULTS

Included Studies and Baseline
Characteristics
Twenty-four studies describing a total of 2,570 patients were
included in our final analysis (Figure 1 shows the flow diagram)
(4, 8–29). The studies were heterogeneous in terms of VTE
events identification and screening (Table 1). In 10 studies, the
screening for VTE was systematically done using lower and
upper limb ultrasound (US) (systematic screening was only for

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 January 2021 | Volume 7 | Article 598846263

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


M
o
h
a
m
e
d
e
t
a
l.

V
T
E
in

C
ritic

a
lC

O
V
ID
-1
9
P
a
tie
n
ts

TABLE 1 | Summary of included studies.

Study (location) Study design Study duration in

days

Total number Age, mean, or

median (males

percentage %)

Intubated % D-dimers (mean

or median)

Pharmacologic

prophylaxis %

Screening method VTE proportion

% (numbers)

Mortality

%

Al-Samkari et al.

(United States) (8)

Retrospective

analysis

36 days

(March–April 2020)

– 65 (males 64.7%) – – 98.6% (12.5%

intermediate or full

anticoagulation)

Clinical suspicion 10.4% (15/144) 18.8%

(27/144)

Beun et al.

(Netherlands) (19)

Retrospective

analysis

24 days

(March–April 2020)

75 – – – Clinical suspicion 30.6% (23/75) –

Bilaloglu et al.

(United States)(23)

Retrospective

analysis

48 days

(March–April 2020)

829 – – – Most patients

(percentage not

specified)

Clinical suspicion 13.6% (113/829) 54.4%

(451/829)

Criel et al.

(Belgium) (24)

Retrospective

analysis

24 days (April

2020)

30 64.5 (males 67%) 70% 1,400 ng/ml 100%

(intermediate

prophylactic dose)

Systematic screening

(Doppler US of upper

and lower limbs)

13.3% (4/30) 13.3%

(4/30)

Cui et al. (China)

(25)

Retrospective

analysis

53 days

(Jan–March 2020)

81 59.9 (males 46%) – 5,200 ng/ml 0% Systematic screening

(lower limb Doppler US)

24.6% (20/81) 10% (8/81)

Desborough et al.

(United Kingdom)

(26)

Retrospective

analysis

31 days (March

2020)

66 59 (males 73%) 79% 1,200 ng/ml 100% (83%

prophylactic, 17%

therapeutic)

Clinical suspicion 16.6% (11/66) 30.3%

(20/66)

Fraissé et al.

(France) (27)

Retrospective

analysis

– 92 61 (males 79%) 89% 2,400 ng/ml 100% (47%

prophylactic, 53%

therapeutic)

Clinical suspicion 33.6% (31/92) –

Grandmaison et al.

(Switzerland) (28)

Retrospective

analysis

– 29 66 (males 64.7%) – 8,760 ng/ml 93% (96%

prophylactic, 4%

therapeutic)

Systematic screening

(Doppler US of upper

and lower limbs)

58.6% (17/29) –

Helms et al.

(France) (29)

Retrospective

analysis

29 days (March

2020)

150 63 (males 81%) 100% 2,270 ng/ml 100% (70%

prophylactic, 30%

therapeutic)

Clinical suspicion 18.6% (28/150) 8.70%

(13/150)

Hippensteel et al.

(United States) (9)

Retrospective

analysis

28 days

(March–April 2020)

91 55 (males 57%) 85% 1,071 ng/ml 54.3% therapeutic Clinical suspicion 26.3% (24/91) 22%

(22/91)

Klok et al.

(Netherlands) (10)

Retrospective

analysis

47 days

(March–April 2020)

184 64 (males 76%) – – 100% (90.8%

prophylactic, 9.2%

therapeutic)

Clinical suspicion 36.9% (68/184) 22%

(41/184)

Llitjos et al.

(France) (4)

Retrospective

analysis

24 days

(March–April 2020)

26 68 (males 77%) 100% 1,750 ng/ml 100%

(prophylactic 31%,

therapeutic 69%)

Systematic screening

(compression and

Doppler US)

69.2% (18/26) 12% (3/26)

Lodigiani et al.

(Italy) (11)

Retrospective

analysis

58 days

(February–April

2020)

48 61 (males 80.3%) – 615 ng/ml 100% (40%

weight adjusted or

therapeutic)

Clinical suspicion 8.3% (4/48) –

(Continued)
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TABLE 1 | Continued

Study (location) Study design Study duration in

days

Total number Age, mean, or

median (males

percentage %)

Intubated % D-dimers (mean

or median)

Pharmacologic

prophylaxis %

Screening method VTE proportion

% (numbers)

Mortality

%

longchamp et al.

(Switzerland) (12)

Retrospective

analysis

26 days

(March–April 2020)

25 68 (males 64%) 92% 2,071 ng/ml

(953–3,606)

100%

(prophylactic

23/25, therapeutic

2/25)

Systematic screening

(proximal lower

extremity DVT)

32% (8/25) 20% (5/25)

Maatman et al.

(United States) (13)

Retrospective

analysis

20 days (March

2020)

109 61 (males 57%) 94% 84,506 ng/ml 100%

(prophylactic

102/109,

therapeutic 7/109)

Clinical suspicion 28.4% (31/109) 25%

(27/109)

Middeldorp et al.

(Netherlands) (14)

Retrospective

analysis

42 days

(March–April 2020)

75 62 (males 58%) 100% 2,000 ng/ml 100% Systematic screening

(lower limb Doppler

every 5 days)

46.6% (35/75)

Moll et al.

(United States) (15)

Retrospective

analysis

38 days

(March–April 2020)

102 64.61 (males

57.8%)

86.3% 3,964 ng/ml 97.1% (89.8%

prophylactic,

10.1%

therapeutic)

Clinical suspicion 8.8% (9/102) 27.5%

(28/102)

Nahum et al.

(France) (16)

Case series Mid-March–April

2020

34 62.2 (males 78%) 100% 27,927 ng/ml 100% prophylactic

anticoagulation

Systematic screening

(lower limbs US for all

patients)

79.4% (27/34) Not

mentioned

Pineton De

Chambrun et al.

(France) (17)

Retrospective

analysis

26 days

(March–April 2020)

25 47.7 (males 68%) – Highly elevated

(NS)

100% therapeutic Clinical suspicion 24% (6/25) –

Poissy et al.

(France) (18)

Retrospective

analysis

34 days

(February–March

2020)

107 57 (males 59%) 62.6% – 100% Clinical suspicion 22.4% (24/107) 14%

(15/107)

Ren et al. (China)

(22)

Cross-sectional 3 days

(Feb–March)

48 70 (males 54.2%) 37.5% 3,480 ng/ml 97.9%

prophylactic

Systematic screening

(proximal and distal

lower limbs

compression US)

85.4% (41/48) 31.3%

(15/48)

Stessel et al.

(Belgium) (20)

Quasi-

experimental

18 days (March

2020)

46 69.5 (males

73.9%)

– 970 ng/ml 100% Prophylactic

standard dose

Systematic screening 41.3% (19/46) 39.13%

(18/46)

Stessel et al.

(Belgium) (20)

Quasi-

experimental

21 days

(March–April 2020)

26 62 (males 57.3%) – 2,180 ng/ml 100% Intensive

prophylactic dose

Systematic screening

(Doppler US and

compression US of the

great veins in upper

and lower limbs)

15.3% (4/26) 3.85%

(1/26)

Thomas et al.

(United Kingdom)

(21)

Retrospective

analysis

33 days

(March–April 2020)

63 59 (males 69%) 83% 394 ng/ml 100%

(prophylactic dose)

Clinical suspicion 9.5% (6/63) 8% (5/63)

Zhang et al.

(China) (22)

Retrospective

analysis

32 days (January

February 2020)

65 – – – – Systematic screening

(lower limbs US

Doppler for DVT at

proximal and distal

levels)

66.1% (43/65) –

(–) Refers to data unavailable for the ICU cohort.
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FIGURE 2 | Forest plot showing the overall pooled proportion of VTE events.

DVT and not PE). Fourteen studies evaluated for the presence
of VTE based on clinical suspicion and further confirmation
by imaging (non-systematic). Twenty-two studies reported the
proportion of DVTs, and 17 studies reported the proportion
of PE events. Out of the 10 studies where systematic screening
was adopted, the screening was incomplete in one. In all studies
but one (25), most patients were on thromboprophylaxis with
varying doses.

THE PROPORTION OF VTE EVENTS

The overall pooled proportion of VTE from 24 studies examining
a total of 2,570 was 0.31 (95% CI 0.24, 0.39; I2 94%; Q 383)
with significant heterogeneity (Figure 2). The funnel plot showed
significant asymmetry suggestive of possible publication bias
(Supplementary 1). The sensitivity analysis did not affect the
final point estimate significantly (Supplementary 2).

THE PROPORTION OF VTE UTILIZING
SYSTEMATIC SCREENING

Ten studies examining 478 patients using systematic screening
revealed a higher VTE proportion of 0.48 (95% CI 0.33, 0.63;
I2 91%; Q 109) with significant heterogeneity (Figure 3). The
funnel plot suggested a publication bias (Supplementary 3).
The exclusion of Cui et al.’s study that did not utilize
thromboprophylaxis resulted in a higher proportion of VTE
events of 0.51. Additional sensitivity analyses revealed a lower
VTE proportion with the exclusion of Ren et al.’s data (0.43);
this proportion increased with the exclusion of Criel et al.’s
study (0.52) (Supplementary 4). All the studies evaluated

systematically for the presence of DVT events only (PE was not
a primary aim). Hence, this pooled proportion represents the
proportion of DVT events and may underestimate the overall
VTE proportion.

THE PROPORTION OF VTE UTILIZING
NON-SYSTEMATIC SCREENING

In most studies utilizing non-systematic screening, the authors
addressed the high threshold for screening and imaging due to
infection control implications. They stated that this might have
underestimated the true prevalence. The analysis of 14 studies
examining 2,085 patients revealed a pooled proportion of VTE
of 0.20 (95% CI 0.15, 0.26; I2 87%; Q 98.4) (Figure 4). The
funnel plot suggested a publication bias (Supplementary 5). On
sensitivity analysis, the final point estimate did not significantly
change with the ordered exclusion of the constituent studies
(Supplementary 6).

THE PROPORTION OF DVT EVENTS

The overall pooled proportion of DVT from 22 studies examining
a total of 2,401 was 0.23 (95% CI 0.14, 0.32; I2 96%; Q 531) with
significant heterogeneity (Figure 5). The funnel plot suggested
a publication bias (Supplementary 7), whereas the sensitivity
analysis suggested a consistency of the final point estimate
with ordered-single-study exclusion (Supplementary 8). The
pooled proportion of DVT from studies utilizing non-systematic
screening was 0.08 (95% CI 0.04, 0.12; I2 87%; Q 85)
(Supplementary 9).
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FIGURE 3 | Forest plot showing the pooled proportion of VTE events utilizing systematic screening methods.

FIGURE 4 | Forest plot showing the pooled proportion of VTE events utilizing non-systematic screening methods.

THE PROPORTION OF PE EVENTS

PE was not screened systematically. The analysis of 2,096 patients
(17 studies) revealed a pooled proportion of 0.14 (95% CI 0.09,

0.20; I2 90%; Q 159) (Figure 6). The funnel plot revealed a major
asymmetry suggestive of publication bias (Supplementary 10).
Sensitivity analysis showed consistency of the results upon single-
study-ordered exclusion.
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FIGURE 5 | Forest plot showing the overall pooled proportion of DVT.

FIGURE 6 | Forest plot showing the overall pooled proportion of PE.
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THROMBOPROPHYLAXIS STRATEGY

Six studies reported the number of VTE events in patients
receiving prophylactic anticoagulation (479 patients) compared
with therapeutic dosages (83 patients). The dosages and
definitions varied across these studies. In one study (pre- and
post-intervention), a higher prophylactic dosage of nadroparin
with adjustment guided by factor X-a activity (labeled as semi-
therapeutic) was compared with standard prophylactic dose
(4, 14, 20). For synthesis, we considered this adjusted dosage
therapeutic and analyzed it in the corresponding arm (due to
the paucity of studies). The VTE odds ratio (OR) was increased
in the prophylactic anticoagulation group with uncertainty in
the final point estimate OR 2.34 (95% CI 0.77, 7.14; I2 53%;
Q 10). Three studies utilized systematic screening; hence, they
provided a better estimate of the true VTE prevalence (20). In an
exploratory analysis, we analyzed these studies separately, and the
results showed significantly increased odds of VTE events with
prophylactic dosing OR 5.45 (95% CI 1.90, 15.57; I2 0%; Q 1.2),
and there was no evidence of heterogeneity (Figure 7).

QUALITY ASSESSMENT AND RISK OF
BIAS ASSESSMENT

Most of the constituent studies had a moderate or unclear risk
of bias (Table 2). Although the number of included studies is
adequate, the funnel plot suggested publication bias (its value is
limited in assessing prevalence studies publication bias). There
was also reporting bias, as the reporting of distal DVT, PE,
and VTE, method of diagnosis, and dosing of chemoprophylaxis
varied across studies.

DISCUSSION

Our meta-analysis comprised over 2,500 patients and revealed
a high VTE prevalence of 0.31 (95% CI 0.24, 0.39) in critically
ill COVID-19 patients. This prevalence increased to 0.48 (95%
CI 0.33, 0.63) when systematic screening was utilized, meaning
that almost one in two critical COVID-19 patients suffers
from VTE. Furthermore, this heightened prevalence of VTE
when systematic screening was used did not include PE since
it was not part of systematic screening. Hence, screening for
PE systematically could have possibly further increased VTE
prevalence. Even when non-systematic screening was utilized,
VTE prevalence remained high at 0.20 (95% CI 0.15, 0.26).
Regarding PE and DVT prevalence, the overall prevalence of
DVT (0.23) was higher than that of PE (0.14). This concurs with
finding a high prevalence of undiagnosed DVT in an autopsy
evaluation of COVID-19 patients (31). Additionally, it may argue
against the earlier literature suggesting that PE prevalence was
much higher than DVT, proposing that PE events can originate
in the lung’s vasculature in patients with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection (32).

Our analysis revealed that approximately 40/100 additional
DVTs are detected by systematic screening (0.48) compared
with non-systematic screening (0.08). This is likely due to

FIGURE 7 | Forest plot showing the VTE event odds in the prophylactic

anticoagulation group, compared with therapeutic dosing.

the fact that asymptomatic DVT can be overlooked in non-
systematic screening. On the opposite side, PE is more likely to
be associated with easily detected signs (sudden deterioration,
unexplained tachycardia or sudden changes in the ventilator
settings) especially in the context of the ICU.

A recent study by Zhang et al. evaluated the utility of
bedside ultrasonography in the diagnosis of DVT. It revealed a
significantly higher DVT prevalence in deceased patients than in
surviving COVID-19 critically ill patients [94% (33/35) vs. 47%
(22/46), P < 0.001] (30). Moreover, Wichmann et al. analyzed
autopsies of 12 COVID-19 patients. They found that 7 (58%)
had undiagnosed VTE, whereas in 4 (33.3%), massive PE was the
direct cause of death (31). Based on these data, we understand
that the high mortality reported by many studies may actually
be attributed to undiagnosed fatal VTE events. Consequently,
studies with highmortality will likely underestimate the true VTE
prevalence when deceased patients are excluded from screening.
We additionally understand the impact of prevention and early
identification on patient’s morbidity and mortality.

Tang et al. showed that prophylactic dosing of heparin in high-
risk COVID-19 patients is associated with significantly lower
mortality (33). This led the International Society on Thrombosis
and Hemostasis (ISTH) among other societies to recommend a
prophylactic dosage of pharmacological anticoagulants (LMWH
or fondaparinux) for all hospitalized COVID-19 patients (3, 34).
However, it seemed that prophylactic anticoagulation is not
sufficient for severe COVID-19 patients. This was concluded in
a study by Llitjos et al. where they found a higher prevalence of
VTE in patients on a prophylactic dose of anticoagulation (100%)
compared with therapeutic anticoagulation (56%) (4). More
recently, Stessel et al. attempted the first quasi-experimental
trial (pre- and post-intervention) comparing the mortality and
incidence of VTE between conventional prophylaxis (once-daily
nadroparin calcium 2,850 IU) compared with an individualized
semi-therapeutic, prophylactic dosage guided by factor Xa
activity (semi-therapeutic dosing). Both mortality (3.8 vs. 39.1%,
P < 0.001) and VTE (15.3 vs. 41.3%, P = 0.03) were
significantly lower in the aggressive thromboprophylaxis group
(20). Emerging evidence showed that even in COVID-19 patients
receiving therapeutic anticoagulation, there is a high incidence
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TABLE 2 | Table summarizing the risk of bias assessment.

Study 1 2 3 4 5 6 7 8 9

Al-Samkari et al. (8)

Beun et al. (19)

Bilaloglu et al. (23)

Criel et al. (24)

Cui et al. (25)

Desborough et al. (26)

Fraissé et al. (27)

Grandmaison et al. (28)

Helms et al. (29)

Hippensteel et al. (9)

Klok et al. (10)

Llitjos et al. (4)

Lodigiani et al. (11)

longchamp et al. (12)

Maatman et al. (13)

Middeldorp et al. (14)

Moll et al. (15)

Nahum et al. (16)

Pineton de Chambrun et al.

(17)

Poissy et al. (18)

Ren et al. (22)

Stessel et al. (20)

Stessel et al. (20)

Thomas et al. (21)

Zhang et al. (30)

, low risk; , high risk; , unclear risk assessment.

(1) Was the study’s target population a close representation of the national population in relation to relevant variables, e.g., age, sex, occupation?; (2) was the sampling frame a true or

close representation of the target population?; (3) was some form of random selection used to select the sample, OR, was a census undertaken?; (4) was the likelihood of non-response

bias minimal?; (5) were data collected directly from the subjects (as opposed to a proxy)?; (6) was an acceptable case definition used in the study?; (7) was the study instrument

that measured the parameter of interest (e.g., prevalence of low back pain) shown to have reliability and validity (if necessary)?; (8) was the same mode of data collection used for all

subjects?; (9) were the numerator(s) and denominator r(s) for the parameter of interest appropriate?

of heparin resistance and sub-optimal peak in anti-Xa levels
(19, 35). This may explain, in part, the high rate of VTE in
patients on usual prophylactic doses and even in patients on
therapeutic dosing (although relatively at a lower rate).

Our review also aimed to address the uncertainty of using
higher vs. standard prophylactic doses. In an exploratorymanner,

we limited our analysis to studies that only used systematic
screening and thus reduce the chances of missing fatal VTE
events; we found that prophylactic dosing was associated with
increased odds of VTE compared with therapeutic dosing (one
study was counted in the therapeutic side although it used
subtherapeutic dosing, due to limited studies) (20). The results
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were homogenous. The reader should consider that the odds of
VTE in the therapeutic arm were lower even in the likely event
that those patients may have had VTE predisposing conditions,
for which they were initiated on this therapeutic dosing (except
Stessel et al.’s study, which was protocolized). This small
exploratory unadjusted comparison suggests a value for a higher
dosing or therapeutic chemoprophylaxis. Nonetheless, this will
be ascertained by a number of ongoing trials aiming to address
the efficacy and safety of various chemoprophylactic dosages
(prophylactic, intermediates, weight-adjusted, or therapeutic);
examples of such trials are IMPROVE (http://www.clinicaltrials.
gov, NCT04367831), COVI-DOSE (http://www.clinicaltrials.gov,
NCT04373707), and Hep-COVID (https:www.clinicaltrials.gov,
NCT04401293). The safety of intensive thromboprophylaxis
was not addressed in our review due to data paucity.
Nonetheless, two recent observational studies suggested that
this intensive thromboprophylaxis is safe in terms of inducing
major bleeding events (36, 37). Thus, we believe that the
intensive thromboprophylaxis protocol suggested by Stessel et al.
seems promising as a chemoprophylaxis regimen until further
data from ongoing randomized clinical trials (RCTs) become
available (20).

Limitations of our review are the heterogeneity in the pooled
prevalence in the constituent studies. This is likely due to varying
detection methods (systematic vs. non-systematic, imaging
modalities used, timing, etc.), screening threshold (many studies
reported that the threshold was high due to infection control
concerns), varying severity of illness, prophylaxis strategies,
and dosage, missing VTE in deceased patients of fatal VTE
events, and varying and insufficient follow-ups. Additionally,
the inability to provide a mortality comparison between the
VTE group and the non-VTE group due to data paucity (we
contacted the primary authors; however, we could not get the
data necessary for its computation) and limited conclusion
provided by the comparison of VTE in the therapeutic vs.
prophylactic anticoagulation groups (small number of studies,
absence of adjustment, and varying doses between studies).
Moreover, the retrospective nature of the included studies,
inability to accurately compute the prevalence of PE (absence of
systematic PE screening), and absence of autopsies to ascertain
causes of death add to the limitations of our review.

Notwithstanding this, there are many strengths to our review
that are worthy of mention. This is the most extensive review
examining the prevalence of VTE exclusively in critically ill
patients. Additionally, the review examines VTE prevalence
based on the utilized screening method providing the readers
with a better estimate of VTE prevalence. We also pooled

a proportion that reflects the prevalence; nonetheless, we
acknowledged its limited accuracy. Finally, the results of
the limited comparison between lower and higher dosing of
chemoprophylaxis may help inform therapeutic decisions until
further data from RCTs become available.

Future research direction should evaluate the utility of
systematic screening and early therapeutic anticoagulation
dosage on outcomes (VTE progression, ICU stay, and mortality).
The utility of systematic screening with US at regular intervals to
ascertain the exact prevalence of VTE is needed. In these studies,
patients with distal DVT should be temporally followed up and
compared with a non-DVT cohort to determine the incidence of
proximal DVT, PE, and mortality events. This will ascertain the
exact need for therapy in these patients.

In conclusion, our review of critically ill COVID-19 patients
revealed a high prevalence of VTE events. This prevalence
is higher when systematic screening is utilized. Our review
suggested a potential for higher prophylactic or therapeutic
dosages in reducing VTE burden. Data from ongoing RCTs are
awaited to further confirm the findings of our review.
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Background: Myocardial injury is a life-threatening complication of coronavirus disease

2019 (COVID-19). Pre-existing health conditions and early morphological alterations may

precipitate cardiac injury and dysfunction after contracting the virus. The current study

aimed at assessing potential risk factors for COVID-19 cardiac complications in patients

with pre-existing conditions and imaging predictors.

Methods and Results: The multi-center, retrospective cohort study consecutively

enrolled 400 patients with lab-confirmed COVID-19 in six Chinese hospitals remote

to the Wuhan epicenter. Patients were diagnosed with or without the complication

of myocardial injury by history and cardiac biomarker Troponin I/T (TnI/T) elevation

above the 99th percentile upper reference limit. The majority of COVID-19 patients

with myocardial injury exhibited pre-existing health conditions, such as hypertension,

diabetes, hypercholesterolemia, and coronary disease. They had increased levels of
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the inflammatory cytokine interleukin-6 and more in-hospital adverse events (admission

to an intensive care unit, invasive mechanical ventilation, or death). Chest CT scan

on admission demonstrated that COVID-19 patients with myocardial injury had higher

epicardial adipose tissue volume ([EATV] 139.1 (83.8–195.9) vs. 92.6 (76.2–134.4) cm2;

P = 0.036). The optimal EATV cut-off value (137.1 cm2) served as a useful factor for

assessing myocardial injury, which yielded sensitivity and specificity of 55.0% (95%CI,

32.0–76.2%) and 77.4% (95%CI, 71.6–82.3%) in adverse cardiac events, respectively.

Multivariate logistic regression analysis showed that EATV over 137.1 cm2 was a

strong independent predictor for myocardial injury in patients with COVID-19 [OR 3.058,

(95%CI, 1.032–9.063); P = 0.044].

Conclusions: Augmented EATV on admission chest CT scan, together with

the pre-existing health conditions (hypertension, diabetes, and hyperlipidemia) and

inflammatory cytokine production, is associated with increased myocardial injury and

mortality in COVID-19 patients. Assessment of pre-existing conditions and chest CT

scan EATV on admission may provide a threshold point potentially useful for predicting

cardiovascular complications of COVID-19.

Keywords: COVID-19, SARS-CoV-2, pandemic (COVID-19), CT imaging findings, cardiac complication

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a highly contagious
disease caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). Since its first breakout in Wuhan, China, the
COVID-19 pandemic has triggered a worldwide health crisis.
According to WHO, globally, as of September 20, 2020, COVID-
19 has caused nearly one million deaths (1). SARS-CoV-2 mainly
attacks the respiratory system, clinically characterized by rapidly
progressive pneumonia and acute respiratory distress syndrome
(ARDS) (2). However, the virus may damage other tissues and
organs directly or indirectly, in particular, the cardiovascular
system. Indeed, individuals with pre-existing health conditions
are highly vulnerable to the pathological insults from the
viral infection (3, 4). COVID-19 patients display not only the
manifestations of pulmonary injury but also multiple organ
damage and dysfunction. The viral injury to various tissue or
organs constitutes a complex clinical syndrome with a broad
spectrum of pathophysiological characteristics, which contribute
to the severity and mortality of COVID-19 (5–8).

Currently, COVID-19 patients with myocardial injury are
diagnosed when the serum levels of troponin I/T (TnI/T) increase
above the 99th percentile upper reference limit, after excluding
TnI/T elevation and other evidence related to pre-existing
obstructive coronary artery disease. Thus, the abnormal levels of
myocardial biomarkers constitute the main criteria to identify
COVID-19 patients with myocardial injury. However, TnI/T
changes may occur in other pathological conditions, such as
infection, hypoxia, and renal insufficiency, commonly observed
during the development of COVID-19. Hence, assessment of
myocardial injury should be performed using a comprehensive
approach, including non-invasive imaging, electrocardiography,
and laboratory examination for proper clinical judgment

in patients with abnormal TnI/T levels. Regarding cardiac
morphological examination or image analysis, echocardiography
or cardiovascular magnetic resonance (CMR) is not routine
examination for COVID-19 patients, and generates non-specific
images thatmay be lagging in early detection ofmyocardial injury
(9). Conversely, chest computed tomography (CT) is routinely
performed in patients suspected for COVID-19, usually as soon
as hospital admission, to evaluate the severity of pneumonia.
Therefore, an early imaging indicator based on chest CT is
valuable for timely assessment and diagnosis of myocardial injury
morphologically. Epicardial adipose tissue volume (EATV) has
been used to evaluate the adipose tissue between the epicardial
surface and pericardium, and reportedly associated with heart
inflammation (10). In this multi-center, retrospective study,
we explored the pre-existing health conditions and chest CT
EATV as potential risk factors for myocardial injury in COVID-
19 patients.

METHODS

Study Design, Participants, and Data
Recording
The current multi-centered, retrospective study of laboratory-
confirmed COVID-19 patients was conducted in six independent
hospitals, located in the Eastern, Southern, Northern, and
Central regions of China. All the cases of COVID-19 were
confirmed positively in SARS-CoV-2 detection of respiratory
specimens by real-time reverse-transcriptase–polymerase-chain-
reaction (RT-PCR), according to the guidelines of the World
Health Organization and the National Health Commission of
China (11, 12). A total of 549 consecutive patients with confirmed
COVID-19 were admitted from January 3 to February 26, 2020.
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Except for 43 patients who remain hospitalized and 106 patients
with no record of TnI/T, all other 400 patients were enrolled in
the final analysis.

The epidemiological, demographic, clinical, laboratory,
imaging, treatment, and outcome data of enrolled patients were
collected by experienced local clinicians, and entered into a
computerized database and cross-checked. The time from the
onset of symptoms to hospital admission was 5 (3–7) days. All
the patients underwent at least one TnI/T test, 285/400 (96.3%)
patients had TnI/T data available within the first 24 h of hospital
admission, and 373/400 (93.3%) patients had more than one test
result of TnI/T during hospitalization. Myocardial injury was
diagnosed and confirmed according to the highest level of TnI/T
during hospitalization.

Study Definitions
Myocardial injury was diagnosed when the highest level of
Troponin I/T (TnI/T) was above the 99th percentile upper
reference limit (reference range of each hospital is available
at Supplementary Table 1), after excluding the possibility of
acute coronary syndrome (13). Fever was defined as an axillary
temperature of 37.3◦C or higher. Hypertension was defined
as systolic blood pressure over 140 mmHg or diastolic blood
pressure over 90 mmHg. In-hospital adverse events included
admission to an intensive care unit (ICU), the use of invasive
mechanical ventilation, or death (14, 15). The injury was further
confirmed by reviewing admission logs and histories from
electronic medical care records.

Analysis of Epicardial Adipose Tissue
Volume (EATV) by CT Scan
Chest CT scan was performed within the first 24 h of hospital
admission in accordance with the guidance for COVID-19
from the Chinese National Health Commission (12). Chest
CT images were collected, and measured using breath-hold
electrocardiogram-gated CT scanners with 256 or 64 detector
rows (uCT 760, uMI 780 scanners, United Imaging, Shanghai,
China; Precision 32, CAMPO Imaging, Shenyang, China; NeuViz
64 In/En, Neusoft, Liaoning, China; SOMATOM Emotion
16, Siemens, Germany; SOMATOM definition AS, Siemens,
Germany; Optima CT680, GE Healthcare, USA). The scan
conditions were set as 120–140 kV, 300–320mA, 512 ×

512 matrix, and the field of view was 240mm with a slice
thickness of 1–3mm. Images were reconstructed using a soft-
tissue algorithm. EATV was calculated and established from
mediastinal window images according to the standardized
operation protocol by trained radiologists blinded to the study
protocol. The baseline characteristics of patients with and
without EATV were roughly the same (Table 1). Epicardial
adipose tissue was identified on the CT scan as a hypodense rim
surrounding the myocardium and limited to the pericardium.
The visceral pericardium was traced manually from the aortic
arch to the left ventricular apex, and all extra-pericardial tissue
was excluded. The individual EATV measurement within the
manually traced epicardium in each slice was detected by
assigning a threshold CT value of −200 and −30 HU and

then was automatically summed with the software of Siemens
Syngo.via (Siemens, Germany) to determine the total EATV.

Statistical Analyses
Data were presented as mean ± standard deviation (SD) or
median with quartiles for continuous variables and number
(%) for categorical variables. Differences between patients with
and without myocardial injury were assessed with the two-
tail t-test or Wilcoxon rank-sum test for continuous variables
and Chi-square or Fisher’s exact test for categorical variables.
The receiver operating characteristic (ROC) curve analysis
was used to select a cut-off value for EATV, and sensitivity
and specificity for predicting myocardial injury incidence were
calculated. Multivariate logistic regression analysis was applied
to control confounding factors that might be associated with
EATV (age, weight, history of hyperlipidemia, and coronary heart
disease) when identifying the predicting value of EATV for the
incidence of myocardial injury. Multivariate logistic regression
analysis was also applied to control baseline confounders (age,
history of hypertension, diabetes, and coronary heart disease)
when exploring the association of myocardial injury with severe
COVID-19. The consistency of the results was confirmed in
patients with EATV value in subgroup analysis. Tests were two-
sided with significance set at α < 0.05. SPSS for Windows
(Version 22.0, IBM) and Graphpad Prism 8.0 software were used
for statistical analysis.

RESULTS

Baseline Characteristics and Pre-existing
Health Conditions
The current cohort study enrolled 549 patients consecutively who
suffered from laboratory-confirmed COVID-19 and admitted to
six hospitals outside of the Wuhan epicenter as of March 8,
2020. Among them, there were 43 patients remained hospitalized
and 106 patients with no record of TnI/T and thereby excluded
from the study. All other 400 patients were entering into
the final analysis, and the enrolling process was shown in
Figure 1. There were 46 hospitalized COVID-19 patients were
diagnosed suffering from myocardial injury. COVID-19 patients
with myocardial injury were slightly older than those without
[52.5 (42.8–68.0) vs. 49.0 (36.0–60.0) years]. The incidence of
myocardial injury was much higher in patients with pre-existing
health conditions, such as hypertension [12/46 (26.1%) vs. 50/354
(14.1%); P = 0.035], hyperlipidemia [4/46 (8.7%) vs. 7/354
(2.0%); P = 0.028], and chronic kidney disease [3/46 (6.5%)
vs. 2/354 (0.6%); P = 0.012] as compared with non-myocardial
injury COVID-19 patients.

There were no differences in the percentage of patients
having the signs and symptoms between the myocardial and
non-myocardial injury groups, except for fatigue and dyspnea
(Table 2). Although no significant difference in pulse was
found on admission, the incidence of tachycardia during
hospitalization was significantly increased in patients undergoing
myocardial injury.
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TABLE 1 | Baseline comparison between general population (n = 400) and patients with EATV value (n = 272).

Patients with EATV value Patients without EATV value P-valuea

Age (yrs) 48.7 ± 15.4 48.0 ± 16.6 0.666

Female 137/272 (50.4%) 54/128 (42.2%) 0.127

Hypertension 45/272 (16.5%) 18/128 (14.1%) 0.525

Diabetes 26/272 (9.6%) 11/128 (8.6%) 0.756

White blood cells, × 109/L 5.0 (4.0–5.7) 5.0 (4.0–6.4) 0.553

Platelets, × 109/L (n = 388) 176.0 ± 60.6 167.7 ± 56.0 0.209

Alanine aminotransferase, U/L (n = 392) 24.0 (15.0–38.0) 23.0 (15.0–41.0) 0.922

Creatinine, µmol/L (n = 391) 54.9 (46.0–67.1) 64.0 (55.0–79.0) <0.001

C-reactive protein, mg/L (n = 393) 17.0 (4.1–69.0) 23.0 (5.7–49.5) 0.082

aSignificant difference (p < 0.05) was determined between patients with EATV value and patients without EATV value.

FIGURE 1 | Flowchart of patient recruitment. COVID-19 cases confirmed by RT-PCR assays were enrolled in this cohort study from six hospitals or regional medical

centers remote to the Wuhan epicenter from January 3 to February 26, 2020.

Laboratory and Electrocardiographic
Findings Showing Cardiac Dysfunction
COVID-19 patients with myocardial injury showed markedly
increased levels of interleukin-6 [6.5 (5.2–17.9) vs. 2.3 (1.5–6.3)
pg/mL; P < 0.001]. However, there was no significant difference
on the levels of CRP, an acute phase protein known to arise during
inflammation, between the cardiac injury and non-injury groups.
We observed that patients with elevated TnI/T also had increased
blood levels of other types of biomarkers for cardiac injury
and dysfunction [e.g., lactate dehydrogenase, creatine kinase,
and N-terminal pro-B-type natriuretic peptide (NT-proBNP)].
Compared with non-myocardial injury patients, the abnormality
of lipid metabolites in peripheral blood occurred at a higher
frequency in myocardial injury patients, with raising levels of
total cholesterol (4.7 ± 1.1 vs. 4.0 ± 2.5 mmol/L; P = 0.029),
low-density lipoprotein (2.8 ± 1.0 vs. 2.2 ± 0.7 mmol/L; P =

0.001), and triglycerides [2.7 (1.5–4.1) vs. 1.1 (0.9–1.9) mmol/L;
P < 0.001] (Table 3).

Of 106 patients with the electrocardiogram records, 20
(18.9%) patients developed ST-T changes. However, the
distribution was not significantly different between patients with
and without elevated cTnI/T levels.

COVID-19 patients with myocardial injury showed no change
in the pH values of arterial blood while having a higher
prevalence of hypoxia (SaPO2< 95%) than those without cardiac
injury (Table 3), implying increased severity of COVID-19 injury
toward the respiratory system in patients with myocardial injury.

Chest CT Scan Assessment of EATV
Predicating Myocardial Injury
The chest CT scan performed on admission showed that EATV
in patients with myocardial injury was significantly larger than
the non- injury patients [139.1 (83.8–195.9) vs. 92.6 (76.2–134.4)
cm2; P= 0.036]. Figure 2 illustrates chest CT images in COVID-
19 cases with and without myocardial injury. Using the receiver
operating characteristic (ROC) curve analysis, we found that a
cut-off value of 137.1 cm2 in EATV had predicted the occurrence
of myocardial injury at 55% sensitivity, 77% specificity, and
the area under the curve of 0.642. The positive likelihood ratio
is 0.193, while the negative likelihood ratio is 0.046. Patients
with EATV over 137.1 cm2 on admission were more commonly
diagnosed with myocardial injury than those not [11/68 (16.2%)
vs. 9/204 (4.4%); P = 0.001]. In the univariable logistic analysis,
odds of myocardial injury were greater in patients with EATV
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TABLE 2 | Comparison in demographic and clinical characteristics of COVID-19 patients with and without myocardial injury.

Total Myocardial injury Non-myocardial injury P-valuea

(n = 400) (n = 46) (n = 354)

Age (yrs) 49.0 (37.0–61.0) 52.5 (42.8–68.0) 49.0 (36.0–60.0) 0.046

Female 191 (47.8%) 20 (43.5%) 171 (48.3%) 0.538

Hypertension 62 (15.5%) 12 (26.1%) 51 (14.1%) 0.035

Diabetes 37 (9.3%) 8 (17.4%) 29 (8.2%) 0.056

Hyperlipidemia 11 (2.8%) 4 (8.7%) 7 (2.0%) 0.028

Liver Disease 7 (1.8%) 2 (4.3%) 5 (1.4%) 0.187

Kidney disease 5 (1.3%) 3 (6.5%) 2 (0.6%) 0.012

Signs and symptoms

Fever 334 (83.5%) 40 (87.0%) 294 (83.1%) 0.502

Cough 295 (73.8%) 33 (71.7%) 262 (74.0%) 0.724

Fatigue 91 (22.8%) 16 (34.8%) 75 (21.2%) 0.039

Abdominal discomfort/ diarrhea/vomiting 43 (10.8%) 6 (13.0%) 37 (10.5%) 0.612

Sore throat 35 (8.8%) 7 (15.2%) 28 (7.9%) 0.102

Weight (Kg) 65.0 (57.0–72.0) 65.0 (57.0–75.0) 65.0 (57.0–71.8) 0.889

Respiratory rate >20 breaths/min 162 (40.5%) 19 (42.2%) 143 (40.5%) 0.826

Pulse rate, median (bpm) 83.6 ± 12.9 86.3 ± 10.6 83.3 ± 13.1 0.171

Peak pulse rate, (bpm) 97.3 ± 11.9 103.2 ± 14.0 96.8 ± 11.6 0.012

aSignificant difference (p < 0.05) was determined between the myocardial and non-myocardial injury groups.

TABLE 3 | Laboratory and electrocardiographic findings of COVID-19 patients with or without myocardial injury.

Total Myocardial injury Non-myocardial injury P-valuea

(n = 400) (n = 46) (n = 354)

Laboratory findings

White blood cells, mean, × 109/L 5.0 (4.0–5.8) 5.3 (3.8–6.7) 5.0 (4.0–5.8) 0.455

Neutrophils, mean, × 109/L 3.2 (2.2–4.2) 3.3 (2.3–5.2) 3.2 (2.2–4.2) 0.567

Lymphocytes, mean, × 109/L 1.0 (0.9–1.5) 1.0 (0.8–1.3) 1.0 (0.9–1.5) 0.058

Platelets, median, × 109/L (n = 388) 173.5 ± 59.3 166.8 ± 61.4 174.4 ± 59.1 0.420

Alanine aminotransferase, U/L (n = 392) 24.0 (15.0–39.5) 20.0 (14.8–28.3) 24.0 (15.0–41.0) 0.130

Aspartate aminotransferase, U/L (n = 392) 26.0 (19.0–34.0) 27.5 (21.0–34.2) 26.0 (19.0–34.0) 0.259

Creatinine, µmol/L (n = 391) 57.6 (46.9–71.3) 66.4 (51.8–76.4) 56.9(46.1–70.0) 0.007

Creatine kinase, U/L (n = 391) 61.0 (41.0–100.0) 84.0 (54.6–150.8) 60.0 (39.5–92.9) 0.002

Lactate dehydrogenase, U/L (n = 391) 191.0 (154.0–263.0) 227.0 (167.5.0–311.5) 188.0 (152.5–256.0) 0.015

Interleukin-6, pg/mL (n = 103) 5.2 (1.5–7.2) 6.5 (5.2–17.9) 2.3 (1.5–6.3) <0.001

C-reactive protein, mg/L (n = 393) 18.5 (4.6–38.8) 20.7 (5.8–43.3) 18.4 (4.1–37.8) 0.709

NT-Pro-BNP, pg/mL (n = 80) 68.0 (27.3–330.5) 663.6 (103.8–2450.5) 51 (24.2–179.8) <0.001

Total cholesterol, mmol/L (n = 211) 4.1 ± 2.4 4.7 ± 1.1 4.0 ± 2.5 0.029

Low-density lipoprotein, mmol/L (n = 210) 2.2 ± 0.8 2.8 ± 1.0 2.2 ± 0.7 0.001

Triglycerides, mmol/L (n = 211) 1.1 (0.9–2.2) 2.7 (1.5–4.1) 1.1 (0.9–1.9) <0.001

Arterial pH, (n = 80) 7.46 ± 0.05 7.45 ± 0.05 7.46 ± 0.05 0.322

SaPO2 <95% 28/167 (16.8%) 7/18(38.9%) 21/149(14.1%) 0.015

Electrocardiographic findings

ST-T change 20/106 (18.9%) 1/16(6.3%) 19/90(21.1%) 0.296

Left bundle branch block 3/106 (2.8%) 0/16 (0.0%) 3/90(3.3%) >0.999

aSignificant difference (p < 0.05) was determined between the myocardial and non-myocardial injury groups.

on admission over 137.1 cm2. Age, and pre-existing health
conditions, such as diabetes, hyperlipidemia, and coronary heart
disease, were also significantly associated with myocardial injury.

In a multivariable logistic regression model which included
265 patients with necessary data (20 with myocardial injury
and 245 without myocardial injury), we found that EATV
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FIGURE 2 | Chest CT scan images and EATV assessment in COVID-19

patients with and without myocardial injury. Transverse chest CT images at two

different positions were collected during the first 24 h of hospital admission.

Epicardial adipose tissue volume was assessed and calculated in the pink

area. Case A, in the age range of 60–70 years, who presented myocardial

injury during hospitalization, representative chest CT scan image at two

different pulmonary and cardiac positions: (a1) Upper position of heart and

lung, and (a2) middle-lower position of heart and lung), showing subpleural

strip-like ground-glass opacities and patchy consolidation scattering in the left

upper lobe, right middle lobe, and bilateral lower lobes, the typical imaging

findings of lung involvement in COVID-19. (b) The epicardial adipose tissue

volume was 221 cm3, presented as the pink area. Case B, also in the age

range of 60–70 years but did not present myocardial injury during

hospitalization. (c1,c2) Representative CT scan images at the lung window

showing similar images of lung injury characteristic of COVID-19: subpleural

irregular patchy and grid-like hyperdense shallows with blurred edges in the

right lower lobe. (d) The epicardial adipose tissue volume or EATV was 86.5

cm3 in this case. The volume of hypodense tissue surrounding the

myocardium appearing much smaller than that shown in case A.

on admission over 137.1 cm2 was associated with the higher
incidence of myocardial injury [adjusted odds ratio (OR) 3.058,
(95%CI, 1.032–9.063); P = 0.044], after adjusting the influence
of age, body weight, the history of coronary heart disease and
hyperlipidemia. Age and the history of hyperlipidemia also
remained significant in this model (Table 4).

Therapeutic Approaches and Outcomes in
COVID-19 Patients With and Without
Myocardial Injury
Almost all the enrolled patients received various antiviral
treatments. No differences in therapeutics were found between
the myocardial injury and non-myocardial injury groups, except
for the usage of corticosteroids [17/46 (37.0%) vs. 83/354

(23.4%); P = 0.047] (Table 5). In myocardial injury patients,
corticosteroid therapies had markedly decreased the blood levels
of IL-6 [6.0 (4.9–7.6) vs. 15.4 (5.8–34.9) pg/mL; P = 0.03] as well
as the incidence of in-hospital adverse events [1/17 (5.9%) vs.
11/29 (37.9%); P = 0.034].

In-hospital adverse events (admission to an ICU, invasive
mechanical ventilation, or death) occurred in 47 patients (11.8%),
including 40 (10.0%) of whom were admitted to ICU, 5 (1.3%)
underwent invasive mechanical ventilation, and 8 (2.0%) died
(Table 5). Compared with those without myocardial injury,
myocardial injury patients underwent more in-hospital adverse
events [12/46 (26.1%) vs. 35/354 (9.9%); P = 0.001], while the
incidence of death and ICU admission were higher too.

In the multivariable logistic regression model including all
400 patients (46 patients with myocardial injury and 354 without
myocardial injury), the myocardial injury was independently
associated with the risk of in-hospital adverse events [adjusted
OR 2.607 (95%CI: 1.166–5.830); P = 0.020] after adjusting
for age, sex, history of hypertension, diabetes and coronary
heart disease. Age also remained significant in this model,
indicating that it also contributes to in-hospital adverse events
(Supplementary Table 2). This association remained stable in
patients with EATV value (n = 272) in subgroup analysis
(Supplementary Table 3).

DISCUSSION

In the current cohort study we investigated and compared
the clinical characteristics between COVID-19 patients with
and without myocardial injury, who were admitted to six
hospitals and regional medical centers outside of the epicenter
of Wuhan. This group of patients demonstrated certain
pathophysiological characteristics, to a certain degree, different
from those hospitalized and treated inWuhan or other epicenters
of COVID-19 around the world. We observed that many of
the patients had pre-existing health conditions and increased
values of EATV on admission which might be predisposed
to the pathogenesis of myocardial injury. The average age
of patients with myocardial injury appears higher than those
without myocardial injury, but the age gap only marginable,
suggesting that in this cohort, pre-existing health conditions,
rather than age, might serve as the major risk factors for the
development of myocardial injury. Pre-existing cardiovascular
and metabolic comorbidities were more commonly observed in
COVID-19 patients with myocardial injury, along with abnormal
levels of metabolic indicators, indicating COVID-19 patients
with underlying cardiovascular conditions, especially abnormal
lipid metabolism, are exposed to an increased risk for myocardial
injury. Myocardial injury serves as a contributor to the severity
and mortality of COVID-19, with reported hazard ratio ranging
from 2.1 to 8.9 (9, 16, 17), and odds ratio from 6.6 to 26.9 (18–20)
in different studies. Our logistic regression analysis also suggests
that myocardial injury is an independent adverse event, which
precipitates poor prognosis. Thus, it is of great importance to
timely detect and treat patients with a high risk of myocardial
injury and to offer a special care to avoid relevant adverse events.
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TABLE 4 | Predictors for the incidence of myocardial injury (n = 265).

Univariable OR (95% CI) P-valuea Multivariable OR (95% CI) P-valueb

Age, 10 years 1.225 (1.004–1.495) 0.045 1.602 (1.035–2.477) 0.034

Male sex (vs female) 1.215 (0.654–2.256) 0.538 – –

Hyperlipidemia (vs not present) 4.721 (1.326–16.803) 0.017 5.247 (1.122–24.551) 0.035

Coronary heart disease (vs not present) 8.000 (1.099–58.224) 0.040 8.273 (0.742–92.187) 0.086

Epicardial adipose tissue volume on admission >137.1 cm2 (vs. not present) 4.181 (1.651–10.588) 0.003 3.058 (1.032–9.063) 0.044

Weight 0.997 (0.972–1.023) 0.814 1.021 (0.973–1.072) 0.402

OR, odd ratio; CI, confidence intervals.
aSignificant difference (p < 0.05) was determined using univariable logistic regression model.
bSignificant difference (p <0.05) was determined using multivariable logistic regression model.

TABLE 5 | Therapeutics received and outcomes of COVID-19 patients with or without myocardial injury.

Total (n = 400) Myocardial injury (n = 46) Non-myocardial injury (n = 354) P-valuea

Treatment

Oxygen therapy 199 (49.8%) 24 (52.2%) 175 (49.7%) 0.754

Invasive mechanic ventilation 5 (1.3%) 1 (2.2%) 4 (1.1%) 0.459

Non-invasive mechanic ventilation 25 (6.3%) 2/46 (4.3%) 23 (6.5%) 0.459

Lopinavir/ritonavir 236 (59.0%) 29 (63.0%) 207 (58.5%) 0.553

Arbidol 160 (40.0%) 22 (47.8%) 138 (39.0%) 0.266

Oseltamivir 94 (23.5%) 14 (30.4%) 80 (22.6%) 0.238

Antibiotics 282 (70.6%) 31 (67.4%) 251 (71.1%) 0.608

Corticosteroids 100 (25.0%) 17 (37.0%) 83 (23.4%) 0.047

Outcomes

ICU admission 40 (10.0%) 11 (23.9%) 29 (8.2%) 0.003

Death 8 (2.0%) 5 (10.9%) 3 (0.8%) 0.001

ICU, intensive care unit.
aSignificant difference (p < 0.05) was determined between the myocardial and non-myocardial injury groups.

Patients with the deadly contagious disease COVID-19
often receive medical attention in ICU or emergency room.
Upon admission, less likely, they will have a comprehensive
imaging assessment of cardiac complications, including
echocardiography and CMR. Moreover, echocardiographic
findings in patients with myocardial injury are mostly non-
specific (9). Slight injury may not lead to functional or structural
changes, and often it is undetectable by echocardiography and
cardiac magnetic reasoning imaging. Only 20% of COVID-
19 patients with myocardial injury showed abnormality on
echocardiogram, left others with normal performance (21).
CMR is reportedly helpful in revealing the cardiac involvement
of COVID-19 in recovered patients, but its predicting value in
COVID-19 patients is doubtful (22).

In the current cohort study, we explored the feasibility of using
cardiac images from routine chest CT scan as a potential index
of myocardial injury. Our findings demonstrate the correlation
between EATV on admission and the occurrence of myocardial
injury. First, the mean value of EATV is significantly larger in
COVID-19 patients with myocardial injury than those without
myocardial injury. Second, 137.1 cm2 is the optimal cut-off point
of EATV for predicting in-hospital myocardial injury on ROC
analysis. Third, EATV over 137.1 cm2 is the strong independent

indicator for myocardial injury in general COVID-19 patients,
with a valuable negative predictive value.

For the diagnosis and assessment of pneumonia, the
predominant manifestation of COVID-19, patients are routinely
examined by chest CT scan. Strictly speaking, EATV is
a measurement of not mere fat tissue expansion but also
peri- or epicardiac soft tissue (perhaps consisting of both
fat and inflammatory connective tissues) enlargement with
inflammatory responses (10, 23). It is exquisitely sensitive to
the adjacent inflammatory states associated with coronary
atherosclerotic plaque, atrial fibrillation, and systemic
inflammatory disorders (24).

To date, the precise mechanisms that cause myocardial injury
in COVID-19 patients are not entirely understood. The cytokine
storm (i.e., excessive and uncontrollable cytokine production
in response to SARS-CoV-2 infection, may be one of the
main contributors to the pathogenic injury of myocardium).
There have been plenty of studies indicating that serum levels
of cytokines are significantly increased in COVID-19 patients
(3, 4). Moreover, cytokine levels were associated with disease
mortality and the incidence of myocardial injury (2, 25, 26),
indicating the contributing role of cytokine storm in COVID-19
associated myocardial injury. In our population, compared with
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patients without myocardial injury, IL-6 levels were significantly
higher in myocardial injury patients, implying the possible
pathogenic role of the cytokine storm in the development of
myocardial injury. CRP levels were increased too, but statistically
no significance was found between the groups of COVID-19
patients. Myocardial injury patients treated with corticosteroids
had markedly decreased levels of IL-6. This observation may
partially explain the improved outcome in myocardial injury
patients treated with the steroids.

Epicardial fat may represent a transducer that mediates the
detrimental impacts of systemic inflammation on the adjacent
myocardium (27). We observed the significantly enlarged
EATV in COVID-19 patients with myocardial injury, which
may be due to inflammatory cell infiltration and temporary
edema related to systemic cytokine storm and pericarditis
and micro-myocarditis.

Increased EATV has been shown in obese individuals with
increased chest and abdominal obesity, a possible risk factor for
myocardial injury. Abdominal obesity is proved to be the major
risk factor for disease progression and mortality in COVID-19
patients, independent of obesity-related comorbidities (28, 29).
So high body mass index (BMI) and waist-hip ratio indicate a
high risk of hospitalization (30). As a reflection of total visceral
fatness, EATV is associated with BMI and waist circumference
(31, 32), so the strong association between high EATV and
myocardial injury may reveal the possible contributing role
of overall and abdominal obesity to the development of
myocardial injury. In this study, we observed hyperlipidemia
in COVID-19 patients with myocardial injury. The elevation
of EATV values in COVID-19 patients may also reflect this
pathological condition.

Taken together, observations from the current study clearly
document that EATV enlargement may serve as a potentially
important parameter or predictor for the development of
myocardial injury. Although the exact mechanism behind the
association of high EATV and in-hospital myocardial injury
remains unclear, it is recommendable to employ the CT
scan measurement of EATV as an early risk evaluation for
myocardial injury in COVID-19, in combination with other
imaging methods.

Study Limitations
First, given the retrospective nature of this study, some
parameters were not available in all the patients enrolled
in the study. There were 128 enrolled patients who lacked
the mediastinal window images, so the predicting value of
EATV was analyzed based on data from the other 272
patients. Systemic bias might be introduced, though the baseline
characteristics between patients with and without EATV values
were roughly the same. Second, the inconsistency of troponin
type between study centers deters us from clarifying the
correlation between EATV and the severity of myocardial injury,
which may offer a more comprehensive picture for EATV
study in COVID-19 patients with cardiovascular complications.
Third, myocardial injury was identified by a combination of
biomarkers and clinical symptoms, primarily the abnormal

levels of TnI/T during hospitalization. However, TnI/T levels
could be affected by other determinants, such as the infection
status, hypoxia, and renal insufficiency, which might lead to
the false-positive diagnosis. On the other hand, false positive
diagnosis might exist as some patients approaching to stable
conditions might have a decreased likelihood of myocardial
injury identification. This could cause a systematic bias when
assessing the relationship between myocardial injury and disease
severity. Fourth, echocardiographic data were not available in
enrolled patients. A comprehensive assessment of the heart
function using electrocardiography, imaging, and laboratory
testing would help a deeper understanding of clinical profiles of
myocardial injury.

Furthermore, we only account for weight in logistic
regression, instead of other better indicator for obesity like
BMI or waist-hip ratio. So as an early predictor for myocardial
injury, EATV may not be independent of obesity. Whether
simple anthropometric data is a predictor for myocardial
injury will be explored in our further study. The role
of abdominal obesity in myocardial injury development is
also worthy of being investigated in the future, leveraging
specific indicators like adiponectin. And finally, the cohort
is relatively smaller and restricted to the Han Chinese
COVID-19 patients. Thus, the conclusion should be further
confirmed by large-scale prospective cohort studies in ethnically
diverse cohorts.

CONCLUSIONS

Myocardial injury is the major in-hospital adverse event
that contributes to the mortality of COVID-19 patients. Pre-
existing health conditions, inflammatory cytokine production,
and augmented EATV on admission may serve as potentially
independent risk factors for the development of myocardial
injury in COVID-19 patients. EATV at less than the threshold
137.1 cm2 or so in a chest CT scan on admission may predict
a better outcome for COVID-19 patients with increased risks of
myocardial injury.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative virus

for the current global pandemic known as coronavirus disease 2019 (COVID-19).

SARS-CoV-2 belongs to the family of single-stranded RNA viruses known as

coronaviruses, including the MERS-CoV and SARS-CoV that cause Middle East

respiratory syndrome (MERS) and severe acute respiratory syndrome (SARS),

respectively. These coronaviruses are associated in the way that they cause mild

to severe upper respiratory tract illness. This study has used an unbiased analysis

of publicly available gene expression datasets from Gene Expression Omnibus to

understand the shared and unique transcriptional signatures of human lung epithelial

cells infected with SARS-CoV-2 relative to MERS-CoV or SARS-CoV. A major goal was

to discover unique cellular responses to SARS-CoV-2 among these three coronaviruses.

Analyzing differentially expressed genes (DEGs) shared by the three datasets led

to a set of 17 genes, suggesting the lower expression of genes related to acute

inflammatory response (TNF, IL32, IL1A, CXCL1, and CXCL3) in SARS-CoV-2. This

subdued transcriptional response to SARS-CoV-2 may cause prolonged viral replication,

leading to severe lung damage. Downstream analysis of unique DEGs of SARS-CoV-2

infection revealed changes in genes related to apoptosis (NRP1, FOXO1, TP53INP1,

CSF2, and NLRP1), coagulation (F3, PROS1, ITGB3, and TFPI2), and vascular function

(VAV3, TYMP, TCF4, and NR2F2), which may contribute to more systemic cardiovascular

complications of COVID-19 than MERS and SARS. The study has uncovered a novel
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set of transcriptomic signatures unique to SARS-CoV-2 infection and shared by three

coronaviruses, which may guide the initial efforts in the development of prognostic or

therapeutic tools for COVID-19.

Keywords: SARS-CoV-2, SARS-CoV, MERS-CoV, COVID-19 and transcriptome analysis, cardiovasclar disease

INTRODUCTION

The novel severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) belongs to the Coronaviridae family of
viruses (coronaviruses) and is responsible for the coronavirus
disease 2019 (COVID-19) pandemic (1). Along with its other
accomplices, Middle East respiratory syndrome coronavirus
(MERS-CoV) and severe acute respiratory syndrome coronavirus
(SARS-CoV), SARS-CoV-2 can jump species barrier followed
by human-to-human transmission via droplet infection. In late
December 2019, initial reports suggested the origin of SARS-
CoV-2 in a seafood and wild animal trading market in Wuhan,
China (2). To date, the pandemic has caused more than 83
million infections and more than 1.8 million deaths worldwide
(https://www.worldometers.info/coronavirus/). SARS-CoV-2
leads to more cardiovascular complications than do MERS-CoV
and SARS-CoV; however, what causes these major differences
remains obscure (3, 4).

The initial genome identification of SARS-CoV-2 suggested
that it has a ∼80% similarity with SARS-CoV and 96% identical
to a bat coronavirus; however, there are differences in its
pathogenicity and host response (2). The virus nucleic acid
shedding patterns in both symptomatic and asymptomatic
patients of SARS-CoV-2 are similar, which explains the
transmission potential of otherwise asymptomatic carriers (5). In
contrast, the viral burden in the upper respiratory tract in SARS-
CoV infection peaks at around 10 days after the initial exposure
(6). On the contrary to SARS-CoV-2, viral load in MERS-CoV–
infected individuals peak at week 2 of the onset of infection (7).
This suggests the difference in the virulence and host response of
these three strains.

Upon entry, next steps are viral replication, amplification,
and spread in the host, which largely depend on similarities
and/or uniquenesses in transcriptional signature of these
viruses. Patients with SARS-CoV-2 manifest a few different
but aggravated symptoms, particularly major cardiovascular
complications, from SARS-CoV and MERS-CoV, which may be
attributable to the difference in their transcriptional signatures.
Reports of aggravated blood coagulation in COVID-19 patients
suggested the mechanism of prominent elevation of D-dimer and
fibrin/fibrinogen degradation products (8). Higher mortality rate
is reported in COVID-19 patients with thromboembolic events
(9), and treatment with anticoagulant-heparin has improved
prognosis (10).

The present comparative analysis has determined key
differences in transcriptional changes in lung epithelial cells
induced by these virus strains. To further examine transcriptional
responses of SARS-CoV-2 and other two coronaviruses, we
analyzed a comprehensive map of lung epithelial cells infected
with these three coronaviruses and explored pathological host

responses unique to SARS-CoV-2. Our findings may help
to understand potential mechanisms by which SARS-CoV-
2 causes more cardiovascular complications than do two
other coronaviruses and to establish molecular bases for the
development of therapies against COVID-19.

METHODS

RNA Sequencing and Microarray Analysis
of Gene Expression Omnibus Datasets
Figure 1A depicts the workflow of gene expression analysis. For
differential gene expression analysis of SARS-CoV-2 infection,
raw expression counts were downloaded from Gene Expression
Omnibus (GEO) accession number GSE147507 (11). RNA
sequencing (RNAseq) dataset was generated on Illumina Nextseq
500 platform. The raw read counts were normalized by
log2 transformation, before and after normalization box plot;
principal component analysis (PCA) and density plot are shown
in Supplementary Figure 1. Using INMEX tool that employs
DESeq (12, 13), differential expression analysis was performed
and differentially expressed genes (DEGs) were characterized
for each sample with adjusted p < 0.05 [false discovery rate
(FDR) corrected by Benjamini–Hochberg method]. GSE81909,
the dataset we used for analysis of MERS-CoV, was generated
on Agilent-Whole Human Genome Microarray 4x44K G4112.
After downloading the raw read counts from GEO, we
normalized the dataset using variance-stabilizing normalization
followed by quantile normalization (14). Before and after
normalization box plot, PCA and density plot are shown in
Supplementary Figure 2. Similarly, we downloaded raw read
counts of GSE17400 (15) for analysis of SARS-CoV infection.
This dataset was generated on Affymetrix Human Genome U133
plus 2.0 Array. After normalization of dataset using variance-
stabilizing normalization followed by quantile normalization
(Supplementary Figure 3), both microarray datasets, GSE81909
and GSE17400, were subjected to DEGs analysis using LIMMA
algorithm (16). DEGs were characterized for each sample with
adjusted p < 0.05 (FDR corrected by Benjamini–Hochberg
method). Heatmap visualization of a subset of 25 overexpressed
and underexpressed genes was constructed using heatmap.2 from
the gplot package in R. Volcano plots were constructed using
custom scripts in R, and PCAwas performed on log2 fold-change
values using PMA package in R (17) (Supplementary Figure 4).
It is worthwhile mentioning that all three datasets used in this
study are collected from different laboratories and using different
cell lines, as well as experimental techniques (e.g., microarrays,
RNAseq). We selected RNAseq dataset for SARS-CoV-2 as
there were especially no microarray datasets on SARS-CoV-2
in humans. Therefore, we did take the present analysis strategy
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of comparing each dataset with its internal control to call the
DEGs for each coronavirus infection. Further, we compared the
three sets of DEGs to find the shared and unique genes between
coronavirus infections; we applied this strategy to minimize
data variabilities (e.g., operator and platform biases). GSE147507
was generated in primary human lung epithelium (NHBE);
GSE81909 was generated in human airway epithelial cells,
whereas GSE17400 was generated in human bronchial epithelial
cells. Supplementary Table 1 provides detailed information of
each dataset and sequencing/microarray platform used.

Functional Gene Set Enrichment Analysis
of DEGs
To discern the implication of DEGs called from transcriptome
analysis of coronavirus infection in lung epithelial cells, we
performed a functional analysis using the EnrichR platform
(18). This web-based software product evaluates significantly
enriched pathways/terms in an input gene list with the help of
its extensive gene set libraries, which includes Gene Ontology
(GO) (19) and various pathway analysis libraries such as
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway,
Reactome pathway, wikipathway, Panther, and Biocarta. We
retrieved tables of enriched pathways from each database and
prepared a comprehensive table of most significant pathways for
each coronavirus infection based on the adjusted p value (ranking
derived from Fisher exact test for gene sets) significance.

Common DEGs Analysis Between
Coronaviruses
We created a coronavirus–gene network for better visualization
of the shared genes between the coronaviruses using Cytoscape
software (20). The network was generated by utilizing the list of
DEGs from three coronaviruses studies in which coronaviruses
are the source nodes; genes are the target nodes, and the
connections between them are the edges in the network. The
network core represents the coronaviruses, whereas the inner-
circle genes in the network are the shared ones, and outer-
circle genes are unique to each coronavirus (Figure 2C). A
Venn diagram representing the shared and unique DEG portion
between three coronaviruses was generated using VENNY
2.1 tool (https://bioinfogp.cnb.csic.es/tools/venny/index.html). A
heatmap represents the expression profiles for common DEGs
between coronaviruses. Clustering of selected genes on the
heatmap was performed by hierarchical clustering algorithm
utilizing Euclidean distance measure.

Pathway Clustering and Network-Based
Hub Gene Analysis
For visualization and interpretation of the biological relevance
of unique DEGs to SARS-CoV-2 DEGs, Cytoscape v3.1 plug-
in was used for analysis. Biological pathway clustering analysis
was done using BinGO (21). BinGO analyzes GO terms and
functional groups association within the biological networks. We
performed biological pathway clustering analysis to see collective
function of these genes. The size of a node is proportional to
the number of targets in the biological process category. The

color represents enrichment significance—the deeper the color
on a color scale, the higher the enrichment significance. Hub
gene network analysis was performed using NetworkAnalyst
(13), which created a protein–protein interaction (PPI) network
by integrating the InnateDB interactome with the original
seed of 221 DEGs. This tool supports integrative analysis of
gene expression data through statistical, visual, and network-
based analysis approaches by taking the advantage of common
functions for network topology and module analysis approaches.
Briefly, the complete list of unique DEGs from SARS-CoV-2
was uploaded into the web-based server of NetworkAnalyst.
Network construction was restricted to contain all the original
seed proteins in order to visualize the connections. To help
identify highly interconnected hub nodes, topological measures
(e.g., degree and betweenness centrality) were used. Expression
of the genes was considered as the network feature, where red-
colored nodes are genes with increased expression, green nodes
are genes with decreased expression, and gray nodes are genes
not expressed in our data.

Expression2Kinases Analysis of
Regulatory Gene Networks
ChEA is a comprehensive databases of kinases and transcription
factors (22), and it is used in background of Expression2Kinases
(X2K) (23), the tool we used to understand the upstream
regulatory molecules of DEGs in SARS-CoV-2 infection. The
10 most significant transcription factors and kinases were
extracted based on Fisher exact test p value enrichment
scoring. We downloaded the “.graphml” file generated from
the analysis to create and visualize regulatory network on
Cytoscape environment. This ensures that the protein network
obtained during network expansion is properly connected by
automatically increasing the path length, so that there are more
intermediate proteins used to connect the transcription factors.
In the network, a yellow node represents intermediate proteins in
the PPI regulatory network. Node size represents the significance
of protein based on adjusted p value; the bigger the nodes size,
the higher the significance value.

Statistical Analyses
For differential expression analysis of SARS-CoV-2 dataset
GSE147507, read counts were subjected to differential expression
analysis using INMEX, which utilizes the Rpackage DESeq
(13). Genes with adjusted p < 0.05 were considered significant.
The p value adjustment for multiple comparisons was done by
the Benjamini–Hochberg method. For MERS-CoV-GSE81909
and SARS-CoV-GSE17400, differential expression analysis
was performed with LIMMA algorithm for each dataset,
independently using adjusted p < 0.05, based on the FDR
using the Benjamini–Hochberg method and moderated t
test. Significantly enriched GO terms were identified using
hypergeometric tests, and p ≤ 0.05 was applied as a cutoff for
statistical significance.
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FIGURE 1 | Gene expression profiles of the differentially expressed genes (DEGs) in human lung epithelial cells infected with coronaviruses. (A) Workflow of gene

expression analysis. Selection process of eligible datasets for transcriptome analysis was based on datasets generated from infection of human lung epithelial cell in

culture with SARS-CoV-2, MERS-CoV, or SARS-CoV. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CoV, coronavirus; MERS-CoV, Middle East

respiratory syndrome coronavirus; SARS-CoV, severe acute respiratory syndrome coronavirus and GEO, Gene Expression Omnibus. (B–D) Heatmaps of expression

profiles for the top 25 increased and 25 decreased DEGs obtained from RNA-seq data analysis. Clustering of selected genes on the heatmap was performed by

hierarchical clustering algorithm using Euclidean distance measure. (B) SARS-CoV-2, (C) MERS-CoV, and (D) SARS-CoV.
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FIGURE 2 | Shared transcriptional signatures between the three coronaviruses. (A) Venn diagram representing the shared and unique DEGs portion between three

coronaviruses. (B) Heatmap representation of expression profiles for the common DEGs between coronaviruses. Clustering of selected genes on the heatmap was

performed by hierarchical clustering algorithm using Euclidean distance measure. Expression scale: blue (low expression) to yellow (high expression). (C)

coronavirus–gene network representing the shared and unique DEGs. Network was created between coronaviruses and their top 100 DEGs on cytoscape platform.

Network core represents the coronaviruses (source nodes) and gene (target nodes). Inner circles of genes in the network are the shared ones, while outer circle genes

are unique to each coronavirus.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 January 2021 | Volume 7 | Article 623012287

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


Jha et al. Transcriptome Signature of Coronaviruses

RESULTS

Selection of Eligible Gene Expression
Datasets for Coronavirus Infection in
Human Lung Epithelial Cells
We selected three studies from the GEO accession numbers:
GSE147507 for SARS-CoV-2, GSE81909 for MERS-CoV,
and GSE17400 for SARS-CoV. The search was limited to
transcriptome data generated in human lung epithelial cells.
Figure 1A depicts the overall workflow of the analysis in
this study. A total of 3/3, 20/20, and 9/9 control/infected cell
culture replicates SARS-CoV-2, MERS-CoV, and SARS-CoV,
respectively, were used in this analysis. GSE147507 dataset
was RNAseq data and generated on Illumina Nextseq 500,
and we utilized only six samples (GSM4432378, GSM4432379,
GSM4432380, GSM4432381, GSM4432382, and GSM4432383);
these were independent biological triplicates of primary human
lung epithelium (NHBE), which were mock treated or infected
with SARS-CoV-2 (USA-WA1/2020). Of note, the other two
datasets were generated by microarray using Affymetrix Human
Genome U133A series (GSE17400-SARS-CoV) and Agilent-
014850 Whole Human Genome Microarray 4x44K G4112F
(GSE81909-MERS-CoV). Sample sources of all three datasets
were of human lung epithelial cells and primary lung cells
infected with coronaviruses. Supplementary Table 1 provides
detailed information of each dataset and sequencing/microarray
platform used.

Analysis of Differentially Expressed Genes
(DEGs) in the SARS-CoV-2 Dataset Led to
Perturbation of Inflammatory, Coagulation,
and Apoptotic Pathways
In SARS-CoV-2–infected dataset (GSE147507), we
identified a total of 338 DEGs with adjusted p < 0.05
(Supplementary Dataset 1). Among these 338 DEGs, 92
genes increased, and 246 decreased. Figure 1B depicts the
heatmap of expression of top significant DEGs among the
samples. Table 1 lists the top 20 increased and decreased DEGs
from our analysis of SARS-CoV-2 infection. Interferon (IFN)–
induced transmembrane protein 10 (IFITM10), C-X-C motif
chemokine ligand 14 (CXCL14), and myosin light chain kinase
(MYLK) were among the most significantly increased genes,
while small proline-rich protein 2D (SPRR2D), interleukin 36
gamma (IL36G), and serum amyloid A2 (SAA2) were the most
decreased genes in our analysis of SARS-CoV-2–infected lung
epithelial cells compared to mock controls. When these DEGs
were subjected to the analysis of overrepresented biological
pathways and enriched terms, several pathways related to
inflammation, apoptosis, blood coagulation, and lung fibrosis
were enriched (Table 2). Enriched terms and biological pathways
were significantly overrepresented in the gene list if they showed
an adjusted p < 0.05. DEGs from SARS-CoV-2 infection were
associated with the KEGG pathways such as IL-17 signaling
pathway (hsa04657) with database overlap of 21/93 (which
means of 93 genes associated with this pathway reported in
KEGG, 21 are present among our DEGs) and adjusted p =

1.24E-15 and TNF signaling pathway (hsa04668) with database
overlap of 19/110 and adjusted p = 4.76E-12. Besides, other
databases resulted in enrichment of pathways including blood
coagulation (P00011) with overlap of 7/38 and adjusted p =

1.67E-04, apoptosis signaling pathway (P00006) with overlap of
7/102 and adjusted p = 0.038822, and lung fibrosis (WP3624)
with overlap of 11/63 and adjusted p= 4.53E-07, among others.

Identification of DEG Signature in
MERS-CoV– or SARS-CoV–Infected Human
Lung Epithelial Cells
In the case of MERS-CoV dataset, GSE81909, there are a total of
1,951 DEGs with adjusted p < 0.05 (Supplementary Dataset 2).
Among these 1,951 DEGs, 1,120 genes increased, and 831
decreased. The microarray analysis of GSE17400 for SARS-CoV
infection resulted in a total of 1,521 DEGs with adjusted p <

0.05 (Supplementary Dataset 3). Among these 1,521 DEGs, 475
increased, and 1,046 decreased. Figures 1C,D depict the heatmap
of expression of top significant DEGs among the samples
for MERS-CoV and SARS-CoV, respectively. As shown in
Supplementary Table 2, SSX family member 2 (SSX2), fos proto-
oncogene, AP-1 transcription factor subunit (FOS), and early
growth response 1 (EGR1) were among the most significantly
increased genes, whereas transcription elongation regulator
1 (TCERG1), G protein–coupled receptor 55 (GPR55), and
casein kappa (CSN3) were the most decreased genes in our
analysis of MERS-CoV–infected lung epithelial cells compared to
controls. Similarly, Supplementary Table 3 shows that pentraxin
3 (PTX3), early growth response 1 (EGR1), and EGR2 were
among the most significantly increased genes, whereas aldo-keto
reductase family 1 member B10 (AKR1B10), IFN-α-inducible
protein 6 (IFI6), and matrix metallopeptidase 1 (MMP1) are
the most decreased genes in our analysis of SARS-CoV–infected
lung epithelial cells compared to mock controls. When these
DEGs from both MERS-CoV and SARS-CoV were subjected to
the analysis of overrepresented biological pathways and enriched
terms, several pathways related to inflammation and apoptosis
were commonly enriched (Supplementary Tables 4, 5).

Muted Expression of Acute Inflammatory
Genes Was Observed in the SARS-CoV-2
When Compared to MERS-CoV-2 and
SARS-CoV
Previous studies revealed that lung epithelial cells, dendritic
cells, and macrophages all express cytokines to some extent
during major viral infection causing cytokine storm. However,
little is known about the situation in COVID-19. Earlier
studies showed IFN-γ-related cytokine storm in SARS-CoV
infection, whereas MERS-CoV infection had delayed induction
of proinflammatory cytokines and suppression of innate antiviral
response. It is crucial to identify the primary source of
the cytokine storm in response to SARS-CoV-2 infection
and the underlying virological mechanisms. Our analysis of
shared DEGs between three coronaviruses resulted in 17
shared DEGs (Figure 2A), among which most genes are
related to acute inflammation. Figure 2B indicates that the
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TABLE 1 | Top 20 DEGs identified in the SARS-CoV-2 analysis.

Gene ID EntrezID Gene Name baseMean P.Value adj.P.Val logFC

Increased DEGs

IFITM10 402778 Interferon-induced

transmembrane protein

10

194.45 9.90E-13 2.60E-10 1.0377

CXCL14 9547 C-X-C motif chemokine

ligand 14

100.64 4.25E-08 6.47E-06 0.8338

MYLK 4638 Myosin light chain

kinase

90.676 4.45E-08 6.71E-06 0.83025

OLFML2A 169611 Olfactomedin like 2A 413.24 4.58E-12 1.16E-09 0.79462

THBD 7056 Thrombomodulin 404.62 8.33E-11 1.96E-08 0.79168

VTCN1 79679 V-set domain

containing T cell

activation inhibitor 1

182.21 4.56E-08 6.79E-06 0.76269

MXRA5 25878 Matrix remodeling

associated 5

721.64 1.21E-11 2.96E-09 0.76162

METTL7A 25840 Methyltransferase like

7A

149.49 9.17E-08 1.34E-05 0.74126

MAP7D2 256714 MAP7 domain

containing 2

54.277 5.84E-06 0.000547 0.69934

GPNMB 10457 Glycoprotein nmb 2057.8 8.18E-11 1.96E-08 0.68713

Decreased DEGs

SPRR2D 6703 Small proline rich

protein 2D

365.31 1.79E-53 8.02E-50 −2.1217

IL36G 56300 Interleukin 36 gamma 271.41 6.98E-57 4.68E-53 −2.0691

SAA2 6289 Serum amyloid A2 575.93 3.57E-81 4.79E-77 −2.0679

CXCL5 6374 C-X-C motif chemokine

ligand 5

104.68 2.18E-35 2.44E-32 −1.8864

MX1 4599 MX dynamin like

GTPase 1

427.77 4.07E-37 4.96E-34 −1.7731

CSF3 1440 Colony-stimulating

factor 3

68.054 2.84E-28 1.81E-25 −1.6959

S100A8 6279 S100 calcium-binding

protein A8

1707.4 4.04E-52 1.35E-48 −1.6127

ICAM1 3383 Intercellular adhesion

molecule 1

1885 8.73E-45 1.95E-41 −1.5713

CFB 629 Complement factor B 789.4 2.86E-44 5.47E-41 −1.5634

MMP9 4318 Matrix

metallopeptidase 9

318.36 6.38E-26 3.42E-23 −1.5215

Genes were ranked based on the log fold change and adjusted p value (<0.05). The corresponding p values are adjusted, based on the false discovery rate using the

Benjamini–Hochberg procedure.

expression levels of these genes were lower in SARS-CoV-
2 when compared with the other two coronaviruses. Our
identification of a muted transcriptional response to SARS-
CoV-2 supports a model in which initial failure to rapidly
respond to infection results in prolonged viral replication
and subsequent recruitment of proinflammatory cells as the
infection progresses to induce alveolar damage in COVID-19.
Table 3 depicts the expression value of DEGs shared in all
three coronaviruses. It is evident that the expression of critical
acute inflammatory genes including TNF-α-induced protein 3
(TNFAIP3), C-X-C motif chemokine ligand 1 (CXCL1), and TNF
was lower in the SARS-CoV-2 dataset compared to two other
coronaviruses. These results may suggest that lung epithelial
cells do not directly contribute to the cytokine storm during

COVID-19 and that other immune cells appear to participate in
this process.

SARS-CoV-2 Elicits Suppressed Type I IFN
Response and Activation of Apoptotic
Gene Signature
Dissecting the DEGs involved in IFN response to coronavirus
infection in primary human lung epithelial cells revealed
that SARS-CoV-2 elicits a muted response that lacks robust
induction of a subset of cytokines including the type I IFN
compared to the response to MERS-CoV and SARS-CoV
(Figure 3A). Furthermore, our analysis revealed that in desperate
bid to control the viral propagation, SARS-CoV-2 infection
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TABLE 2 | Top enriched terms identified by functional analysis of the DEGs from SARS-CoV-2–infected human lung epithelial cells.

Enrichment terms Pathway/term ID Overlap GSEA library Adjusted p value

IL-17 signaling pathway hsa04657 21/93 KEGG 1.24E-15

TNF signaling pathway hsa04668 19/110 KEGG 4.76E-12

Signal transduction through IL1R h il1rPathway 06/36 Biocarta 0.006706

NF-κB activation by nontypeable Haemophilus influenzae h nthiPathway 05/29 Biocarta 0.013491

Plasminogen-activating cascade P00050 07/15 Panther 2.37E-07

Blood coagulation P00011 07/38 Panther 1.67E-04

Apoptosis signaling pathway P00006 07/102 Panther 0.038822

Hemostasis R-HSA-109582 27/552 Reactome 1.91E-04

Platelet degranulation R-HSA-114608 11/105 Reactome 2.81E-04

Lung fibrosis WP3624 11/63 Wikipathway 4.53E-07

Overlap: indicates the number of hits from the meta-analysis compared to each curated gene set library. Gene set functional analysis was performed using extended libraries of the

EnrichR tool. Enriched terms and pathways were ranked based on the p value. KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology Biological Process; GSEA,

Gene Set Enrichment Analysis.

induced several apoptosis-related genes in human lung epithelial
cells compared to responses to MERS-CoV and SARS-CoV
(Figure 3B).

Downstream Analysis of DEGs Unique to
SARS-CoV-2 and Network-Based
Meta-Analysis Led to Pathways and Hub
Genes Related to Inflammation and
Vascular Dysfunction
A set of 221 DEGs unique to SARS-CoV-2 underwent
downstream analysis to understand the enriched pathways and
associated hub genes. Using BinGO enrichment clusters of
biological process (GO terms) associated with unique DEGs of
SARS-CoV-2 was generated, which revealed enriched pathway
clusters associated with immune responses/chemotaxis, blood
coagulation, apoptosis, vascular remodeling, and vascular cell
proliferation (Figure 4A). Supplementary Dataset 4 compiles
the complete list of GO: terms enriched in DEGs associated
with SARS-CoV-2 infection. We generated a PPI network by
integrating the InnateDB interactome with the original seed of
221 DEGs. An expanded PPI network was generated with 2,542
nodes representing the proteins and 4,457 edges representing
the interaction between these proteins. Network-based hub DEG
analysis (Figure 4B) identified ribosomal protein L9 (RPL9)
and SMAD family member 3 (SMAD3) to be the most highly
ranked hub genes that increased and decreased among the DEGs,
respectively, based on betweenness centrality and degree score.
The list of top 15 hub genes based on network topology scores is
shown in Table 4.

Identification of the Transcription Factors
and Regulatory Kinases Network
Upstream to the Unique DEGs Obtained
From SARS-CoV-2
To understand what lies to the upstream of the unique
DEGs identified from the SARS-CoV-2 infection, we used
X2K bioinformatics tool. The regulatory gene network analysis

resulted in identification of transcription factors and kinases
related to the DEGs. Network in Figure 4C shows the top kinases
and transcription factors related to our DEGs. The list of top
10 ranked transcription factors and protein kinases is shown
in Supplementary Table 4. This analysis revealed the most
important regulatory gene candidates that may be involved in the
formation of regulatory complexes. Mitogen-activated protein
kinase 1 (MAPK1) and MAPK3 are among the top kinases,
whereas SMAD3 and SMAD2 are among the top transcription
factors associated with the unique DEGs from lung epithelial cells
infected with SARS-CoV-2.

Distinct Pathways and Gene Signatures
Associated With SARS-CoV-2
After we removed the DEGs shared by three coronaviruses
(17 DEGs) and those shared between SARS-CoV-2 and MERS-
CoV (91 DEGs); and SARS-CoV-2 and SARS-CoV (9 DEGs),
a total of 221 DEGs remained that was specific to SARS-CoV-
2 (Figure 2A and Supplementary Dataset 1). Our interest was
to identify the distinct pathways that may participate in the
pathogenesis of COVID-19. Using the list of SARS-CoV-2–
specific DEGs, we conducted biological process (GO) analysis on
the unique set of DEGs using a Cytoscape plugin, BinGO tool.
Table 5 depicts the most distinct pathways and their associated
representative genes with its known function and expression fold
change that may have implication on the disease pathogenesis.
In the analysis, the following pathways were enriched. In
the apoptosis-related pathway, the expression of neuropilin 1
(NRP1), forkhead box O1 (FOXO1), and tumor protein p53
inducible nuclear protein 1 (TP53INP1) is increased, whereas
that of colony-stimulating factor 2 (CSF2) and NLR family pyrin
domain containing 1 (NLRP1) is decreased. Acute inflammation–
related genes included IL-6 receptor (IL-6R) that increased and
serpin family A member 3 (SERPINA3), complement component
1s (C1S), serum amyloid A2 (SAA2), and complement factor
B (CFB) that decreased. Among vascular dysfunction–related
genes, vav guanine nucleotide exchange factor 3 (VAV3) and
transcription factor 4 (TCF4) are increased, while thymidine
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TABLE 3 | Shared DEGs between coronaviruses.

COVID-19 MERS-CoV SARS-CoV

Symbols Name logFC adj.P.Val logFC adj.P.Val logFC adj.P.Val

TNFAIP3 TNF-α-induced protein

3

−1.4397 6.31E-48 1.3062 8.28E-07 1.0224 0.010541

CXCL1 C-X-C motif chemokine

ligand 1

−1.2721 1.39E-38 0.88054 5.05E-07 0.54891 0.005485

C15orf48 chromosome 15 open

reading frame 48

−1.1055 3.28E-28 0.62913 0.024618 0.27721 0.048513

IL32 Interleukin 32 −1.0607 1.44E-21 0.55427 6.13E-06 0.4451 0.021275

CXCL2 C-X-C motif chemokine

ligand 2

−1.1072 1.87E-16 1.9732 6.51E-13 0.31032 0.025261

CXCL3 C-X-C motif chemokine

ligand 3

−1.2936 4.47E-15 1.5534 1.66E-07 0.49265 0.006207

IL1A Interleukin 1 alpha −0.90381 3.18E-13 0.79049 3.99E-05 −0.63885 0.029208

SERPINB1 Serpin family B

member 1

−0.65532 1.12E-09 0.2583 0.001145 −0.16797 0.034799

DUSP10 Dual specificity

phosphatase 10

0.49169 0.000102 0.43159 0.017097 0.24686 0.014842

TNF Tumor necrosis factor −0.72256 0.000217 0.32484 0.003589 0.19034 0.039241

BCL3 BCL3 transcription

coactivator

−0.57674 0.0004 0.45737 0.001256 0.53122 0.007329

IFI6 Interferon α-inducible

protein 6

−0.49295 0.009535 0.4471 0.02091 −0.63885 0.029208

RAB30 “RAB30, member RAS

oncogene family”

0.4949 0.023868 0.38751 0.000627 0.1745 0.048354

IRAK3 Interleukin 1 receptor

associated kinase 3

−0.50297 0.024857 0.27287 0.034926 −0.14418 0.034042

SLAMF7 SLAM family member 7 0.44487 0.02517 0.72071 1.59E-07 −0.23004 0.028654

DUSP1 Dual specificity

phosphatase 1

−0.34689 0.025301 2.1214 1.58E-20 0.24686 0.014842

Expression values of the shared genes from each analysis. The corresponding p values are adjusted, based on the false discovery rate using the Benjamini–Hochberg procedure.

phosphorylase (TYMP) and nuclear receptor subfamily 2 group
F member 2 (NR2F2) are decreased. Genes related to blood
coagulation included coagulation factor III/tissue factor (F3)
and protein S (PROS1) are increased, whereas IFN-γ receptor
1 (IFNGR1), integrin subunit β3 (ITGB3), and tissue factor
pathway inhibitor 2 (TFPI2) are decreased. Several pathways
associated with cardiovascular dysfunction were enriched by the
unique set of DEGs specific to SARS-CoV-2 infection. Table 6
summarizes the pathways and their associated genes that might
play a role in cardiovascular complications.

DISCUSSION

In the present study, we focus on defining transcriptional
responses to SARS-CoV-2 relative to MERS-CoV and SARS-
CoV. A major goal was to discover unique cellular responses to
SARS-CoV-2 among these three coronaviruses. We specifically
selected datasets generated in cultured human lung epithelial
cells infected with each of these three coronaviruses as this
cell type is the major interface between the environment and
the host and defends the lung against foreign substances and
pathogens. In general, our data show that overall transcriptional

footprints to SARS-CoV-2 infection were distinct from those to
the other two coronaviruses. Despite the decreased expression
of acute inflammatory and type I IFN genes in response to
SARS-CoV-2, we observed increased expression of several genes
associated with interleukin signaling, complement pathways, and
chemokines. This finding echoes with the previously published
study, which conducted RNAseq analysis to understand host
transcriptional response to influenza A virus and SARS-CoV-2 in
primary human bronchial epithelial cells (11). We used a publicly
available subset of RNAseq data (GSE147507) from this study to
compare it with independent datasets for SARS-CoV andMERS-
CoV. It is worth mentioning that the list of DEGs unique to
SARS-CoV-2 infection generated in our analysis was associated
with coagulation and vascular function, which may explain why
COVID-19 causes more systemic cardiovascular complications
than do MERS and SARS (4, 8).

By analyzing RNAseq dataset of lung epithelial cells infected
with SARS-CoV-2, we defined transcriptional signatures of 338
DEGs, including 92 increased and 246 decreased genes across the
datasets. Among the top 10 increased DEGs, IFITM10, CXCL14,
and MYLK are the most significantly increased genes. CXCL14
is a cytokine involved in immunoregulatory and inflammatory
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FIGURE 3 | Type 1 IFN response and apoptotic genes signature in three coronaviruses. (A) Heatmap representation of expression profiles for the type 1 IFN response

genes (GO:0060337) between coronaviruses. (B) Heatmap representation of expression profiles for the apoptotic gene signatures (GO:0042981) between

coronaviruses. Clustering of selected genes on the heatmap was performed by hierarchical clustering algorithm using Euclidean distance measure. Expression scale:

blue (low expression) to yellow (high expression).

TABLE 4 | Network-based hub genes of SARS-CoV-2 specific DEGs.

Label Degree Betweenness Expression

SMAD3 330 705,502.9 −0.32876

STAT1 223 437,249.9 −0.4737

SH3KBP1 178 358,520.9 −0.32778

HDGF 177 330,006.3 −0.38192

TUBB 173 263,526.3 −0.34572

NFKB2 138 213,825.4 −0.86093

ETS1 133 255,847.5 −0.43368

TUFM 116 174,412.6 −0.27641

UBC 106 115,3510 0

TRAF3 104 1,793,40.7 −0.43528

CCT5 99 147,216.3 −0.31476

RPL9 98 114,815.3 0.38872

TUBB4B 86 79,259.32 −0.38926

CSNK1E 84 158,782.5 −0.3193

S100A9 83 123,102.9 −1.0222

Top 15 genes prioritized based on topological parameters are shown. Expression levels are incorporated in the table from the transcriptome analysis result.

processes by mediating the chemotactic activity for monocytes
and therefore can be implicated in the immune cell infiltration
in the lung during SARS-CoV-2 infection (24). IFITM proteins
family inhibit the entry of a large number of viruses; however,
the exact role of IFITM10 as an antiviral agent remains unknown
(25). SAA2 is the most significantly decreased gene in our
analysis. SAA2 is a useful inflammatory marker in acute viral
infections such as influenza, but its decreased expression in our

analysis is consistent with the aberrant inflammatory response
of SARS-CoV-2 infection (26). Viral infection is marked by
the activation of immune system, which is evident from the
enrichment of several pathways, including IL-17, TNF, and
apoptosis signaling pathways among others (27). Patients who are
infected with COVID-19 may develop pneumonia and progress
to severe respiratory failure termed acute respiratory distress
syndrome, which may result in the development of lung fibrosis
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FIGURE 4 | Downstream analysis of SARS-CoV-2–specific DEGs. (A) Overrepresentation of pathways and Gene Ontology categories in biological networks identified

from DEGs unique to SARS-CoV-2. Significantly overrepresented biological processes based on GO terms were visualized in Cytoscape. The size of a node is

proportional to the number of targets in the GO category. The color represents enrichment significance—the deeper the color on a color scale, the higher the

enrichment significance. p values were adjusted using a Benjamini and Hochberg FDR correction. Analysis revealed the enriched pathways associated with immune

responses and chemotaxis, blood coagulation, apoptosis signaling pathway, vasculature remodeling, and vascular cell proliferation. (B) Network-based analysis of

hub DEGs. Interaction network of SARS-CoV-2 unique genes; red nodes represent increased and green nodes represent decreased DEGs. (C) Regulatory gene

network analysis of the top 10 enriched kinases (green) and transcription factors (red) using SARS-CoV-2 specific DEGs. Yellow nodes represent the intermediate

proteins in the regulatory network. Node size represents the significance of protein based on p value; the bigger the node size, the higher the significance value.
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TABLE 5 | Distinct pathways and related genes associated with SARS-CoV-2.

Gene Gene name Role logFold change Adj p-val

Apoptosis-related genes in COVID-19–infected lung epithelial cells

NRP1 Neuropilin 1 Regulation of apoptotic pathways 0.332 0.023326

FOXO1 Forkhead box O1 Important regulator of cell death acting downstream of

several signaling pathways including CDK1, PKB/AKT1 and

STK4/MST1

0.432 0.014544

TP53INP1 Tumor Protein P53

inducible nuclear

protein 1

Induce cell death by an autophagy and caspase-dependent

mechanism

0.467 0.002053

CSF2 Colony-stimulating

factor 2

Inhibits induction of apoptosis in several cell types −1.136 2.92E-11

NLRP1 NLR family pyrin

domain containing

1

Can induce pyroptosis, an inflammatory form of programmed

cell death

−0.302 0.032517

Acute inflammation–related genes in COVID-19–infected lung epithelial cells

SERPINA3 Serpin family A

member 3

Is a typical acute-phase protein secreted into the circulation

during acute and chronic inflammation

−1.194 1.26E-20

C1S Complement C1s Subunit of first component of the classical pathway of the

complement system, released in acute inflammatory response

−0.525 0.01783

SAA2 Serum amyloid A2 SAA2 encode acute phase proteins (ASAA) that are released

in response to inflammatory stimuli

−2.067 4.79E-77

IL6R Interleukin 6

receptor

Regulation of the immune response, acute-phase reactions

and hematopoiesis

0.498 0.000642

CFB Complement

factor B

Important component of complement system and

inflammatory response

−1.563 5.47E-41

Vascular dysfunction–related genes in COVID-19–infected lung epithelial cells

VAV3 Vav Guanine

Nucleotide

Exchange Factor 3

Vav3-induced cytoskeletal dynamics contribute to heterotypic

properties of endothelial barriers, thus important in vascular

stability

0.531 0.000426

TYMP Thymidine

phosphorylase

Role in maintaining the integrity of the blood vessels and

angiogenesis

−0.755 6.23E-06

TCF4 Transcription

factor 4

No known direct role 0.472 0.00286

NR2F2 Nuclear receptor

subfamily 2 group

F member 2

Suppression of COUP-TFII in venous ECs switched its

phenotype toward proatherogenic by up-regulating the

expression of inflammatory genes and down-regulating

antithrombotic genes

−0.370 0.007664

Blood coagulation–related genes in COVID-19–infected lung epithelial cells

F3 Coagulation factor

III, tissue factor

Enables cells to initiate the blood coagulation cascades, and

it functions as the high-affinity receptor for the coagulation

factor VII

0.384 0.0002

PROS1 Protein S Anticoagulant plasma protein, which helps to prevent

coagulation and stimulating fibrinolysis

0.541 0.000358

IFNGR1 Interferon γ

receptor 1

No known direct role −0.365 0.01711

ITGB3 Integrin subunit

beta 3

Rapid platelet aggregation, which physically plugs ruptured

endothelial surface

−0.747 6.52E-05

TFPI2 Tissue factor

pathway inhibitor 2

Protein can inhibit a variety of serine proteases including

factor VIIa/tissue factor, thus suppress coagulation

−0.316 0.022707

List of differentially expressed pathways and genes associated with them. Possible roles were extracted from STRING database, and the expression values were added from the

RNA-seq analysis results.

(28). Consistent with this report, several genes such as colony-
stimulating factor 3 (CSF3), endothelin 1 (EDN1), plasminogen
activator, urokinase (PLAU), and MMP9 were reported to be
differentially expressed in SARS-CoV-2 infection.

Previous studies revealed that lung epithelial cells,
macrophages, and dendritic cells express cytokines to some
extent during major viral infection causing cytokine storm.
Evidence for molecular mechanisms of cytokine storm in
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TABLE 6 | Cardiovascular dysfunction–related pathways and genes in SARS-CoV-2 infection.

Cardiovascular

dysfunction–related

pathway/terms

GO-ID p value Adjusted p value Overlap Associated genes

Vasculature

development

1944 4.77E-05 3.35E-03 13/273 VAV3, NRP1, ITGB3, NR2F2,

FOXO1, TYMP, ZC3H12A,

COL8A1, TCF4, ITGA5, EPHA,

TGM2, S100A7

Blood vessel

morphogenesis

48514 1.20E-04 6.14E-03 11/220 VAV3, NRP1, ITGB3, ZC3H12A,

COL8A1, NR2F2, ITGA5,

EPHA2, TYMP, TGM2, S100A7

Leukocyte chemotaxis 30595 1.84E-04 7.54E-03 5/41 PDGFB, SAA2, IL6R, S100A9,

CXCL16

Cell adhesion 7155 2.79E-04 9.71E-03 21/710 NRP1, DST, ITGB3, PCDH7,

COL12A1,TNC, NPNT, NID1, F3,

MTSS1, FLRT3, FEZ1, CDH10,

LY6D, CLCA2, COL8A1, FAT2,

NRCAM, FAT4, ITGA5, DSG3

Regulation of

endothelial cell

proliferation

1936 3.15E-04 1.01E-02 5/51 BMP2, ITGB3, PDGFB, NR2F2,

F3

Regulation of

chemotaxis

50920 4.63E-04 1.37E-02 5/51 SMAD3, PDGFB, F3, IL6R,

S100A7

Positive regulation of

cell death

10942 6.32E-04 1.69E-02 15/449 VAV3, NRP1, SMAD3, STAT1,

TUBB, IGFBP3, ETS1,

ALDH1A3, BMP2, TRAF3,

KCNMA1, TP53INP1, NLRP1,

BID, TGM2

Positive regulation of

endothelial cell

proliferation

1938 6.92E-04 1.80E-02 4/32 BMP2, ITGB3, PDGFB, F3

Angiogenesis 1525 7.31E-04 1.85E-02 8/152 VAV3, NRP1, ITGB3, ZC3H12A,

COL8A1, ITGA5, TYMP, S100A7

Leukocyte migration 50900 1.14E-03 2.67E-02 5/62 PDGFB, SAA2, IL6R, S100A9,

CXCL16

Regulation of smooth

muscle cell migration

14910 1.97E-03 3.86E-02 3/20 IGFBP3, PDGFB, F3

Lymphocyte

chemotaxis

48247 2.34E-03 4.23E-02 2/6 SAA2, CXCL16

Regulation of blood

vessel endothelial cell

migration

43535 2.62E-03 4.50E-02 3/22 EFNA1, PDGFB, EPHA2

The corresponding p values are adjusted, based on the false discovery rate using the Benjamini–Hochberg procedure.

COVID-19 remains limited. Earlier studies have shown IFN-
γ-related cytokine storm in SARS patients (29), while delayed
induction of proinflammatory cytokines and suppression of
innate antiviral response by the MERS-CoV (30). It is crucial to
identify the primary source of the cytokine storm in response to
SARS-CoV-2 infection and the virological mechanisms behind
the cytokine storm. Consistent to this model, our analysis of
shared DEGs between three coronaviruses resulted in 17 DEGs,
among which most molecules are related to acute inflammation.
It is evident that important acute inflammatory genes (e.g.,
TNFAIP3, CXCL1, and TNF) are decreased in SARS-CoV-2–
infected cells compared to other coronaviruses. These results
may suggest that the major source of cytokine storm in COVID-
19 is not lung epithelial cells, but possibly immune cell types.

These aberrant transcriptional responses to SARS-CoV-2 may
indicate low responses to infection, resulting in prolonged viral
replication and serious lung damage in COVID-19 (31).

Our study linked DEGs unique to SARS-CoV-2 infection
with pathway clusters related to immune responses, blood
coagulation, apoptosis, and vascular remodeling. Apoptosis,
which is a defense mechanism of hosts against the viral
infection, depends on the rapid programmed cell death to
curtail viral spread. Previous studies reported that SARS-CoV
has evolved sophisticated molecular strategies to trigger host
cell apoptotic defenses (32, 33). In our data, SARS-CoV-2
infection increased the expression of NRP1 and FOXO1. NRP1
has a regulatory role of apoptotic pathways, whereas FOXO1
is an important regulator of cell death acting downstream of
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several signaling pathways, including CDK1, PKB/AKT1, and
STK4/MST1 (34).

Evidence suggests elevation of D-dimer and fibrin/fibrinogen
degradation products in patients with COVID-19, highlighting
aggravated blood coagulation (8). A recent clinical study
examined seven lungs obtained during autopsy from patients
with COVID-19 (35). The study observed vascular endothelial
injury and widespread thrombus formation in pulmonary
vessels. Immunohistochemical staining of pulmonary vasculature
of COVID-19 showed alveolar capillary microthrombi were
nine times as prevalent in patients with COVID-19 compared
with influenza patients. In consistent with these reports, we
identified coagulation-related genes in SARS-CoV-2 infection,
including tissue factor that initiates the external coagulation
cascades. In contrast, SARS-CoV-2 suppressed the expression of
antithrombotic gene TFPI2, which inhibits a variety of serine
proteases including factor VIIa/tissue factor complex.

Despite the clinical impact, the information on the
mechanisms of COVID-19 and its cardiovascular complications
remains limited. A systems approach, involving unbiased
bioinformatics and network analysis, may help to identify
causative genes and integrated pathways as drug targets for
the improvement in disease management (36). Network-based
analysis of hub genes in the DEGs dataset unique to SARS-
CoV-2 infection resulted in prioritization of RPL9 as the
most highly ranked DEG that had increased expression, based
on betweenness centrality and degree score. The increased
expression of RPL9, a ribosomal protein, can be attributed to the
fact that virus hijacks the translational machinery of the host for
its survival by the mechanisms such as ribosome shunting and
phosphorylation of ribosomal proteins (37, 38).

Regulatory gene network analysis helps to understand what
lies upstream of the DEGs in cells infected with SARS-CoV-2. It
is important to find out the regulatory kinases and transcription
factors as they participate in the pathogenesis and the progression
of the virus infection (39). Among several kinases regulating the
expression of DEGs expression in our analysis, genes involved
in MAPK cascades (MAPK1, MAPK2, MAPK8, and MAP3K7)
have roles in host response to viral infection (40). SMAD3, an
effector molecule in the transforming growth factor-β signaling
pathway, is also an interesting candidate in our analysis as it
was the top hub gene in our network analysis and also the most
significant transcription factor in our regulatory gene analysis.
In the present study, SARS-CoV-2 reduced SMAD3 expression,
which is consistent with previous findings on the decreased

expression of SMAD3 during viral infection to overtake the host
innate antiviral mechanism (41, 42).

In conclusion, our study provides the snapshot of
transcriptional host responses to SARS-CoV-2 infection, in
which expression of various inflammatory genes is decreased.
These results may explain why many infected individuals
show no symptoms. Furthermore, our study revealed that
SARS-CoV-2 elicits muted antiviral type I IFN response,
which may result in prolonged viral replication. These findings
may also explain why SARS-CoV-2 infection has a longer
incubation period than other coronavirus infections. Our
analysis revealed expression of several genes related to apoptosis,
coagulation, and vascular function, which may contribute to
cardiovascular complications. Furthermore, our study has
identified a novel set of candidate transcriptomic signatures
unique to SARS-CoV-2 infection, which may guide the initial
efforts in the development of diagnostic or therapeutic tools
for COVID-19.
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1Department of Ultrasound, Tongji Medical College, Union Hospital, Huazhong University of Science and Technology,

Wuhan, China, 2Hubei Province Key Laboratory of Molecular Imaging, Wuhan, China

Background: Biventricular longitudinal strain has been recently demonstrated to be

predictive of poor outcomes in various cardiovascular settings. Therefore, this study

sought to investigate the prognostic implications of biventricular longitudinal strain in

patients with coronavirus disease 2019 (COVID-19).

Methods: We enrolled 132 consecutive patients with COVID-19. Left ventricular

global longitudinal strain from the apical four-chamber views (LV GLS4CH) and right

ventricular free wall longitudinal strain (RV FWLS) were obtained using two-dimensional

speckle-tracking echocardiography.

Results: Compared with patients without cardiac injury, those with cardiac injury

had higher levels of coagulopathy and inflammatory biomarkers, higher incidence of

complications, more mechanical ventilation therapy, and higher mortality. Patients with

cardiac injury displayed decreased LV GLS4CH and RV FWLS, elevated pulmonary

artery systolic pressure, and higher proportion of pericardial effusion. Higher biomarkers

levels of inflammation and cardiac injury, and the presence of pericardial effusion were

correlatedwith decreases in LVGLS4CH and RV FWLS. During hospitalization, 19 patients

died. Compared with survivors, LV GLS4CH and RV FWLSwere impaired in non-survivors.

At a 3-month follow-up after discharge, significant improvements were observed in

LV GLS4CH and RV FWLS. Multivariate Cox analysis revealed that LV GLS4CH [hazard

ratio: 1.41; 95% confidence interval [CI]: 1.08 to 1.84; P = 0.011] and RV FWLS (HR:

1.29; 95% CI: 1.09–1.52; P = 0.003) were independent predictors of higher mortality in

patients with COVID-19.

Conclusions: LV GLS4CH and RV FWLS are independent and strong predictors

of higher mortality in COVID-19 patients and can track improvement during the

convalescent phase of their illness. Therefore, biventricular longitudinal strain may be

crucial for risk stratification and serial follow-up in patients with COVID-19.

Keywords: COVID-19, speckle tracking echocardiography, strain, left ventricular function, right ventricular

function
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), which is caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has become a pandemic health crisis. Although, there
is increasing awareness of the cardiovascular involvement in
COVID-19 disease and its adverse impact on prognosis (1, 2),
there is limited data regarding cardiac abnormalities due to
SARS-CoV- 2 infection. Echocardiography remains the mainstay
imaging modality for assessing cardiac function in clinical
practice. Recently, left ventricular (LV) and right ventricular
(RV) longitudinal strain measured by two-dimensional speckle-
tracking echocardiography (2D-STE) has been proposed as
more accurate and sensitive indicators of cardiac function in a
variety of cardiovascular diseases (3–5). Furthermore, a number
of studies confirmed the prognostic value of biventricular
longitudinal strain in various clinical settings (6–8). However,
the prognostic implications of biventricular longitudinal strain in
COVID-19 patients has not been well-established. Accordingly,
our study aimed to investigate whether biventricular longitudinal
strain were independently predictive of higher mortality in
patients with COVID-19 and explore their utility in the follow-up
in these patients.

METHODS

Study Population
This single-center, prospective study was performed at the west
branch of Union Hospital, Huazhong University of Science and
Technology, China, which was a designated hospital to treat
patients with COVID-19. We enrolled 169 consecutive adult
patients who were diagnosed with COVID-19 according to
interim guidance of World Health Organization, from February
11 to March 16, 2020. Considering the presence of cardiac
involvement in COVID-19 patients, bedside echocardiography
was performed in all patients from three wards managed by
the investigators for evaluation of cardiac function. The median
time from admission to echocardiographic assessment was 7 days
[interquartile range [IQR] 3–11]. Among these patients, three
had dilated cardiomyopathy, four had old myocardial infarction,
and 30 did not have images of sufficient quality for STE analysis.
Finally, 132 patients were recruited in our analysis.

This study was approved by Union Hospital, Tongji Medical
College, Huazhong University of Science and Technology Ethics
Committee (KY-2020-02.06). Written informed consent was
waived for all participants with emerging infectious diseases.
Patients or the public were not involved in the design, conduct,
reporting or dissemination plans of our research.

Data Collection
Demographic characteristics, comorbidities, laboratory findings,
medical history, complications, and outcomes for patients
during hospitalization were independently reviewed by a team
of trained physicians from electronic medical records. The
timing of laboratory measurements were within 3 days of
echocardiographic examinations with a mean interval of 1 days
(IQR: 1–2). Acute cardiac injury was defined as serum levels

of cardiac high-sensitivity troponin I (hs-TNI) above the 99th-
percentile upper reference limit. The outcome was defined as
in-hospital death. The final date of follow-up outcome were April
9, 2020.

Transthoracic Echocardiography
Bedside transthoracic echocardiographic examinations were
performed using an EPIQ7C machine (Philips Medical Systems,
Andover, MA, USA) at the designated COVID-19 isolation wards
or intensive care units (ICU). Forty-six survivors underwent
follow-up echocardiographic examinations at 3 months after
discharge. All scans were conducted by trained individuals
in full personal protective equipment. All echocardiographic
images were stored in digital format and analyzed by two
independent observers (C.M. and Y.Z.) who were blinded to
epidemiological and clinical characteristics, laboratory findings,
treatment, and outcomes.

Conventional Echocardiographic Analysis
Left ventricular (LV) and right ventricular (RV) structural and
functional parameters were measured based on the guidelines
of the American Society of Echocardiography (9). LV mass was
assessed by the Devereux’s formula. LV volumes and ejection
fraction (EF) were obtained using Simpson’s biplane method. LV
diastolic function was assessed by the ratio of peak early-diastolic
transmitral inflow velocity (E) to late-diastolic inflow velocity
(A), and the ratio of transmitral E to the peak early-diastolic
mitral annual velocity (e′). We also measured the deceleration
time (DT) of the E-wave.

Tricuspid annular plane systolic excursion (TAPSE) was
measured on M-mode echocardiography. RV fractional area
change (RVFAC) was calculate as (RV end-diastolic area -RV
end-systolic area)/end-diastolic area ×100%. Tricuspid lateral
annular systolic velocity (S′) was assessed by tissue Doppler
imaging from the apical 4-chamber view. Pulmonary artery
systolic pressure (PASP) was evaluated using the simplified
Bernoulli equation and right atrial pressure assessed on the basis
of the size and collapsibility of the inferior vena cava.

STE Analysis
STE analyses were performed using commercially available
AutoStrain software (Qlab13, Philips Healthcare, Andover, MA,
USA). LV global longitudinal strain (GLS) was calculated by
averaging the values obtained in the apical 4-chamber, 3-chamber
and 2-chamber views. LV GLS4CH was defined as the mean of the
strain values in the six segments of left ventricle from the apical
4-chamber view. LV GLS and GLS4CH were obtained from the
standard two-dimensional gray-scale image with a frame rate of
50∼70 frames/s. The LV endocardial border was automatically
traced at end diastole. Subsequently, the software tracked the
endocardial layer throughout the cardiac cycle. The operator
could manually adjust the endocardial border if necessary. Right
ventricular free wall longitudinal strain (RV FWLS) was obtained
from the standard two-dimensional gray-scale image of the RV-
focused apical four-chamber view with a frame rate of 50∼70
frames/s. The RV endocardial border was automatically traced at
end diastole. The software tracked automatically the endocardial
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FIGURE 1 | Biventricular and left atrial longitudinal strain obtained from two-dimensional speckle-tracking echocardiography in COVID-19 patients. (A) Representative

image with left ventricular global longitudinal strain from the apical 4-chamber view (LV GLS4CH); (B) Representative image with right ventricular free wall longitudinal

strain (RV FWLS); (C) Representative image with peak left atrial strain (LAS-peak).

layer throughout the cardiac cycle and the observer may
manually adjust the endocardial border if necessary. RV FWLS
was calculated as the average of the basal, mid and apical RV free
wall segments. Left atrial (LA) endocardial contours were drawn
in the apical 4-chamber view with a frame rate of 50∼70 frames/s
at end systole. The appendage and pulmonary veins were not
included. The endocardial border was automatically tracked
by software throughout the cardiac cycle. Manual adjustments
were performed when tracking was suboptimal. Peak left atrial
strain (LAS-peak) was automatically generated from the software.
Patients with two or more inadequately tracked segments were
removed from analysis. Representative images with LV GLS4CH,
RV FWLS and LAS-peak are shown in Figure 1. Absolute values
of LV GLS, GLS4CH and RV FWLS were presented in this study
for a simpler interpretation, as LV GLS, GLS4CH and RV FWLS
were negative values.

Interobserver and Intraobserver
Reproducibility
Intraobserver and interobserver variability of LV GLS4CH, RV
FWLS and LAS-peak were estimated in 20 randomly selected

subjects and evaluated by intra-class correlation coefficient
(ICC) and Bland-Altman analysis. Intraobserver variability was
evaluated by having one observer remeasure after 4 weeks.
Interobserver variability was assessed by a second observer who
was blinded to the first observer’s measurements.

Statistical Analysis
Continuous numeric variables were expressed as mean ±

SD or medians (IQR) and compared using a two-sample
Student’s t-test and one-way analysis of variance for normally
distributed data, or Mann-Whitney test and Kruskal-Wallis
test for non-normally distributed data. Categorical variables
were expressed as frequency (percentage), and compared using
the χ

2 test or Fisher’s exact test. Spearman’s correlation
coefficient were used to evaluate the association between
biventricular strain and laboratory findings. Univariate and
multivariate Cox regression models were used to assess the
predictors of higher mortality. All potential predictors of
higher mortality were included into univariate analyses: age,
gender, comorbidities, complications, laboratory findings and
echocardiographic parameters. Variables with P < 0.05 at
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TABLE 1 | Baseline clinical characteristics of patients with COVID-19 according to acute cardiac injury.

Variables All patients (n = 132) Without cardiac injury (n = 92) With cardiac injury (n = 40) P-value

Clinical characteristics

Age, years 61 ± 13 60 ± 13 63 ± 12 0.176

Male, n (%) 68 (51.5%) 43 (46.7%) 25 (62.5%) 0.096

Body mass index, kg/m2 23.6 ± 2.9 23.6 ± 2.9 23.8 ± 3.0 0.653

Heart rate, beats/min 86 (80,102) 86 (80,100) 90 (80,107) 0.143

Respiratory rate, breaths/min 23 (20,30) 23 (20,30) 24 (20,29) 0.966

SBP, mm Hg 132 (120,144) 132 (121,144) 131 (115,146) 0.735

DBP, mm Hg 80 (73,87) 80 (75,89) 80 (72,85) 0.235

Smoker, n (%) 6 (4.5%) 4 (4.3%) 2 (5.0%) 0.591

Comorbidities

Hypertension, n (%) 58 (43.9%) 38 (41.3%) 20 (50.0%) 0.355

Diabetes mellitus, n (%) 15 (11.4%) 12 (13.0%) 3 (7.5%) 0.533

Obesity, n (%) 20 (15.2%) 15 (16.3%) 5 (12.5%) 0.767

COPD, n (%) 5 (3.8%) 3 (3.3%) 2 (5.0%) 0.639

Coronary artery disease, n (%) 19 (14.4%) 10 (10.9%) 9 (22.5%) 0.080

Chronic kidney disease, n (%) 1 (0.8%) 1 (1.1%) 0 (0) 1.000

Chronic liver disease, n (%) 5 (3.8%) 3 (3.3%) 2 (5.0%) 0.639

Arrhythmia, n (%) 9 (6.8%) 6 (6.5%) 3 (7.5%) 1.000

Malignancy, n (%) 9 (6.8%) 6 (6.5%) 3 (7.5%) 1.000

Laboratory findings

Lymphocyte count, × 109/l 1.0 (0.6,1.5) 1.1 (0.7,1.6) 0.6 (0.4,1.1) 0.001

D-dimer, mg/l 1.1 (0.3, 3.0) 1.0 (0.4, 2.8) 1.6 (0.2, 4.3) 0.789

PT, s 13.7 (12.5, 15.0) 13.2 (12.4, 14.3) 13.9 (13.2, 15.3) 0.021

APTT, s 37.7 (33.1, 44.7) 36.8 (32.6, 42.1) 39.5 (36.7, 45.7) 0.013

CK-MB, U/l 10 (6, 15) 9 (5, 13) 14 (9, 30) <0.001

hs-TNI, ng/l 4.1 (2.0, 30.2) 3.0 (1.5, 4.8) 85.6 (51.8, 262.1) <0.001

BNP, pg/ml 62.4 (31.5, 164.2) 53.4 (29.3, 120.5) 130.5 (41.2, 449.0) 0.019

PaO2/FIO2, mm Hg 233.3 (153.5, 270.7) 236.4 (156.0, 272.4) 221.5 (144.7, 274.0) 0.559

CRP, mg/l 26.5 (3.8, 68.0) 15.8 (3.0, 52.6) 54.0 (18.4, 128.4) 0.001

PCT, ng/ml 0.09 (0.05, 0.21) 0.06 (0.04, 0.14) 0.23 (0.07, 0.39) <0.001

IL-6, pg/ml 4.1 (2.0, 21.0) 3.9 (1.2, 7.8) 11.2 (2.9, 23.4) 0.039

Treatments

Antiviral therapy, n (%) 122 (92.4%) 86 (93.5%) 36 (90.0%) 0.737

Antibiotic therapy, n (%) 98 (74.2%) 64 (69.6%) 34 (85.0%) 0.062

Glucocorticoid therapy, n (%) 57 (43.5%) 30 (32.6%) 27 (67.5%) <0.001

Intravenous immune globulin, n (%) 49 (37.1%) 30 (32.6%) 19 (47.5%) 0.104

Anticoagulant therapy, n (%) 62 (47.0%) 41 (44.5%) 21 (52.5%) 0.401

Diuretics, n (%) 35 (26.5%) 21 (22.8%) 14 (35.9%) 0.145

Beta-blockers, n (%) 26 (19.7%) 19 (20.7%) 7 (17.5%) 0.676

Alpha-blockers, n (%) 2 (1.5%) 1 (1.1%) 1 (2.5%) 0.516

Calcium channel blockers, n (%) 40 (30.3%) 28 (30.4%) 12 (30.0%) 0.960

ACE inhibitor/ARB, n (%) 9 (6.9%) 7 (7.8%) 2 (5.0%) 0.840

Oxygen therapy, n (%) 117 (88.6%) 80 (87.0%) 37 (92.5%) 0.523

High-flow oxygen, n (%) 72 (55.0%) 45 (49.5%) 27 (67.5%) 0.056

Mechanical ventilation, n (%) 32 (24.2%) 15 (16.3%) 17 (42.5%) 0.001

IMV, n (%) 22 (16.7%) 10 (10.9%) 12 (30.0%) 0.007

NIMV, n (%) 10 (7.6%) 5 (5.4%) 5 (12.5%) 0.170

ICU admission, n (%) 25 (18.9%) 13 (14.1%) 12 (30.0%) 0.032

Complications

Acute kidney injury, n (%) 20 (15.2%) 6 (6.5%) 14 (35.0%) <0.001

ARDS, n (%) 49 (37.1%) 28 (30.4%) 21 (52.5%) 0.016

(Continued)
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TABLE 1 | Continued

Variables All patients (n = 132) Without cardiac injury (n = 92) With cardiac injury (n = 40) P-value

Shock, n (%) 1 (0.8%) 0 (0) 1 (2.5%) 0.303

Prognosis

Discharge, n (%) 113 (85.6%) 88 (95.7%) 25 (62.5%) <0.001

Death, n (%) 19 (14.4%) 4 (4.3%) 15 (37.5%) <0.001

Values are mean± SD, n (%), median (interquartile range). ACE, angiotensin-converting enzyme; APTT, activated partial thromboplastin time; ARB, angiotensin II receptor blocker; ARDS,

acute respiratory distress syndrome; BNP, B-type natriuretic peptide; CK-MB, creatine kinase muscle-brain; COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus

disease 2019; CRP, C-reactive protein; DBP, diastolic blood pressure; FIO2, fraction of inspiration oxygen; ICU, intensive care unit; IL-6, interleukin-6; IMV, invasive mechanical ventilation;

hs-TNI, high-sensitivity troponin I; NIMV, non-invasive mechanical ventilation; PaO2, partial pressure of oxygen; PCT, procalcitonin; PT, prothrombin time; SBP, systolic blood pressure.

TABLE 2 | Echocardiographic characteristics of patients with COVID-19 according to acute cardiac injury.

Variables All patients (n = 132) Without cardiac injury (n = 92) With cardiac injury (n = 40) P-value

Left heart

LA dimension, mm 34.3 ± 5.4 34.4 ± 5.3 34.1 ± 5.7 0.728

LV dimension, mm 45.5 ± 4.9 45.6 ± 4.8 45.3 ± 4.9 0.715

IVS, mm 9.6 ± 1.3 9.5 ± 1.4 9.9 ± 1.1 0.183

PW, mm 9.2 (8.3, 9.9) 9.0 (8.1, 9.8) 9.6 (8.9, 10.4) 0.018

LVM, g 143.2 (116.0, 168.5) 143.1 (117.9, 168.6) 154.4 (114.9, 168.6) 0.707

DT, ms 204.4 ± 53.7 203 ± 54.6 207 ± 50.5 0.686

E/A ratio 0.8 (0.7,1.1) 0.8 (0.7,1.1) 0.8 (0.7,1.1) 0.884

E/e′ ratio 8.4 (6.8,10.6) 8.9 ± 3.1 9.4 ± 3.4 0.453

LVEDVI, ml/m2 52.2 ± 16.1 53.3 ± 14.8 49.5 ± 19.4 0.349

LVESVI, ml/m2 19.6 ± 7.5 20.2 ± 7.0 18.1 ± 8.8 0.256

LVEF, % 62.8 ± 6.9 62.7 ± 7.4 63.2 ± 5.8 0.735

LV GLS4CH, % 18.9 (16.8, 20.9) 19.1 (17.1, 20.9) 17.3 (15.8, 20.4) 0.017

LAS-peak, % 33.7 ± 7.6 34.1 ± 8.0 33.0 ± 6.7 0.489

Moderate-severe MR, n (%) 2 (1.5%) 0 (0) 2 (5.0%) 0.090

Right heart

RA dimension, mm 35.5 ± 4.6 35.2 ± 4.4 36.6 ± 5.1 0.126

RV dimension, mm 33.9 ± 4.4 33.6 ± 4.3 34.7 ± 4.7 0.250

TAPSE, mm 22.2 ± 3.8 22.8 ± 3.8 20.8 ± 3.2 0.005

RVFAC, % 46.9 ± 6.6 47.6 ± 6.3 45.3 ± 7.1 0.066

S′, cm/s 13.3 (11.9,15.0) 14.0 (12.0,15.0) 13.0 (11.0,15.0) 0.361

RV FWLS, % 22.8 ± 4.9 23.5 ± 5.2 21.1 ± 3.8 0.009

Moderate-severe TR, n (%) 4 (3.0%) 2 (2.2%) 2 (5.0%) 0.584

PASP, mm Hg 33 (24,47) 28 (23,43) 41 (30,54) 0.007

Pericardial effusion, n (%) 11 (8.3%) 4 (4.3%) 7 (17.5%) 0.030

Values are mean ± SD, n (%), median (interquartile range). COVID-19, coronavirus disease 2019; DT, peak E deceleration time of mitral inflow; IVS., interventricular septum; LA, left atrial;

LAS, left atrial strain; LV, left ventricular; LV GLS4CH, left ventricular global longitudinal strain derived from the apical four-chamber view; LVEDVI, left ventricular end diastolic volume index;

LVEF, left ventricular ejection fraction; LVESVI, left ventricular end systolic volume index; LVM, left ventricular mass; MR, mitral regurgitation; PASP, pulmonary artery systolic pressure;

PW, posterior wall of left ventricle; RA, right atrial; RV, right ventricular; RV FWLS, right ventricular free wall longitudinal strain; RVFAC, RV fractional area change; SBP, systolic blood

pressure; TAPSE, tricuspid annular plane systolic excursion; TR, tricuspid regurgitation. LV GLS4CH and RV FWLS values are absolute values.

univariate analysis were entered into multivariate Cox regression
models. Owing to smaller patients with endpoints, there may
exist an over-fitting issue. Therefore, to avoid problems of
overfitting the data, a separate Cox proportional hazard model
including clinical variables and each of biventricular function
parameters (LV GLS4CH, TAPSE, RVFAC, and RV FWLS),
was used to determine the independent predictors of higher
mortality. The model performance was assessed by Akaike

Information Criterion (AIC). Receiver operator characteristic
(ROC) curves were used to determine the optimal cutoff
value of LA, LV and RV function parameters for detecting
poor outcomes. Kaplan-Meier survival curves were plotted and
compared using the log-rank test. All statistical analyses were
performed using a SPSS version 20.0 (SPSS Inc., Chicago,
Illinois), and a two-sided value of P < 0.05 was considered as
statistically significant.
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RESULTS

Clinical Characteristics
Clinical characteristics of patients with COVID-19 are presented
in Table 1. The mean age of patients was 61 ± 13 years,
and 68 (51.5%) were male. Of the 132 patients, 40 (30.3%)
patients displayed acute cardiac injury. Compared with patients
without cardiac injury, those with cardiac injury had lower

lymphocyte count, and higher levels of coagulopathy and
inflammatory biomarkers [prothrombin time (PT), activated
partial thromboplastin time (APTT), C-reactive protein (CRP),
procalcitonin (PCT) and interleukin 6 (IL-6)]. The levels of
creatine kinase muscle-brain (CK-MB) and B-type natriuretic
peptide levels were also higher in patients with cardiac
injury than those without. Additionally, patients with cardiac
injury were more likely to develop acute kidney injury and

TABLE 3 | Clinical and echocardiographic characteristics of patients with COVID-19 according to disease severity.

Disease severity

Variables All patients (n = 132) Moderate (n = 50) Severe (n = 35) Critical (n = 47) p-value

Clinical characteristics

Age, years 61 ± 13 59 ± 12 62 ± 15 63 ± 12 0.241

Male, n (%) 68 (51.5%) 20 (40.0%) 19 (54.3%) 29 (61.7%) 0.093

Body mass index, kg/m2 23.6 ± 2.9 23.6 ± 2.6 23.4 ± 3.0 23.9 ± 3.2 0.810

Heart rate, beats/min 91 ± 17 90 ± 16 88 ± 15 94 ± 19 0.216

Respiratory rate, breaths/min 25 ± 6 24 ± 6 24 ± 5 25 ± 7 0.707

SBP, mm Hg 134 ± 18 134 ± 17 133 ± 20 131 ± 17 0.742

DBP, mm Hg 81 ± 12 82 ± 10 81 ± 14 80 ± 12 0.767

Left heart

LA dimension, mm 34.3 ± 5.4 34.3 ± 4.9 35.2 ± 4.7 34.2 ± 6.5 0.466

LV dimension, mm 45.5 ± 4.9 44.9 ± 4.6 46.4 ± 4.8 45.8 ± 5.1 0.526

IVS, mm 9.6 ± 1.3 9.7 ± 1.1 9.6 ± 1.9 9.6 ± 1.0 0.629

PW, mm 8.8 ± 1.9 9.2 ± 1.1 8.2 ± 2.7* 9.0 ± 1.7 0.049

LVM, g 144.3 ± 36.1 143.7 ± 35.6 148.0 ± 40.9 144.7 ± 33.6 0.861

DT, ms 204.4 ± 53.7 209.3 ± 60.4 190.0 ± 48.8 209.8 ± 46.5 0.176

E/A ratio 0.8 (0.7, 1.1) 0.8 (0.7, 1.1) 0.9 (0.7, 1.3) 0.8 (0.7, 1.0) 0.515

E/e′ ratio 8.4 (6.8, 10.6) 8.4 (6.5, 10.0) 8.8 (6.3, 10.6) 8.0 (6.9, 10.9) 0.891

LVEDVI, ml/m2 52.2 ± 16.1 55.0 ± 15.6 53.0 ± 17.5 48.9 ± 14.4 0.321

LVESVI, ml/m2 17.5 (15.2, 22.9) 17.5 (15.2, 22.8) 18.6 (15.8, 24.2) 16.2 (13.8, 23.1) 0.724

LVEF, % 62.8 ± 6.9 63.4 ± 7.7 62.5 ± 7.4 62.9 ± 5.8 0.882

LV GLS4CH, % 18.9 (16.8, 20.9) 20.1 (18.2, 22.0) 19.0 (17.3, 21.9) 17.0 (15.7, 18.6)*# <0.001

LAS-peak, % 33.7 ± 7.6 31.9 ± 7.9 35.8 ± 8.1 32.0 ± 10.2 0.146

Moderate-severe MR, n (%) 2 (1.5%) 0 (0) 0 (0) 2 (4.3%) 0.090

Right heart

RA dimension, mm 35.5 ± 4.6 34.7 ± 4.9 36.4 ± 3.4 35.9 ± 5.1 0.209

RV dimension, mm 34.0 (30.6, 36.4) 33.3 (29.8, 35.8) 34.4 (32.4, 36.6) 34.0 (30.7, 36.6) 0.485

TAPSE, mm 22.2 ± 3.8 22.8 ± 3.8 22.6 ± 3.5 20.8 ± 3.7*# 0.019

RVFAC, % 47.2 (41.6, 51.2) 49.3 (42.0, 52.2) 45.5 (40.8, 51.2) 46.9 (40.9, 50.3) 0.255

S′, cm/s 13.3 (11.9, 15.0) 14.0 (12.0, 15.0) 14.0 (12.0, 16.4) 12.9 (11.0, 15.0) 0.301

RV FWLS, % 22.7 (19.2, 25.6) 23.9 (20.1, 26.2) 23.6 (19.8, 26.1) 20.2 (18.1, 24.0)*# 0.015

Moderate-severe TR, n (%) 4 (3.0%) 0 (0) 0 (0) 4 (8.5%) 0.016

PASP, mm Hg 36 ± 14 30 ± 11 39 ± 14* 39 ± 15* 0.037

Prognosis

Discharge, n (%) 113 (85.6%) 50 (100.0%) 33 (97.1%) 30 (62.5%)*# <0.001

Death, n (%) 19 (14.4%) 0 (0) 1 (2.9%) 18 (37.5%)*# <0.001

Values are mean ± SD, n (%), median (interquartile range). *P < 0.05, severe or critical vs. moderate; #P < 0.05, critical vs. severe. COVID-19, coronavirus disease 2019; DBP, diastolic

blood pressure; DT, peak E deceleration time of mitral inflow; IVS., interventricular septum; LA, left atrial; LAS, left atrial strain; LV, left ventricular; LV GLS4CH, left ventricular global

longitudinal strain derived from the apical four-chamber view; LVEDVI, left ventricular end diastolic volume index; LVEF, left ventricular ejection fraction; LVESVI, left ventricular end systolic

volume index; LVM, left ventricular mass; MR, mitral regurgitation; PASP, pulmonary artery systolic pressure; PW, posterior wall of left ventricle; RA, right atrial; RV, right ventricular; RV

FWLS, right ventricular free wall longitudinal strain; RVFAC, RV fractional area change; SBP, systolic blood pressure; TAPSE, tricuspid annular plane systolic excursion; TR, tricuspid

regurgitation. LV GLS4CH and RV FWLS values are absolute values.
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acute respiratory distress syndrome (ARDS), and be admitted
to ICU. And they were more likely to receive treatment
with high-flow oxygen and mechanical ventilation, and had
higher mortality.

Echocardiographic Characteristics
LV GLS4CH measurements were obtained in all patients. LV
GLS measurements were feasible in 99 patients. LV GLS4CH
was strongly correlated with LV GLS (r = 0.93, P < 0.001).
Furthermore, No significant difference between LV GLS4CH and
LV GLS was observed in our study (19.1 ± 2.9% vs. 19.1 ±

2.7%, P = 0.885) (Supplementary Figure 1). Therefore, we used
LV GLS4CH to assess the LV GLS in 132 patients with COVID-
19 to obtain larger sample size. We consider it is reasonable

to use LV GLS4CH as a surrogate for LV GLS during the
epidemic of COVID-19 to allow rapid image acquisition, improve
feasibility in LV strain analysis and reduce contagion exposure
duration to healthcare worker. Echocardiographic characteristics
of COVID-19 patients are described in Table 2. Eleven patients
had pericardial effusion. Patients with cardiac injury displayed
lower TAPSE, LV GLS4CH, and RV FWLS, higher PASP, and
higher proportion of pericardial effusion than those without
cardiac injury. However, there was no significant difference in left
and right heart size, LAS-peak, LV volumes, mass and diastolic
function, LVEF, and moderate–severe MR and TR between these
two groups. In addition, LV GLS4CH and RV FWLS was lower
in patients with ARDS than those without (18.1 ± 2.7% vs. 19.7
± 3.3%, P = 0.004; 21.0 ± 4.9% vs. 23.7 ± 4.7%, P = 0.003;

TABLE 4 | Clinical and echocardiographic characteristics of survivors and non-survivors with COVID-19.

Variables All patients (n = 132) Survivor (n = 113) Non-survivor (n = 19) P-value

Clinical characteristics

Age, years 61 ± 13 61 ± 13 64 ± 13 0.556

Male, n (%) 68 (51.5%) 54 (47.8%) 14 (73.7%) 0.037

Body mass index, kg/m2 23.6 ± 2.9 23.6 ± 2.9 23.7 ± 3.5 0.701

Heart rate, beats/min 91 ± 17 90 ± 16 96 ± 22 0.092

Respiratory rate, breaths/min 25 ± 6 24 ± 5 28 ± 8 0.059

SBP, mm Hg 134 ± 18 133 ± 18 134 ± 16 0.914

DBP, mm Hg 81 ± 12 81 ± 12 78 ± 14 0.245

Left heart

LA dimension, mm 34.2 (31.7, 37.0) 34.2 (31.6, 36.9) 35.7 (31.7, 37.7) 0.602

LV dimension, mm 45.8 (42.3, 49.0) 45.9 (42.3, 49.3) 45.8 (41.7, 48.4) 0.751

IVS, mm 9.6 (8.9, 10.4) 9.6 (9.0, 10.4) 9.6 (9.2, 10.1) 0.962

PW, mm 9.2 (8.3, 9.9) 9.0 (8.1, 9.9) 9.4 (8.9, 9.7) 0.350

LVM, g 143.2 (116.0, 168.5) 143.0 (121.5, 169.3) 148.7 (114.1, 170.4) 0.824

DT, ms 202.0 (163.9, 235.0) 206.5 (162.5, 239.0) 195.0 (164.0, 222.0) 0.488

E/A ratio 0.8 (0.7, 1.1) 0.8 (0.7, 1.1) 0.9 (0.7, 1.4) 0.218

E/e′ ratio 8.4 (6.8, 10.6) 8.1 (6.8, 10.1) 8.9 (7.1, 11.7) 0.274

LVEDVI, ml/m2 49.8 (39.2, 59.3) 51.1 (41.1, 63.0) 38.9 (33.1, 38.9) 0.043

LVESVI, ml/m2 17.5 (15.2, 22.9) 18.2 (15.5, 23.3) 14.2 (10.6, 23.5) 0.077

LVEF, % 63.2 (59.1, 68.0) 63.3 (59.0, 68.0) 63.4 (59.9, 67.8) 0.635

LV GLS4CH, % 18.9 (16.8, 20.9) 19.3 (17.3, 21.6) 16.0 (14.7, 16.9) <0.001

LAS-peak, % 33.7 (27.6, 37.9) 33.4 (27.0, 39.5) 30.2 (27.1, 36.7) 0.155

Moderate-severe MR, n (%) 2 (1.5%) 0 (0) 2 (10.5%) 0.020

Right heart

RA dimension, mm 35.7 (32.4, 38.2) 35.1 (32.1, 37.7) 37.6 (34.2, 39.1) 0.030

RV dimension, mm 34.0 (30.6, 36.4) 33.2 (30.3, 35.7) 35.8 (32.0, 41.0) 0.022

TAPSE, mm 22.2 (19.1, 25.2) 22.3 (20.2, 25.4) 19.0 (17.1, 21.1) 0.001

RVFAC, % 47.2 (41.6, 51.2) 48.2 (42.0, 52.0) 43.2 (37.8, 49.0) 0.008

S′, cm/s 13.3 (11.9, 15.0) 14.0 (12.0, 15.7) 11.7 (10.0, 14.7) 0.017

RV FWLS, % 22.7 (19.2, 25.6) 23.6 (20.0, 26.1) 18.0 (17.3, 20.6) <0.001

Moderate-severe TR, n (%) 4 (3.0%) 2 (1.8%) 3 (15.8%) 0.018

PASP, mm Hg 33 (24, 47) 31 (24, 47) 47 (32, 60) 0.041

Values are mean ± SD, n (%), median (interquartile range). COVID-19, coronavirus disease 2019; DBP, diastolic blood pressure; DT, peak E deceleration time of mitral inflow; IVS.,

interventricular septum; LA, left atrial; LAS, left atrial strain; LV, left ventricular; LV GLS4CH, left ventricular global longitudinal strain derived from the apical four-chamber view; LVEDVI, left

ventricular end diastolic volume index; LVEF, left ventricular ejection fraction; LVESVI, left ventricular end systolic volume index; LVM, left ventricular mass; MR, mitral regurgitation; PASP,

pulmonary artery systolic pressure; PW, posterior wall of left ventricle; RA, right atrial; RV, right ventricular; RV FWLS, right ventricular free wall longitudinal strain; RVFAC, RV fractional

area change; SBP, systolic blood pressure; TAPSE, tricuspid annular plane systolic excursion; TR, tricuspid regurgitation. LV GLS4CH and RV FWLS values are absolute values.
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respectively), whereas LAS-peak did not differ between patients
with ARDS andwithout (33.0± 8.2% vs. 33.4± 8.2%, P= 0.793).

According to the seventh version of the guidelines on the
Diagnosis and Treatment of COVID-19 by the National Health
Commission, COVID-19 severity is classified as mild, moderate,
severe and critical types (10). There were 50 moderate, 35 severe,
and 47 critical patients in our study. Our results revealed that
critical group had decreased LV GLS4CH, RV FWLS, and TAPSE,
elevated PASP, higher proportion of moderate-severe TR, and
higher mortality compared with moderate and severe groups.
There was no significant difference in LVEF, LAS-peak, RVFAC
and S′ among the moderate, severe, and critical groups (Table 3).

At the time of the echocardiographic examinations, 32
patients were intubated. 117 (88.6%) patients were in oxygen
therapy. 72 (55.0%) patients were treated with high-flow oxygen.
Compared with patients who did not require mechanical
ventilation, those who required mechanical ventilation had
impaired LV GLS4CH, RV FWLS, TAPSE and RVFAC, and
elevated PASP, whereas LVEF and LAS-peak were not different
between these two groups (Supplemental Table 1).

During hospitalization, 19 patients died. Compared with
survivors, non-survivors displayed dilated right heart chamber,
impaired TAPSE, RVFAC, S′, RV FWLS and LV GLS4CH, higher
proportion of moderate–severe MR and TR, and higher PASP.
In contrast, left heart chamber dimension, LAS-peak, LV wall
thickness, mass and diastolic function, and LVEF were similar
between survivors and non-survivors (Table 4).

Follow-Up Study in COVID-19 Patients
Who Were Alive
Forty-six survivors were followed up at 3 months after discharge
(Table 5). We observed significant improvements in LV GLS4CH,
RV FWLS, and LAS-peak (Figure 2), and a decrease in PASP in
recovered patients, whereas LVEF and conventional RV function
parameters (TAPSE, S′ and RVFAC) were not different from the
baseline values (P > 0.05).

Correlation of Biventricular Function With
Cardiac Injury and Inflammatory Marker
A decrease in LV GLS4CH weakly correlated with decreased
lymphocyte count (r = 0.37, P < 0.001), and elevated levels of
CRP (r = −0.39, P < 0.001), PCT (r = −0.31, P = 0.001), IL-6
(r = −0.28, P = 0.041), CK-MB (r = −0.17, P = 0.044), hs-
TNI (r = −0.30, P = 0.001), D-dimer (r = −0.24, P = 0.012)
and APTT (r = −0.26, P = 0.003) (Supplementary Figure 2).
A reduction in RV FWLS had weak correlations with higher
levels of CRP (r = −0.29, P = 0.001), PCT (r = −0.33, P =

0.001), CK-MB (r = −0.21, P = 0.018), hs-TNI (r = −0.43, P
< 0.001), APTT (r = −0.26, P = 0.003), and PT (r = −0.30,
P = 0.001) (Supplementary Figure 3). Additionally, decreased
LV GLS4CH and RV FWLS were also related to the presence
of pericardial effusion (r = −0.217, P = 0.012; r = −0.339, P
< 0.001, respectively). In contrast, LAS-peak and LVEF had no
significant correlation with biomarkers levels of inflammation,
coagulopathy, and cardiac injury (P > 0.05 for all).

TABLE 5 | Clinical and echocardiographic characteristics of patients with

COVID-19 three months after discharge.

Variables Baseline (n = 46) 3 months after

discharge (n = 46)

P-value

Clinical characteristics

Age, years 59 ± 13

Male, n (%) 18 (39.1%)

Body mass index, kg/m2 23.3 ± 3.0

Heart rate, beats/min 94 ± 18 80 ± 12 <0.001

Respiratory rate, breaths/min 24 ± 5 21 ± 2 0.010

SBP, mm Hg 137 ± 19 134 ± 16 0.509

DBP, mm Hg 82 ± 10 86 ± 10 0.075

Laboratory findings

Lymphocyte count, × 109/l 1.0 (0.5, 1.4) 1.9 (1.5, 2.5) <0.001

D-dimer, mg/l 0.59 (0.16, 1.92) 0.34 (0.24, 0.55) 0.096

hs-TNI, ng/l 4.4 (1.7, 60.8) 1.4 (0.3, 2.6) 0.001

CRP, mg/l 35.8 (4.3, 75.1) 1.0 (0.6, 3.1) <0.001

Left heart

LA dimension, mm 36.7 ± 4.4 36.5 ± 5.2 0.864

LV dimension, mm 46.4 ± 4.7 46.1 ± 3.6 0.786

IVS, mm 9.5 ± 1.2 8.8 ± 1.2 0.007

PW, mm 8.7 ± 1.6 8.6 ± 2.1 0.813

LVM, g 136.1 ± 37.7 134.2 ± 34.9 0.811

DT, ms 195 ± 52 199 ± 45 0.751

E/A ratio 0.9 ± 0.4 1.0 ± 0.7 0.255

E/e′ ratio 8.8 ± 2.9 8.1 ± 3.6 0.360

LVEDVI, ml/m2 56.5 ± 18.9 56.0 ± 17.1 0.916

LVESVI, ml/m2 21.6 ± 8.9 20.3 ± 7.3 0.571

LVEF, % 62.1 ± 8.2 63.1 ± 8.0 0.613

LV GLS4CH, % 19.4 ± 2.7 26.6 ± 4.4 <0.001

LAS-peak, % 31.4 ± 7.5 38.9 ± 7.3 <0.001

Right heart

RA dimension, mm 35.7 ± 3.5 33.9 ± 3.4 0.023

RV dimension, mm 33.5 ± 3.2 33.3 ± 3.4 0.804

TAPSE, mm 22.8 ± 3.6 23.5 ± 8.3 0.636

RVFAC, % 48.8 ± 7.1 49.6 ± 10.0 0.699

S′, cm/s 14.0 ± 2.6 13.8 ± 2.4 0.722

RV FWLS, % 24.1 ± 4.7 29.1 ± 5.2 <0.001

PASP, mm Hg 36 ± 10 27 ± 7 0.026

Values are mean ± SD, n (%), median (interquartile range). COVID-19, coronavirus

disease 2019; DBP, diastolic blood pressure; DT, peak E deceleration time of mitral inflow;

IVS., interventricular septum; LA, left atrial; LAS, left atrial strain; LV, left ventricular; LV

GLS4CH, left ventricular global longitudinal strain derived from the apical four-chamber

view; LVEDVI, left ventricular end diastolic volume index; LVEF, left ventricular ejection

fraction; LVESVI, left ventricular end systolic volume index; LVM, left ventricular mass;

PASP, pulmonary artery systolic pressure; PW, posterior wall of left ventricle; RA, right

atrial; RV, right ventricular; RV FWLS, right ventricular free wall longitudinal strain; RVFAC,

RV fractional area change; SBP, systolic blood pressure; TAPSE, tricuspid annular plane

systolic excursion. LV GLS4CH and RV FWLS values are absolute values.

Predictors of Mortality in Patients With
COVID-19
A univariate Cox regression analysis showed that elevated level of
hs-TNI, ARDS, LV GLS4CH, RV FWLS, TAPSE, and RVFAC were
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FIGURE 2 | Spaghetti plots of LV GLS4CH (A), RV FWLS (B), and LAS-peak (C) in patients with COVID-19 at 3-month follow-up after discharge compared with

baseline values.

associated with higher risk of mortality (Table 6). Whereas, LAS-
peak, LVEF and S′ were not predictive of death. The multivariate
Cox analysis models revealed that hs-TNI elevation and ARDS
continued to be of prognostic significance. LV GLS4CH [hazard
ratio [HR]: 1.41, 95% confidence intervals [CI]: 1.08-1.84; P =

0.011], RV FWLS (HR: 1.29, 95% CI: 1.09-1.52; P = 0.003),
TAPSE (HR: 0.82, 95% CI: 0.69-0.98; P = 0.031), and RVFAC
(HR: 0.92, 95% CI: 0.85-0.99; P = 0.032) were independent
predictive of higher risk of death. The Cox models using LV
GLS4CH (AIC= 131) or RV FWLS (AIC= 122) were observed to
predict higher mortality more accurately than that with TAPSE
(AIC= 134), RVFAC (AIC= 134) or traditional risk model (AIC
= 138) (Table 6).

LAS-peak, LV GLS4CH, RV FWLS, conventional RV function
parameters and LVEF were entered into ROC analysis to estimate
probability of in-hospital death. Impaired LV GLS4CH and RV
FWLS were associated with higher mortality (Figure 3). Areas
under the curve were 0.85 for LV GLS4CH and 0.80 for RV FWLS.
The optimal cutoff value of LV GLS4CH for detection of increased
mortality was −17.9% with sensitivity of 94.7% and specificity
of 65.8%. The best cutoff value of RV FWLS for identification of
death was−22.9% (sensitivity, 94.4%; specificity, 55.7%).

Kaplan-Meier survival curves of biventricular longitudinal
strain for mortality are presented in Figure 4. When stratified
by cutoff values, LV GLS4CH lower than 17.9 % or RV FWLS
lower than 22.9% were associated with higher mortality (P <

0.001) (Figures 4A,B). Patients with below cutoff LVGLS4CH and
RV FWLS had the worst prognosis compared those with above
cutoff LV GLS4CH and RV FWLS (Figure 4C). To determine
the relationship between levels of hs-TNI, cardiac function
parameters and mortality, a contour plot was performed. Our
findings revealed that decreased LV GLS4CH, RV FWLS, RVFAC,
and TAPSE were associated with increased death, which was
pronounced in patients with higher levels of hs-TNI (Figure 5).

Reproducibility
The intraobserver and interobserver reproducibility of LV
GLS4CH, RV FWLS and LAS-peak are summarized in
Supplemental Table 2. The intraobserver and interobserver
reproducibility of LV GLS4CH, RV FWLS, and LAS-peak
were high.

DISCUSSION

To the best of our knowledge, our study is the first to
systematically assess cardiac structure and function in COVID-
19 patients using both conventional echocardiography and
2D-STE. This study demonstrates that patients with cardiac
injury had higher levels of coagulopathy and inflammatory
biomarkers, higher incidence of complications, more
treatment with mechanical ventilation, higher mortality,
and lower LV GLS4CH and RV FWLS than those without
cardiac injury. Compared with survivors, non-survivors
displayed reduced biventricular longitudinal strain, and
comparable LVEF. At a 3-month follow-up after discharge,
we identify that biventricular longitudinal strain can
track clinical improvement in the convalescent phase.
Importantly, LV GLS4CH and RV FWLS are powerful
predictors of higher mortality in patients with COVID-
19. Therefore, biventricular longitudinal strain may be
essential for risk stratification and serial follow-up in patients
with COVID-19.

Biventricular Function in Patients With
COVID-19
SARS-CoV-2 are known to result in the acute and chronic
damage of the cardiovascular system (11, 12). Although
several recent studies have demonstrated that 5.2%-23%
patients with COVID-19 suffered myocardial injury from the
infection (12–14), there are limited echocardiographic data
regarding the cardiac abnormalities. Prior report highlights the
significance of assessing cardiac function of hospitalized COVID-
19 patients (15).

Despite the importance and extensive use of LVEF in
routine clinical practice, there are several limitations of its
application. First, it depends on geometric assumptions and
loading conditions. Moreover, it could not reflect myocardial
contractility (16). Finally, LVEF may have considerable inter-
and intra-observer variability. Accordingly, LVEF may not be
an optimal index to detect myocardial impairment. Novel,
more sensitive indices for cardiac dysfunction at an earlier
stage are required. Recently, LV and RV longitudinal strain
have been recommended as sensitive and early indicators of
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TABLE 6 | Predictors of mortality in patients with COVID-19 by cox proportional hazard model.

Univariate Cox

regression

Model 1 ARDS + hs-TNI Model 2 ARDS + hs-TNI

+ LV GLS4CH

Model 3 ARDS + hs-TNI

+ TAPSE

Model 4 ARDS + hs-TNI

+ RVFAC

Model 5 ARDS + hs-TNI

+ RV FWLS

HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value

Age, years 1.02 (0.99, 1.06) 0.354

Male (yes vs. no) 3.06 (1.01, 9.22) 0.048

Hypertension (yes vs. no) 2.58 (0.98, 6.79) 0.055

Diabetes mellitus (yes vs. no) 0.38 (0.05, 2.86) 0.349

Obesity, n (%) 0.88 (0.25, 3.04) 0.837

Coronary artery disease (yes vs. no) 1.49 (0.53, 4.18) 0.447

Malignancy (yes vs. no) 1.99 (0.46, 8.65) 0.359

Arrhythmia (yes vs. no) 1.09 (0.25, 4.79) 0.909

ARDS (yes vs. no) 7.50 (2.18, 25.80) 0.001 5.52 (1.59, 19.22) 0.007 4.27 (1.20, 15.21) 0.025 5.43 (1.50, 19.65) 0.010 5.90 (1.68, 20.71) 0.006 3.77 (1.04, 13.67) 0.044

Elevated CK-MB (yes vs. no) 0.20 (0.03, 1.49) 0.116

Elevated hs-TNI (yes vs. no) 8.13 (2.69, 24.51) <0.001 6.23 (2.04, 19.00) 0.001 3.53 (1.06, 11.80) 0.041 3.70 (1.12, 12.23) 0.032 4.36 (1.36, 13.95) 0.013 4.28 (1.36, 13.47) 0.013

Elevated BNP (yes vs. no) 0.70 (0.57, 4.17) 0.397

PaO2:FIO2, mmHg 1.00 (0.98, 1.01) 0.599

Mechanical ventilation (yes vs. no) 2.20 (0.89, 5.42) 0.088

ACE inhibitor/ARB (yes vs. no) 0.59 (0.08, 4.45) 0.610

Pericardial effusion (yes vs. no) 1.93 (0.56, 6.68) 0.299

E/e′ ratio 1.02 (0.90, 1.16) 0.794

LVEDVI, ml/m2 0.95 (0.90, 1.00) 0.070

LVESVI, ml/m2 0.90 (0.84, 1.03) 0.163

LVM, g 1.00 (0.99, 1.01) 0.771

LVEF, % 1.02 (0.95, 1.10) 0.607

LV GLS4CH, % 1.70 (1.30, 2.23) <0.001 1.41 (1.08, 1.84) 0.011

LAS-peak, % 0.96 (0.90, 1.03) 0.217

TAPSE, mm 0.81 (0.70, 0.93) 0.003 0.82 (0.69, 0.98) 0.031

RVFAC, % 0.89 (0.82, 0.97) 0.007 0.92 (0.85, 0.99) 0.032

S′, cm/s 0.83 (0.68, 1.01) 0.058

RV FWLS, % 1.32 (1.15, 1.50) <0.001 1.29 (1.09, 1.52) 0.003

AIC / / 138 131 134 134 122

ACE, angiotensin-converting enzyme; AIC, Akaike Information Criterion; ARB, angiotensin II receptor blockers; ARDS, acute respiratory distress syndrome; BNP, B-type natriuretic peptide; CI, confidence interval; CK-MB, creatine kinase

muscle-brain; COVID-19, coronavirus disease 2019; FIO2, fraction of inspiration oxygen; HR, hazard ratio; hs-TNI, high-sensitivity troponin I; LAS, left atrial strain; LV GLS4CH, left ventricular global longitudinal strain derived from the

apical four-chamber view; LVEDVI, left ventricular end diastolic volume index; LVEF, left ventricular ejection fraction; LVESVI, left ventricular end systolic volume index; LVM, left ventricular mass; PaO2, partial pressure of oxygen; RV

FWLS, right ventricular free wall longitudinal strain; RVFAC, right ventricular fractional area change; TAPSE, tricuspid annular plane systolic excursion. CK-MB ≥ 25 U/l was defined as elevated CK-MB; hs-TNI ≥ 26.2 ng/ml was defined

as elevated hs-TNI; BNP ≥ 100 pg/ml was defined as elevated BNP.
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FIGURE 3 | ROC curves of biventricular longitudinal strain for adverse clinical

outcome. LV GLS4CH, left ventricular global longitudinal strain from the apical

four-chamber view; RV FWLS, Right ventricular free wall longitudinal strain.

subclinical cardiac dysfunction (17). They are measurements
of myocardial deformation, and objective parameters with
excellent reproducibility and high feasibility. We previously
found that COVID-19 patients had impaired RV FWLS (18).
However, there are no data regarding the use of LV GLS4CH
in patients with COVID-19. In the present study, we identified
that COVID-19 patients exhibited significantly impaired LV
GLS4CH and RV FWLS, while no difference was found in LVEF.
Moreover, impaired biventricular longitudinal strain appeared
to be worse in critically ill patients or those who required
mechanical ventilation therapy. These findings are in agreement
with the study of SARS, which revealed that the diminished
LV performance was worse in patients who needed treatment
with mechanical ventilation (19). In a study of 28 patients with
acute myocarditis, reduced LV GLS correlated with the amount
of oedema, and added important information on the diagnosis
and degree of myocardial dysfunction, especially in patients
with preserved LVEF (20). Recently, there are increasing data
regarding the cardiac impairment in patients diagnosed with
COVID-19 infection (21–24). The mechanisms of cardiac injury
are uncertain but likely involve direct viral injury, aggravation
of a systemic inflammatory response, hypoxemia, destabilized
coronary plaques and microthrombogenesis (25). Consistent
with this postulation, the correlations of diminished LV GLS4CH
and RV FWLS with elevated biomarkers levels of inflammation,
coagulopathy, and cardiac injury were observed in our study.
Besides, we found that patients with cardiac injury displayed
higher proportion of pericardial effusion than those without
cardiac injury. Moreover, decreased LV GLS4CH and RV FWLS
were also correlated with the presence of pericardial effusion,
suggesting that the presence of pericardial effusion or pericarditis
have a major influence on the biventricualr strain values.

In addition tomyocardial injury, RV function was predisposed
to impairment owing to increased RV afterload from ARDS,
hypoxic pulmonary vasoconstriction, pulmonary microthrombi,
and endothelial and microvascular injury (26). RV dilation and
dysfunction may also affect the LV function and aggravate
LV dysfunction by ventricular interdependence and paradoxical
septum. The reductions in LV GLS4CH and RV FWLS are
important in COVID-19 patients, as owing to overlapping
symptoms of dyspnea, the diagnosis of myocardial involvement
may be challenging. These findings are also particularly
significant to the majority of COVID-19 patients with a
normal LVEF.

The Utility of Biventricular Longitudinal
Strain During the Follow-Up Study
At 3-month follow-up after discharge, significant improvements
in biventricular longitudinal strain were identified in our study,
indicating that depressed LV and RV performance may be
reversible on disease recovery when the acute inflammatory
response waned. Consistent with our results, Li et al. showed
that impaired LV function appeared to be reversible at 30-day
follow-up study in 46 patients with SARS (19). In another follow-
up observation of 11 COVID-19 patients with LV dysfunction,
Dr. Churchill and colleagues demonstrated resolution of LV
abnormalities after a median of 14 days (27). However, LVEF and
conventional RV function parameters did not show significant
improvements with therapy in our study. These findings suggests
biventricular longitudinal strain may be more sensitive to detect
subtle myocardial improvement compared to other standard
echocardiographic parameters. Our results demonstrate the
superiority of biventricular longitudinal strain over conventional
echocardiographic indices during the follow-up in patients
with COVID-19.

The Prognostic Value of Biventricular
Longitudinal Strain in COVID-19 Patients
To the best of our knowledge, this may be the first study
to investigate whether biventricular longitudinal strain were
associated with fatal outcomes in COVID-19 patients. Indeed,
in the present study, patients with diminished LV GLS4CH and
RV FWLS were at higher risk of death. Our findings reveal
that biventricular longitudinal strain serve as novel imaging
biomarkers that predicts higher mortality in patients with
COVID-19. Consistent with these results, our study previously
revealed that RV FWLS was an independent predictor of poor
outcomes in COVID-19 patients (18). Similarly, Argulian et al.
showed that RV dilation was predictive of in-hospital mortality in
patients with COVID-19. (28) Another observation was reported
by Szekely et al. (21), which demonstrated increased RV end
diastolic area was significantly associated with mortality.

In addition, LV GLS has presented additional prognostic
significance over LVEF in a range of cardiovascular disorders
(6, 29). However, the prognostic implication of LV GLS4CH
in COVID-19 patients remained unknown. Our findings
showed that LV GLS4CH was predictive of higher mortality
in COVID-19 patients, whereas LVEF was not. This is in
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FIGURE 4 | Kaplan-meier survival curves showing the association of biventricular longitudinal strain and higher mortality. Kaplan-Meier curves in COVID-19 patients

stratified by the cutoff value of LV GLS4CH (A) and RV FWLS (B). (C) Kaplan-Meier curves reveal that COVID-19 patients below cutoff LV GLS4CH and RV FWLS have

the highest mortality. LV GLS4CH and RV FWLS values are absolute values. LV GLS4CH (+), below cutoff LV GLS4CH; LV GLS4CH (–), above cutoff LV GLS4CH; RV FWLS

(+), below cutoff RV FWLS; RV FWLS (–), above cutoff RV FWLS.

FIGURE 5 | Contour plot of survival probability in hospitalized patients with COVID-19. Decreased LV GLS4CH (A), RV FWLS (B), RV FAC (C), and TAPSE (D) are

associated with higher mortality, which is pronounced in patients with higher levels of hs-TNI.

contradistinction to a recent study in patients with COVID-
19 in Israel, which reported that lower LVEF was associated
with mortality (21). However, in the previous study (21),
patients were older, and have higher rate of male, hypertension,
diabetes mellitus, and obesity. The current data indicates
that LV GLS4CH and RV FWLS are not only more sensitive
markers of subclinical myocardial impairment, but also powerful
and independent predictors of higher mortality. Therefore,
biventricular longitudinal strain could help risk stratification of
COVID-19 patients.

Clinical Implications
LVEF is a key determinant in clinical decision-making in various
diseases. However, it is relatively indiscriminant within the
normal range. Novel biventricular longitudinal strain may be
of particular clinical significance in COVID-19 patients with
relatively normal LVEF. Our data showed LV GLS4CH and
RV FWLS, rather than LVEF, were strong predictors of higher
risk of mortality. Furthermore, biventricular longitudinal strain
can provide highly useful and clinically relevant information
during the follow-up in patients with COVID-19. The present
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study revealed the important clinical implication of biventricular
longitudinal strain, as measurements of LV GLS4CH and RV
FWLS are fast and non-invasive methods that can be easily
obtained from bedside echocardiography. More importantly,
they can identify subclinical myocardial impairment, help
detect in higher risk of COVID-19 patients and serially
follow patients.

Limitations
Our study has several limitations that should be mentioned.
First, as 2D-STE depends on image quality, severe and critically
ill patients with inadequate echocardiographic images might
have been underrepresented. Furthermore, 2D-STE analysis was
performed using Qlab software in our study, so the results in
the present study may not be apply to other software algorithms
because 2D-STE parameters are hampered by inter-vendor
variability. Although our study exclude dilated cardiomyopathy
and old myocardial infarction that may significant lead
to impaired biventricular longitudinal strain, patients had
hypertension or coronary artery diseases, who had underlying
medical condition that could have affected strain values. In
addition, our study used the LV GLS4CH rather than the LV
GLS to estimate LV myocardial longitudinal function during
the epidemic of COVID-19 to allow rapid image acquisition
and reduce contagion exposure duration to healthcare worker.
Another limitation was that only a small proportion of COVID-
19 patients had follow-up echocardiographic data, though
improvement in biventricular longitudinal strain was noted.
Finally, the study was a single-center study with a relatively
limited sample size. Therefore, further large multi-center studies
are needed to confirm the results in the present study.

CONCLUSIONS

Our study demonstrates that LV GLS4CH and RV FWLS are
independently predicative of higher mortality, providing
incremental prognostic implications over conventional
echocardiographic parameters in patients with COVID-19.

We also identify that biventricular longitudinal strain provide
highly relevant information regarding the recovery of cardiac
function when the acute inflammatory response subsided.
Therefore, biventricular longitudinal strain are valuable non-
invasive parameters in risk stratification and serial follow-up of
patients with COVID-19.
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Coronavirus disease 2019 (COVID-19), a respiratory syndrome, is a global pandemic.

Therefore, there is an urgent need to explore mechanisms implicated in the pathogenesis

of the disease. Clinical and autopsy studies show a complex chain of events preceding

COVID-19-related death. The disease is characterized by endothelial dysfunction,

platelet activation, thrombosis, coagulopathy, and multiple organ failure. Globally, millions

of patients with coronary heart disease undergo percutaneous coronary intervention

(PCI) each year. These patients undergo high-intensity antithrombotic therapy during

hospitalization and dual antiplatelet therapy (DAPT) for at least 6 months post PCI.

COVID-19 is characterized by changes in platelet counts. Treatment of ischemic events

that occur during stent implantation is associated with bleeding complications in patients

following PCI complicated by COVID-19. This review summarizes recent progress in

activation status and levels of COVID-19-related platelet changes. These findings will

provide information on the effectiveness of antithrombotic therapy for the management

of platelet changes in COVID-19 patients.

Keywords: COVID-19, thrombosis, coagulopathy, antithrombotic treatment, percutaneous coronary intervention

INTRODUCTION

Coronavirus disease 2019 (COVID-19), a severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection, is a worldwide pandemic. In November 2020, the World Health
Organization reported over 50 million confirmed cases of COVID-19 and 1.3 million deaths
globally (1). COVID-19 is associated with pneumonia and a wide range of effects on the
cardiovascular system, thus, it is a health and economic burden worldwide (2–5).

SARS-CoV-2 enters host cells through coupling of viral spike protein and
angiotensin-converting enzyme 2 (ACE-2) on the surface of host cells (6, 7), in a similar way as
observed during SARS-CoV infection (8). Previous autopsy evaluations of SARS-infected patients
(9) and recent clinical trials on COVID-19 patients (10, 11) show that diffuse alveolar injury and
development of acute respiratory distress syndrome (ARDS) are the main pulmonary pathological
manifestations. Cardiovascular effects, especially venous thromboembolic disease (12, 13) and
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ischemic complications in arterial system, such as ischemic stroke
(14), have been reported in COVID-19 patients.

A recent study reports significant changes in platelet gene
expression and function in COVID-19 patients. These changes
result in platelet activation and aggregation, which are potential
novel mechanisms for management of COVID-19-associated
thrombosis and coagulopathy (15). Notably, severe COVID-19
cases present with thrombocytopenia (16), which is associated
with platelet depletion and a high risk of bleeding. Approximately
5 million percutaneous coronary interventions (PCIs) are
performed each year worldwide (17). Therefore, COVID-19
patients requiring antithrombotic therapy have a high risk of
thrombotic events and bleeding complications (16). Hence, in
this review, we explored recent studies reporting relationships
between changes in platelet function and coagulopathy in
COVID-19 patients. The findings of this study will provide
a mechanistic basis for designing new treatment approaches
for thrombosis and coagulopathy in COVID-19 patients.
Further, this study provides information for the development
of personalized antithrombotic therapy regimen for COVID-19
patients treated with PCI.

CLINICAL CHARACTERISTICS OF
COVID-19 PATIENTS

A previous clinical trial reports that the prevalence of
hypertension, diabetes, and coronary heart disease among
COVID-19 patients in the first 2 months of the outbreak was
15, 7.4, and 2.5%, respectively (18). Prevalence of hypertension,
diabetes, and coronary heart disease significantly increased to
35.8, 26.9, and 9.0%, respectively, for patients who were admitted
in intensive care units receiving mechanical ventilation or
patients who succumbed to the disease (18). In a study carried
out at Mount Sinai Hospital, comorbidity with hypertension
(62.7%), diabetes mellitus (40.3%), coronary artery disease
(31.3%), chronic kidney disease (26.7%), and asthma (17.9%) was
higher in patients who succumbed to COVID-19 compared with
that of survivors (19). Notably, thrombocytopenia (defined as a
platelet count of<150,000/µl) was observed in 36.2% patients on
admission, mainly in patients with severe cases (18). Moreover,
prolonged prothrombin time and elevated D-dimer level, which
indicated coagulopathy associated with COVID-19, were mainly
reported in severe cases (3, 18, 20).

SARS-CoV-2 is a new coronavirus strain that belongs to the
same class with SARS reported in 2003 (21). Clinical studies
on SARS patients reported an increase in activated partial
thromboplastin time (42.8%), thrombocytopenia (44.8%),
and elevated D-dimer (45.0%) (22). In addition, a previous
study reports thrombocytopenia in SARS patients (55%),
increase in activated partial thromboplastin time (63%) and

Abbreviations: ACS, acute coronary syndrome; ARDS, acute respiratory distress
syndrome; COVID-19, coronavirus disease 2019; DAPT, dual antiplatelet
therapy; DIC, disseminated intravascular coagulation; IL-6, interleukin-6; MOF,
multiple organ failure; PCI, percutaneous coronary intervention; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2; STEMI, ST-segment elevation
myocardial infarction.

disseminated intravascular coagulation (DIC, 2.5%) (23).
Clinical manifestations observed in SARS-CoV- and SARS-CoV-
2-infected patients indicate a high risk of DIC. Therefore, World
Health Organization interim guidance statement recommends
prophylactic administration of low-molecular-weight heparin
daily or subcutaneous administration of unfractionated heparin 2
times in a day (24). In addition, American College of Cardiology
recommends that patients should receive all scheduled doses
of venous thromboembolism prophylaxis (25). Administration
of low-molecular-weight heparin daily is preferred over
unfractionated heparin, as it reduces personal protective
equipment use and exposure of health care workers (25).

BRIEF SUMMARY OF VIRAL PNEUMONIA
PATHOLOGY

Viral pneumonia accounts for one third of adult community-
acquired pneumonia. Most viral pneumonia cases are caused
by influenza, rhinovirus, and coronavirus infections (26).
Viral pneumonia is characterized by histopathological changes
including interstitial pneumonitis with lymphocytic infiltrations.
Other manifestations such as necrotizing bronchiolitis, diffuse
alveolar injury with alveolar hemorrhage, alveolar septal edema,
and hyaline-membrane formation may be present depending
on conditions associated with co-infection and underlying
disease (26).

Lung Pathology of Severe Acute
Respiratory Syndrome
During 2002 and 2003, the SARS-CoV caused severe respiratory
infection in more than 8,000 people and led to 774 deaths, with
a mortality rate of 9.6% (27). The typical pathological change in
SARS-infected lungs was diffuse hemorrhage on the lung surface
and serous, fibrinous, and hemorrhagic inflammation in most
pulmonary alveoli (9). In addition to diffuse alveolar hemorrhage,
other commonly observed findings were the presence of intra-
artery fibrin thrombi (5/8) and intra-alveolar hemorrhage
(6/8) (28).

Lung Pathology and Multiple Organ Failure
in Coronavirus Disease 2019
The early pulmonary pathological changes in SARS-CoV2-
infected lungs included edema, proteinaceous exudate, and focal
reactive hyperplasia of pneumocytes with patchy inflammatory
cellular infiltration, whereas hyaline membranes were not
prominent (29). The key features of lung pathology from severe
COVID-19 patients were bilateral diffuse alveolar injury with
cellular fibromyxoid exudates, as well as hyaline membrane
formation (11). Other pathological findings included the
presence of inflammatory lesions (gray-white lesions), dark red
bleeding lesions, and sticky secretions in the lung tissue (10)
and severe alveolar edema and hemorrhagic necrosis in both
lungs, along with extensive pulmonary interstitial fibrosis and
partial hyaline degeneration (30). These findings provided clear
evidence for diffuse alveolar injury in severe COVID-19 cases.
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There have been accumulating pathologic findings of
COVID-19 outside China (12, 31–34). Diffuse alveolar injury,
endothelial injury, thromboembolism, and viral particles within
renal cells were reported in various COVID-19 cases (12). A
case series from Washington State showed that coronavirus-
like particles were detected in the respiratory system, kidney,
and gastrointestinal tract (32). Additionally, in one patient
complicated by myocarditis, the viral RNA could be detected in
the heart as well (32). More recent findings suggest that COVID-
19 may be a complex infection associated with extensive vascular
endotheliitis (33, 34), manifesting an imbalance between the
coagulation and immune functions in the body, which would
pose the infected individual at risk for developing multiple organ
failure (MOF).

It should be noted that the above pathological findings are
mainly the direct and indirect consequences of lung tissue
destruction induced by intracellular viral proliferation. In the
rapid progressive and life-threatening form of viral pneumonia,
the underlying pathological process is often diffuse alveolar
injury, coagulopathy, and MOF (26). Collectively, these findings
revealed amechanistic link between virus infection, proliferation,
and diffuse alveolar injury (35): the pathologic change evolves
from alveolar capillary dysfunction and platelet activation,
followed by intravascular fibrin and micro-thrombus formation;
if left uncontrolled, these alterations would trigger systemic
dissemination and secondary fibrinolysis and result in platelet
and coagulation factor depletion and consequently lead to DIC,
even MOF.

NEW MECHANISMS UNDERLYING
THROMBOSIS AND COAGULOPATHY IN
COVID-19

Replication and dissemination of SARS-CoV-2 in systemic
circulation lead to extrapulmonary manifestations, which play
key roles in disease progression (2, 34, 36). A previous German
prospective cohort study reports a high incidence of deep venous
thrombosis (58%) and diffuse alveolar injury (67%) (12). These
manifestations are associated with enhanced inflammatory state
and hypercoagulable state, resulting in higher rates of venous and
arterial thrombosis (12, 37). Moreover, increased severe bleeding
rates are reported in critically ill patients following preventive
or therapeutic anticoagulant and antiplatelet therapy (37).
Subsequent sections of this review will summarize mechanisms
involved in the pathogenesis of thrombosis and coagulopathy
in COVID-19 patients as a complex chain of pathophysiological
events preceding COVID-19-related death (summarized in
Figure 1).

Endothelial Dysfunction
Endothelial dysfunction induces inflammation and vascular
remodeling (38), which are associated with severe COVID-
19. Endotheliopathy or endothelial dysfunction, including
endothelial activation, endotheliitis, and thrombotic events, is an
indicator of coagulopathy in COVID-19 patients (33, 34, 39).

SARS-CoV-2 enters host cells by binding to ACE-2 on
pulmonary epithelial cells resulting in lung damage (6, 7).
Moreover, vascular endothelial cells of multiple organs, including
kidney, heart, and small bowel are infected by SARS-CoV-
2 directly. Infection induces apoptosis and pyroptosis, which
result in diffuse endothelial inflammation (40). Upregulation of
vascular endothelial growth factor and downregulation of E-
cadherin expression enhance the permeability of endothelial cells
in COVID-19 patients (41). In addition, biopsy of lung tissues of
COVID-19 patients shows upregulation of interleukin-6 (IL-6),
tumor necrosis factor-α, intercellular adhesion molecule-1, and
caspase-1 expression (39). Further, quantitative analysis showed
a significant increase in expression levels of vonWillebrand factor
antigen and soluble P-selectin, which are markers of endothelial
cell and platelet activation, in COVID-19 patients admitted to
intensive care units (34). Notably, increased expression levels
of von Willebrand factor antigen and soluble P-selectin are
correlated with mortality (34). Increases in expression levels of
these markers imply that endotheliopathy is implicated in the
pathogenesis of COVID-19.

Platelet Activation and Depletion
A previous study reports that lungs have a high hematopoietic
potential, thus they contribute to terminal platelet production
(nearly 50%) (42). Therefore, the platelet-related response in
COVID-19 patients may be more rapid and severe during the
initial stage of pulmonary infection. In addition to thrombosis
and hemostasis, previous studies report a putative role of
platelets in host defense against infections (43–45). A previous
study using a mouse model reports that platelets migrate to
the microvasculature (46). Migratory phenotype contributes
to mechano-scavenging and bundling of bacteria and boosts
innate immunity in a mouse model of severe bacteremia (46).
Moreover, human and murine platelets are induced by a range
of antimicrobial compounds, especially platelet microbicidal
proteins to exert direct microbicidal activity (43). These findings
make it challenging to interpret the impact of platelet activation
and depletion in COVID-19 patients. Reports from observational
studies during the early days of the outbreak in China and other
countries show a significant change of platelet response (from
excessive activation to depletion) during the progression of severe
COVID-19 cases (15, 47).

At the early phase of infection, SARS-CoV-2 invades
the lung tissue of the host, which may activate platelets
through changes in gene expression (15, 42). Platelets detect
invading pathogens through a broad array of receptors and
elicit interaction with immune cells (neutrophils, monocytes,
and lymphocytes) (15). Activated platelets then exhibit an
augmented aggregation capacity by upregulating membrane P-
selectin level, which enhances interactions and aggregation with
neutrophils, monocytes, and T cells, through mitogen-activated
protein kinase (MAPK) pathway activation and thromboxane
generation (15).

Lungs and bone marrow are the main sources of
compensatory production of platelet consumption in a
variety of thromboembolic disorders (42). During infection,
neutrophil extracellular trap formation, platelet aggregation,
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FIGURE 1 | The potential pathophysiological evolutions underlying severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, linking pulmonary

inflammation, multiple organ failure, and thrombosis and coagulopathy. The potential pathophysiological evolutions underling SARS-CoV-2 infection was summarized

as the following three stages: infection, hypercoagulation, and thrombosis, coagulopathy (bleeding tendency), and multiple organ failure. First, the SARS-CoV-2 could

transmit through the respiratory tract in the infected host by angiotensin-converting enzyme 2 (ACE-2) in the epithelial cells in the trachea or lung tissues. The viral

proliferation and dissemination within the lung tissue lead to in situ endothelial cell injury and platelet and immune system activation. Second, endothelial dysfunction

[upregulation of vascular endothelial growth factor receptor 1 (VEGF-1) and downregulation of E-cadherin] elicits the inflammation response and platelet activation to

seal the damaged endothelium. Platelet activation was mediated by mitogen-activated protein kinase (MAPK) pathway activation and thromboxane generation, which

further induces neutrophil extracellular trap (NET) formation, contributing to the microthrombus with fibrin. Additionally, immune defense and cytokine storm also

participate in this process by means of immunothrombosis. This process is characterized by upregulation of tumor necrosis factor-α (TNF-α), monocyte chemotactic

protein 1 (MCP-1), intercellular cell adhesion molecule-1 (ICAM-1), caspase-1, interleukin-6 (IL-6), IL-8, C-reactive protein (CRP), interferon (IFN), C5a, procalcitonin

(PCT), etc. Antiplatelet therapy is of therapeutic potential at this stage. Third, coagulopathy (bleeding tendency) was associated with endothelial dysfunction,

coagulation factor depletion (including fibrinogen and others), and platelet consumption. Finally, all of these changes in COVID-19 drive the progress of multiple organ

failure (MOF), including brain, heart, lung, liver, and kidney.

and microthrombus formation reduce tissue perfusion and
aggravate inflammation and endothelial injury by activating
leukocyte signaling (48). A previous study showed that a high
bleeding rate in critically ill COVID-19 patients (7.6 vs. 3.1%)
was positively correlated with peak D-dimer levels and negatively
correlated with platelet counts (49). Replenishment of circulating
platelets is a fine-tuned process determined by the dynamic
balance between platelet consumption and production. In severe
pulmonary inflammatory response, such as SARS and COVID-
19 cases, virus proliferation and dissemination within the lung
tissue may directly contribute to in situ activation of lung
megakaryocyte-derived platelets or have a direct impact on lung
megakaryocytes. This may lead to changes in gene expression
profile of platelets as observed in COVID-19 patients (15). If this
response is not resolved within the lung tissue, platelet activation
and ensuring microthrombus formation in lung vasculature
would further aggravate pulmonary inflammation. Systemic
endothelitis caused by dissemination of SARS-CoV-2 then
elicits a second wave of platelet activation in extrapulmonary

organs. The second wave leads to a more severe form of platelet
activation resulting in consumptive thrombocytopenia (18).
Therefore, there is a critical transition in which the beneficial
effect of antiplatelet therapy at an early stage of COVID-19 can
be attenuated or may have severe effects by aggravating bleeding
when clinically significant thrombocytopenia develops.

Immune Defense and Cytokine Storms
Activation of the immune system, which includes production
of cytokines, immune complements, and various immune cells,
plays an important role in fighting SARS-CoV-2 infection
(41). Immune response is always a double-edged sword.
Under inflammatory conditions in COVID-19 patients,
immunothrombosis, which contains invading pathogens driven
by platelets, neutrophils, and the coagulation cascade, is a
central pathogenic factor linking respiratory failure and systemic
hypercoagulation (50). In addition, immunothrombosis leads
to vessel occlusion and tissue hypoxia, which may enhance
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the inflammatory response. COVID-19 patients with loss-of-
function variants of Toll-like receptor 7, which mediates type I
interferon and interferon-γ production, show poor prognosis
and subtle subsegmental pulmonary embolisms (51). These
findings imply that the immune system is closely associated with
thrombosis during SARS-CoV-2 infection.

Recent studies report that the serum of COVID-19 patients
showed elevated cytokine levels (C-reactive protein, IL-6, IL-8,
and monocyte chemotactic protein-1) (41), high complement
levels (C5a) (52), and reduced lymphocyte counts (41). The
negative correlation between high levels of IL-6 or IL-8
and low lymphocyte counts indicates underlying mechanisms
that link these characteristics in severe disease, including
immunothrombosis. This finding is consistent with reports
that treatment of COVID-19 patients with tocilizumab, which
blocks IL-6-mediated signaling, restored circulating levels of
lymphocytes to levels close to normal ranges (53). Enhanced
host immune response plays a pivotal role in inducing
MOF. Therefore, the efficacy of dexamethasone, a nonspecific
immunosuppressant, was evaluated in a large randomized
clinical trial and a meta-analysis in patients hospitalized with
COVID-19 (54, 55). The results showed approximately 30%
reduction in mortality for patients under respiratory support.
Therefore, these findings imply that excessively activated host
immune response aggravates COVID-19-associated MOF.

ANTITHROMBOTIC THERAPY IN COVID-19
PATIENTS TREATED WITH
PERCUTANEOUS CORONARY
INTERVENTION

During the COVID-19 global pandemic lockdown period, the
number of patients presenting with acute coronary syndrome
(ACS) and emergency coronary procedures reduced significantly
in Europe (56–58), the USA (59, 60), and Asia (61). However,
ACS patients were the main target population among patients
with coronary heart disease in cardiology departments during
the COVID-19 epidemic compared with patients with chronic
coronary syndrome (62). At the beginning of the COVID-
19 outbreak, the number of admitted ACS patients in most
world regions significantly reduced. Clinical management of
ACS during this period was characterized by a decrease in
hospitalization rate [−48.4% in Italy (57)], a decrease in PCI
rate [−24% in China (61), −43% in Hubei (61), −32% in
Italy (63)], and an increase in thrombolytic rate [+66% in
China (61), +378% in Hubei (61)]. A recent study in UK
showed that a reduction in ACS hospitalization by 40% from the
initial days of the COVID-19 outbreak was gradually decreasing
to a 16% reduction in May 2020 (64). The number of PCI
procedures decreased in both ST-segment elevation myocardial
infarction (STEMI) and non-STEMI patients (−21 and −37%,
respectively) (64). Furthermore, STEMI patients with COVID-
19 showed a higher thrombus load, with 17.9% of these patients
presenting with multiple thrombus formation (65). In addition
to ensuring timely and effective revascularization of ACS patients
(especially STEMI patients), the control of COVID-19 infection

in ACS patients is important. Different countries have different
views on treatment approaches of ACS patients coinfected
with COVID-19 (66–73). Therefore, there is a need to explore
appropriate treatment measures for ACS patients during the
COVID-19 epidemic.

Coronavirus Disease 2019-Related Delay:
The Dilemma for Pre-hospital Management
of Acute Coronary Syndrome
Early diagnosis and timely management are critical in reducing
morbidity and mortality related to ACS. Ischemic time duration
is a major determinant of infarct size in patients with STEMI.
Current delays in COVID-19 testing, termed as “COVID-19-
related delay,” may contribute to total ischemia time (74). Tam
et al. (75) reported that median pre-hospital delay increased from
82.5 to 318min and door to device time increased from 84.5 to
110 min.

Primary Percutaneous Coronary
Intervention or Thrombolysis: The Choice
of Optimal In-hospital Treatment of Acute
Coronary Syndrome
Recent studies showed that patients with STEMI presenting
with concurrent COVID-19 present with unique findings
during coronary angiography (65, 76). A study carried out in
Italy reports that 11 patients (39.3%) out of 28 COVID-19
patients admitted for STEMI showed no obstructive coronary
artery disease (76). Another single-center study from UK
comprising 115 consecutive STEMI patients with confirmed
concurrent COVID-19 reported significantly higher rates of
multivessel thrombosis, stent thrombosis, and glycoprotein
IIb/IIIa inhibitor use (65). Notably, these findings were
based on small observational studies. However, angiographic
manifestations require a dedicated diagnostic approach and a
modified antithrombotic regimen for this special population.

While primary PCI remains the treatment of choice for
STEMI, the balance between exposure risk of medical staff
and benefit of patient from thrombolysis should be considered
in certain circumstances. Strategic Reperfusion Early After
Myocardial Infarction study demonstrated that even a single
hour of delay may affect the effectiveness of primary PCI
compared with thrombolysis (77).

In China and Iran, thrombolytic therapy is recommended
over primary PCI for STEMI management if COVID-19 was
confirmed or could not be excluded within a short time. On
the other hand, SARS-CoV-2 infection is excluded first for
non-STEMI and unstable angina pectoris approaches (66–69).
Conversely, organizations from the United States (72), Europe
(73), Australia, and New Zealand (70) recommend the use of
existing primary PCI protocols for STEMI patients except for
confirmed COVID-19 patients and persons under investigation
or cases in which primary PCI could not be performed within
required time frames. Moreover, previous studies recommend
that coronary angiography should be performed prior to
discharge after the patient has stabilized from COVID-19 (78).
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Periprocedural Anticoagulant Therapy:
Intensified and Prolonged
A high risk of thrombotic complications in patients with
COVID-19 complicates the dosage of anticoagulation in
hospitalized patients with COVID-19 (25). Anticoagulation is
recommended for patients with thrombotic complications in
addition to antiplatelet therapy during primary PCI (79, 80).
In addition, routine use of unfractionated heparin (I, C) and
enoxaparin intravenous (IIa, A) should be considered (79). In
patients with heparin-induced thrombocytopenia, bivalirudin is
recommended as an anticoagulant agent during primary PCI (I,
C) (79). The optimal dosage of anticoagulants (conservative or
radical) in COVID-19 patients should be personalized based on
inflammatory state and a hypercoagulable state of the patients.

The 2018 European Society of Cardiology guideline
does not give guidelines on routine post-procedural
anticoagulant therapy after primary PCI (79). STEMI
patients should receive at least 48 h of anticoagulation
therapy after intravenous thrombolysis (80). Introduction
of post-procedural anticoagulation and prolongation of
anticoagulation therapy is required to counterbalance the
COVID-19-related systemic hypercoagulability after primary
PCI and intravenous thrombolysis for COVID-19 patients.
Notably, these therapy approaches may increase the risk of
heparin-induced thrombocytopenia (81).

Dual Antiplatelet Therapy: The Choice of
Optimal P2Y12 Inhibitor
In a previous prospective study, our group summarized reports
on thrombotic and bleeding incidence from early findings
of COVID-19 outbreak and reported on the pros and cons
of antithrombotic treatment for patients following PCI (16).
The findings from this review add more information on
the use of antithrombotic treatment in COVID-19 patients.
Notably, the time of initiating an antithrombotic regimen
should be considered. In the early phase of COVID-19, platelet
inhibition by dual antiplatelet therapy (DAPT) may suppress the
hyperactivation state of platelets probably through inhibition of
in situ platelet activation in lung vasculature (15, 42). Antiplatelet
agents used at this stage affect intravascular fibrin and thrombus
formation, thereby preventing secondary fibrinolysis and
coagulation factor depletion. Notably, observational studies
report that pre-hospitalization aspirin use is associated
with lower mortality in patients with community-acquired
pneumonia (100mg) (82) and ARDS (75–300mg) (83). On
the contrary, findings from a randomized clinical trial show
that aspirin administration after admission (325mg loading
followed by 81mg daily for 7 days) does not prevent the
development of ARDS (84). In addition, the choice of antiplatelet
agents with different intensity modulates the effectiveness of
antithrombotic treatment. An observational study showed
that pre-hospital exposure to clopidogrel is associated with
an increased risk for community-acquired pneumonia (85).
Most patients treated with clopidogrel would receive aspirin.
Therefore, it is difficult to draw a conclusion that P2Y12 inhibitor
is harmful in terms of pneumonia prevention. However, higher

intensity of platelet inhibition may lead to the suppression of
antimicrobial effect of platelets. Furthermore, discontinuation
of aspirin 1 to 3 months after PCI with continued P2Y12

inhibitor monotherapy significantly reduces the risk of major
bleeding by 40∼50%, with no increased risk of major adverse
cardiovascular events, compared with traditional DAPT (86).
Therefore, continued P2Y12 inhibitor monotherapy may be
relatively safe after PCI in COVID-19 patients with a higher
risk of bleeding. Ticagrelor, a unique P2Y12 inhibitor, has an
additional target of inhibition, the equilibrative nucleoside
transporter 1; therefore, it results in higher antiplatelet effects
and antibacterial activity (87). Moreover, a clinical benefit of
ticagrelor in the management of pneumonia by preventing
sepsis complications and reducing lung injury was reported
in the recent XANTHIPPE (Targeting Platelet-Leukocyte
Aggregates in PneumoniaWith Ticagrelor) trial (88) and PLATO
study (89). Furthermore, clinicians should carefully evaluate
platelet counts and levels of other hematological parameters
when describing antiplatelet agents. Both primary (idiopathic
thrombocytopenic purpura) and secondary thrombocytopenia
(enhanced consumption) are associated with an increased
risk of infection (including pneumonia) (90), poor outcomes
associated with pneumonia (91, 92), and increased mortality
for ARDS (93). Individuals who are thrombocytopenic lose the
ability to deposit fibrinogen and fail to seal damaged pulmonary
vasculature (94). Therefore, platelets are potential therapeutic
targets to help predict the onset of ARDS. Currently, there are
no available studies on prolongation and intensified antiplatelet
therapy in reducing COVID-19-related thrombosis and MOF;
therefore, antiplatelet therapy, especially ticagrelor, following
PCI should be maintained. However, a study carried out on
East Asian populations showed a significantly higher incidence
of clinical bleeding in the ticagrelor group compared with that
in the clopidogrel group (11.7 vs. 5.3%; hazard ratio, 2.26;
95% confidence interval, 1.34–3.79; P = 0.002) (95). A recent
study from the SWEDEHEART Registry reports that ticagrelor
use among elderly ACS patients is associated with a higher
risk of bleeding (hazard ratio, 1.48; 95% confidence interval,
1.25–1.76) and death (hazard ratio, 1.17; 95% confidence
interval, 1.03–1.32) compared with the use of clopidogrel (96).
Therefore, ticagrelor should not be prescribed to the elderly and
East Asian populations. Moreover, the balance between platelet
consumption and production, host immune response, and the
fact that the clinical benefit of DAPT in the context of COVID-19
is dependent on the severity of the disease should be considered
during treatment.

Prognosis of Acute Coronary Syndrome
Patients Presenting With Concurrent
Coronavirus Disease 2019
Currently, the long-term impact of COVID-19-related
endothelial activation, hypercoagulability, microvascular
thrombosis, and myocardial injury is not well-known (97).
Previous studies report that multiple imaging techniques can
accurately assess cardiovascular conditions in COVID-19
patients (98–101). Cardiac nuclear magnetic resonance in
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patients recovering from COVID-19 infection shows myocardial
involvement (mainly myocarditis, including myocardial edema,
fibrosis, and impaired right ventricular function) (99–101).
Interestingly, a 12-year follow-up survey of 25 patients who
recovered from SARS-CoV infection showed that 68% of these
patients had hyperlipidemia, 44% had cardiovascular system
abnormalities, and 60% had glucose metabolism disorders
(102). SARS-CoV-2 and SARS-CoV mechanism of infection
and systemic involvements are similar; therefore, long-term
prognosis of COVID-19 patients should be explored.

Zhang et al. (103) reported that in-hospital use of statins
among 13,981 cases of COVID-19 was significantly associated
with a lower risk of death (5.2 vs. 9.4%, adjusted hazard
ratio of 0.58) and less inflammatory response during the
entire hospitalization period compared with non-statin use. This
finding implies that statin plays a protective role in the acute
management of COVID-19 by protecting vascular endothelium
and regulating immunity (104).

CONCLUSION

Findings from clinical observations and autopsy studies show
a complex chain of events preceding COVID-19-related
death. The adverse event chain starts with viral infection and
proliferation, followed by endothelial dysfunction induced
by local and systemic viral dissemination. Further, platelet
activation, thrombosis, and platelet and coagulation factor

depletion occur leading to MOF and life-threatening bleeding.
Patients treated with PCI and patients on antithrombotic
treatment should undergo post-procedural anticoagulation and
prolonged anticoagulation following intravenous thrombolysis
and standard DAPT treatment to reduce the risk of thrombotic
complications during early-to-mid stages of COVID-19
progression. Pros and cons of these antithrombotic treatment
regimens should be evaluated in an individualized manner in
cases of clinical thrombocytopenia (induced either by platelet
consumption or by heparin) and/or bleeding complications.
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Importance: Severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2)-associated cardiac injury has been postulated secondary to several

mechanisms. While tissue diagnosis is limited during the acute illness, postmortem

studies can help boost our understanding and guide management.

Objective: To report the cardiac tissue autopsy findings in coronavirus disease 2019

(COVID-19) decedents.

Evidence Review: Articles published in PubMed and Embase reporting postmortem

cardiac pathology of COVID-19 decedents till September 2020. We included adult

studies excluding preprints. The Joanna Briggs Institute Critical Appraisal Checklist for

Case Reports was used to assess quality. We extracted gross and histology data as well

as the incidence of myocarditis, cardiac ischemia, thrombosis, and dilatation. We also

looked at the reported cause of death (PROSPERO registration CRD42020190898).

Findings: Forty-one relevant studies identified including 316 cases. The deceased

were mostly male (62%) and elderly (median age, 75; range, 22–97 years). The most

common comorbidities were hypertension (48%) and coronary artery disease (33%).

Cardiac pathologies contributed to the death of 15 cases. Besides chronic cardiac

pathologies, postmortem examination demonstrated cardiac dilatation (20%), acute

ischemia (8%), intracardiac thrombi (2.5%), pericardial effusion (2.5%), and myocarditis

(1.5%). SARS-CoV-2 was detected within the myocardium of 47% of studied hearts.

Conclusions and Relevance: SARS-CoV-2 can invade the heart, but a minority

of cases were found to have myocarditis. Cardiac dilatation, ischemia, mural, and

microthrombi were the most frequent findings. The systematic review was limited by the

small number of cases and the quality of the studies, and there is a need to standardize

the cardiac postmortem protocols.

Keywords: COVID-19, SARS-CoV-2, post-mortem, cardiac injury, autopsy
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KEY POINTS

• Question: What are the pathological cardiac findings in
postmortem autopsies of COVID-19 patients?

• Findings: The systematic review included 41 studies and 316
cases. Apart from chronic pathological findings, postmortem
examination demonstrated cardiac dilatation (20%), acute
ischemia (8%), intracardiac thrombi (2.5%), pericardial
effusion (2.5%), and myocarditis (1.5%). SARS-CoV-2 was
detected within the myocardium of 47% of studied hearts.

• Meaning: The main pathological findings in patients dying
during the acute COVID-19 illness were cardiac dilatation,
ischemia, and (micro)thrombosis. Myocarditis was a rare
finding in this cohort of patients.

INTRODUCTION

While coronavirus disease 2019 (COVID-19) primarily affects
the lungs, it is increasingly recognized as a multiorgan
disease. The underlying mechanism may be direct viral
invasion or secondary to the systematic effect of the
infection (e.g., hypoperfusion, hypoxia, massive inflammatory
response/cytokine storm).

Cardiac comorbidity and standard coronary risk factors (e.g.,
obesity, diabetes, and hypertension) are associated with adverse
outcomes among patients with COVID-19 (1). COVID-19 is
also associated with release of the highly specific marker of
myocardial cell death—Troponin. Where this is tested in all
hospitalized patients, the prevalence of elevated Troponin has
been reported in up to 71% and is a predictor of outcome (40%
mortality vs. 8% in those without myocardial injury) (2). A recent
meta-analysis of published retrospective observational studies
identified a positive troponin in 27% of 1,550 patients, with a
similar impact on increased mortality and increased probability
of needing intensive care (3).

Acute setting cardiac imaging (mainly echocardiography),
while a valuable tool to assess the cardiac function and
structure, suffers many limitations (4). Endomyocardial biopsies
(EMBs) are rarely performed due to logistics and infection
control reasons.

Postmortem examination (PM) is a valuable resource to
understand the pathophysiology, cause of death, and the extent
of organ involvement. Lessons from previous infectious diseases
[e.g., human immunodeficiency virus (HIV)] have demonstrated
the benefit of PMs (5).

To date, single case reports to modest-sized autopsy series
have failed to clarify the nature of cardiac involvement.
Histological findings vary from interstitial edema with or without
myocarditis (6), lymphocytic endothelialitis (7), microvascular
microthrombi and venous thrombosis (8), to extensive interstitial
fibrosis with no endothelialitis (9), and no evidence of
myocarditis (10). Optimal management depends on knowledge
of the mechanism of myocardial injury, as the treatment and
required follow-up will differ among the various pathologies
outlined above.

To gain a better understanding of the prevalent cardiac
findings in patients dying of COVID-19—we undertook a

systematic review of all reported autopsies that included
cardiac findings.

METHODOLOGY

A protocol of a systematic review was registered on PROSPERO
database (CRD42020190898) on the 23rd June 2020. The aim
was to investigate autopsy findings for patients who died from
a confirmed COVID-19 infection (https://www.crd.york.ac.uk/
prospero/display_record.php?RecordID=190898).

An initial systematic search was conducted through the
NHS Healthcare Databases Advanced Search tool (HDAS) on
7th of June 2020 for published articles in PubMed and
Embase databases. The search strategy is shown in Table 1. An
electronic search alert was set to identify any new study on
the EMBASE database through Healthcare Databases Advanced
Search (HDAS) (option not available for PubMed) till the 21st of
September 2020. The search was done by AR and included the
period from 1st January 2019 to the search date. AR screened
the references for additional articles. We identified 88 articles
that reported PM tissue pathology. AR reviewed the full-text
to retrieve articles which reported PM cardiac pathology. We
reviewed only published articles in journals (excluding pre-
prints) in the English language and included humans since 2019
(Figure 1: PRISMA diagram). Articles or cases with duplicate
reporting have been excluded to the best of our knowledge. AR
assessed the quality of the case series studies using the Joanna
Briggs Institute Critical Appraisal Checklist for Case Reports (12)
(Supplementary Table 2). SZ and AR extracted the data from the
included studies. Any conflict was resolved by discussion and
mutual agreement.

Patient, Intervention, Comparison, and
Outcome (PICO) Statement
Patient
Adult patients (≥18 years old) who died and had a laboratory
confirmation of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection.

Intervention
None.

Comparison
None or other patients who died from another cause.

Outcome
Pathological description of PM cardiac involvement.

RESULTS

Search Strategy
The search resulted in 226 titles. After duplicate removal of
and title screening, we screened the full text of 108 articles
(52 from weekly alerts) that yielded 88 articles reporting
PM tissue pathology. Among those, 41 studies reported PM
heart examination and included 336 cases (Figure 1). Studies
were mostly case reports (n = 13) or case series (n = 24),
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FIGURE 1 | PRISMA 2009 flow diagram. Adapted from (11).

while three studies compared cases to controls (6–10, 13–48)
(Table 2, Figure 2). Authors reported cases from 14 countries,
mostly developed westernized ones (Supplementary Table 1).
Two studies reported on the same population, with one mainly
focusing on PM cardiac examination (22, 23). The quality of the
included studies was mostly moderate (Supplementary Table 2).

We analyzed the PM cardiac histopathology for 316 cases
[after excluding cases unconfirmed as COVID-19 (n= 6) or with
no PM cardiac tissue examination (n= 14)].

General Characteristics of the Studies
Study characteristics and pathological findings are
detailed in Supplementary Tables 1, 2, respectively.
Cases were predominantly male (172/275, 62%). The
deceased were mostly elderly [median: 75 years;
interquartile range (IQR), 63–84 years; range, 22–
97 years, n = 228] and overweight [body mass
index (BMI): median, 27; IQR, 22.9–34.7 kg/m2;
range= 15.4–61.2 kg/m2, n= 148).
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TABLE 1 | Search strategy.

Search Query

PubMed

#1 (COVID*).ti,ab

#2 (SARS-CoV-2).ti,ab

#3 (Coronavirus 2019).ti,ab

#4 (nCOV 19).ti,ab

#5 (1 OR 2 OR 3 OR 4)

#6 (autopsy).ti,ab

#7 (necropsy).ti,ab

#8 (post-mort*).ti,ab

#9 (postmort*).ti,ab

#10 (histolog*).ti,ab

#11 (6 OR 7 OR 8 OR 9 OR 10)

#12 (5 AND 11)

Embase

#13 (COVID*).ti,ab

#14 (SARS-CoV-2).ti,ab

#15 (Coronavirus 2019).ti,ab

#16 (nCOV 19).ti,ab

#17 (13 OR 14 OR 15 OR 16)

#18 (autopsy).ti,ab

#19 (necropsy).ti,ab

#20 (post-mort*).ti,ab

#22 (postmort*).ti,ab

#23 (histolog*).ti,ab

#24 (18 OR 19 OR 20 OR 21 OR 22)

#25 (17 AND 23) [DT 2019–2020] [English language]

[Human age groups Adult 18–64 years OR Aged

65+ years] [Humans]

Comorbidities
Cardiovascular comorbidities were prevalent, most commonly
hypertension (n= 152, 48.1%), coronary artery disease (CAD) (n
= 105, 33.2%), cardiomyopathy and heart failure (n= 68, 21.5%),
and atrial fibrillation (AF) (n = 35, 11.1%). Other comorbidities
included chronic respiratory diseases (n = 91, 28.7%), diabetes
mellitus (n = 81, 25.6%), chronic kidney disease (CKD) (n = 53,
16.7%), dementia (n= 40, 12.7%), and cancer (n= 39, 12.3%).

Timing
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).
The median time interval between death to PM autopsy was
1.2 days (n= 31).

Pathological Findings
Cardiac abnormalities either on gross pathology or histology
were identified in almost all cases. Most autopsies demonstrated
chronic cardiac pathologies [hypertrophy (n = 85), fibrosis (n
= 72), and amyloidosis (n = 11)], which may have contributed
to the increased heart weight where this was reported (median,

455 g; IQR, 399–576 g; range, 250–1,070 g, exceeded normal
range in 39/44 (normal reference: male, 270–360 g; female, 200–
280 g)] (47).

While myocardial fibrosis was identified in only 72 cases, in
a series where this was specifically reported, the prevalence was
high (9, 10). Myocyte and ventricular wall hypertrophy were
reported in 85 cases, again highly prevalent where specifically
reported (18). Significant cardiac dilatation/cardiomegaly was
described in 66 cases (10, 14, 15, 21, 24, 27, 30).

Overall changes consistent with cardiac ischemia and
thrombosis were the most frequently reported acute findings.
Acute myocardial ischemia was evident in 25 cases either in the
form of acutemyocardial infarction (MI) (n= 11) ormicroscopic
evidence of acute or early ischemia (n = 14). Moreover, fibrin
microvascular thrombi were identifiable in 27 cases (6, 8, 35, 36,
42, 47, 48). Thrombi in cardiac veins were described in three
cases (8, 10). Lastly, there was eight cases with mural thrombi
including the heart valves (n= 3) and the right atrium (RA) (n=
1) (10, 35, 47, 48).

Viral Invasion of Myocardium
Twelve studies explored the presence of SARS-CoV-2 within
the myocardium using different techniques (Table 2) (8, 9, 17,
19, 23, 24, 29, 30, 39, 41, 44, 48). In those studies, SARS-
CoV-2 was detected in 50 of 105 hearts (47%). However, clear
myocarditis meeting the Dallas criteria was described in only
five cases (6, 9, 17, 22). In an additional 35 cases, minimal
lymphocytic (n = 33) or mononuclear infiltration (n = 2) not
meeting the criteria for myocarditis was identified (13, 15, 27, 28).
In three cases, authors attributed those changes as consistent with
ischemic damage response (28). Overall, lymphocytic infiltration
was scarce but can be detected in any of the pericardium,
myocardium, epicardium, or endothelium. Lastly, pericardial
affection was described in the form of pericardial effusion (n= 8)
and pericarditis (n= 5, one had chronic pericarditis).

Cause of Death
The cause of death was reported for 190 cases and,
for the majority of these, was respiratory in origin
(Supplementary Tables 1, 2). However, cardiac contribution to
death was mentioned for 15 cases while pulmonary embolism
(PE) was mentioned in eight cases.

DISCUSSION

Our review confirms that among patients dying from COVID-
19, cardiac abnormalities are prevalent, but that specific
changes of acute myocarditis are uncommon (1.5% of cases).
Myocardial ischemia, thrombosis, and cardiac dilatation were
the most dominant acute findings (Figure 2). Prevalence of
the non-specific myocardial edema (ME) was 100% in the
six studies reporting it (6, 15, 19, 35, 44, 45). The highly
prevalent chronic cardiac pathologies not only reflect the
impact of cardiac comorbidities but also complicated the
histopathological interpretation.
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TABLE 2 | Postmortem pathology findings in the included studies.

References Number

of cases

Autopsy technique Time from death

to autopsy

Postmortem pathology Cause of death

Gross pathology/heart weight Histology and microscopy Tissue SARS-CoV-2 Myocarditis (n) Acute

ischemia

(n)

Duarte-Neto et al.

(6)*

10 Ultrasound-guided

minimally invasive autopsy

N/A N/A Related to comorbidities: (n)

• Cardiomyocytes hypertrophy (9)

• Myocardial fibrosis (9)

• Previous MI (4)

Acute:

• Mild lymphomononuclear myocarditis (2)

• Fibrin microthrombi (2)

• Interstitial edema (9)

N/A 2 0 N/A

Schaller et al. (13) 10 Autopsy N/A N/A 4/10 mild lymphocytic myocarditis (no true myocarditis)

2/10 epicarditis

N/A 0 0 N/A

Buja et al. (14) 3 Autopsy N/A P1:

• Weight 420 g

• CA: patent with minimal atherosclerosis

• LV wall thickness: 1.1 cm

• RV wall thickness: 0.2–0.3 cm

P2:

• Weight: 1,070 g

• 4-chamber hypertrophy and dilatation

• CA: patent with minimal atherosclerosis

• LV wall thickness: 1.5–1.6 cm

• RV wall thickness: 0.5 cm

P3:

• Weight: 670 g.

• CA: minimal atherosclerosis, widely patent

• Both ventricles were dilated

• Thickness of LV free wall and IVS was 1.6 cm and that

of the RV was 0.3 cm

P1: Microscopy:

• Cardiomyocytes with moderately enlarged

hyperchromatic nuclei

• Individual cardiomyocytes with vacuolar degenerative

change

• No evidence of inflammatory infiltrate indicative

of myocarditis

P2: Histology:

• Epicardial lymphocytic infiltrates

• Cardiomyocyte hypertrophy

• Multifocal interstitial and replacement fibrosis

• Scattered damaged individual cardiomyocytes

• No inflammatory foci indicative of myocarditis

P3:

• Multifocal lymphocytic infiltrates in epicardium

• CMC -enlarged hyperchromatic nuclei

• Individual CMC—changes of acute injury

• No inflammatory cellular infiltrates found

• Prominent foci of CMC disarray—superior portion of

the IVS

• Intramural coronary arteries—intimal and medical

thickening with luminal narrowing

• Both diagnostic features of hypertrophic

cardiomyopathy

• Random sections—sinoatrial and atrioventricular

conduction system—no abnormalities

N/A 0 0 N/A

Yan et al. (15) 1 Autopsy 18 h after death Heart weight: 410 g

Gross:

• Streaking of right atrial wall myocardial tissue: thin

myocardial trabecula alternating with areas of

epicardium lacking underlying myocardial tissue

• No CAD

• LV: No focal lesions suggestive of acute or chronic

hypoxic injury

• RV: dilated

• Mild myxoid edema

• Mild myocyte hypertrophy

• Rare foci of lymphocytes in myocardium

No evidence of viral myocarditis

N/A 0 0 N/A

Lax et al. (10) 11 Autopsy N/A N/A 0 0 (1 venous

thrombus

with no

ischemia)

N/A
P1: Myocardial hypertrophy, myocardial fibrosis, endocardial thrombi LV

P2: Myocardial hypertrophy, coronary small vessel disease myocardial fibrosis

P3: Myocardial hypertrophy, coronary small vessel disease myocardial fibrosis, thrombosis of a myocardial vein

P4: Myocardial hypertrophy, coronary small vessel disease myocardial fibrosis

P5: Myocardial hypertrophy, myocardial fibrosis

P6: Myocardial hypertrophy, myocardial fibrosis

P7: Myocardial hypertrophy, coronary small vessel disease myocardial fibrosis

P8: Myocardial hypertrophy, coronary small vessel disease myocardial fibrosis

P9: Myocardial hypertrophy

P10: Myocardial hypertrophy, coronary small vessel disease myocardial fibrosis, amyloidosis

P11: Myocardial hypertrophy, myocardial fibrosis, Focal lymphocytic infiltrate

• Myocardial hypertrophy 11/11

• Coronary small vessel disease 6/11

• Myocardial fibrosis 10/11

• No viral myocarditis

In 10 patients, both ventricles were massively dilated

In 1 patient, intraventricular endocardial mural thrombi without ischemic changes of adjacent myocardium

No acute myocardial necrosis or inflammatory changes found except 1 patient with focus of fragmented cardiomyocytes with

lymphocytic and granulocytic reaction

(Continued)
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TABLE 2 | Continued

References Number

of cases

Autopsy technique Time from death

to autopsy

Postmortem pathology Cause of death

Gross pathology/heart weight Histology and microscopy Tissue SARS-CoV-2 Myocarditis (n) Acute

ischemia

(n)

Lacy et al. (16) 1 Autopsy with minor

modifications

N/A • Weight: 438 g

• Moderate coronary atherosclerosis in each of the main

coronary distributions, no occlusions or critical

stenoses

• Myocardium: no obvious infarct, firm texture, and

red-brown color.

• LV thickness: 1.2–1.4 cm

• Cardiac valves: normal

• Myocyte hypertrophy

• No acute ischemic changes

• Interstitial and perivascular fibrous tissue

• No viral myocarditis

• Moderate infrarenal aortic atherosclerosis

N/A 0 0 Autopsy: ARDS due to

viral pneumonia due

to COVID-19

Wichmann et al.

(17)

12 Complete autopsy P1: 1 day

P2: 1 day

P3: 2 days

P4: 1 day

P5: 2 days

P6: 1 day

P7: 4 days

P8: 1 day

P9: 4 day

P10: 5 days

P11: 2 days

P12: 3 days

Mean heart weight: 503 g (median, 513 g)

P1: 660 g, eccentric hypertrophy of both ventricles

P2: 515 g, CAD with stenting, post-MI, cardiac aneurysm

P3: 510 g, biventricular hypertrophy, moderate CAD

P4: 605 g, LVH

P5: 360 g, CAD, post-MI

P6: 250 g, normal

P7: 415 g, CAD, moderate hypertrophy, mitral ring

calcification, post MI, pacemaker, lipomatous cordis

P8: 575 g, CAD, post bypass surgery, post-MI cardiac

aneurysm, global hypertrophy

P9: 355 g, left atrial dilatation, CAD, post-MI

P10: 390 g, CAD, post-MI

P11: 650 g, CAD, post aortic valve replacement,

biventricular hypertrophy

P12: 745 g, CAD, hypertrophy

Lymphocytic myocarditis: 1/12 In 5 of the patients, viral

RNA detected in other

tissues (heart, liver, or

kidney) in concentrations

exceeding viremia

1 0 N/A

Menter et al. (18) 21 Full body autopsy in 17

cases

Partial autopsy in some (?)

in-corpore technique

Mean PMI from

death to autopsy:

33.3 h

(11–84.5 h)

• Hypertrophy: 15/21

• Senile cardiac amyloidosis: 6/21

• Peracute myocyte cell necrosis: 3/21 (sequelae of shock)

• Acute MI−1/21

N/A 0 1 (acute MI)

3 peracute

myocyte

cell necrosis

N/A

Varga et al. (7) 3 (1

excluded as

still alive)

Autopsy N/A • No lymphocytic myocarditis

• Endotheliitis

P1:

• Inflammatory cells associated with endothelium and

apoptotic bodies

P2:

• Lymphocytic endotheliitis

• Acute posterior myocardial infarction

• No viral lymphocytic myocarditis

N/A 0 1 (acute

posterior MI)

N/A

Tian et al. (19) 4 (2 heart

biopsies)

Needle core biopsies of

lung, liver, and heart

N/A Heart biopsies obtained from P 1 and 4

Both:

• Focal mild edema

• Interstitial fibrosis

• Myocardial hypertrophy

• No inflammatory cellular infiltration

• Endocardia and myocardia—no inflammatory cellular

infiltration

• Focally, myocardium irregular in shape with darkened

cytoplasm—not sufficient for acute myocardial injury

• Focal interstitial fibrosis, and myocardial hypertrophy

RT-PCR assay for

SARS-COV-2:

Positive for P1 and

negative for P4

0 0 N/A

Barton et al. (20) 2 Autopsy N/A P1:

• Heart weight: 402 g

• No adhesions, effusions, or thrombi

• CAD: marked 2 vessels

P2:

• Heart weight: 372 g

• No adhesions, effusions, or thrombi

• CAD: mild

• Aorta intimal fatty streaking

P1: Microscopic: acute ischemic injury

Abdominal aorta atherosclerosis

no evidence of myocarditis

P2: No myocarditis

N/A 0 1

(microscopic

acute injury)

Autopsy:

P1: COVID-19, with CAD

listed under “other

contributing factors.”

P2: complications of

hepatic cirrhosis,” with

muscular dystrophy,

aspiration pneumonia, and

COVID-19 listed as other

significant conditions

(Continued)
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TABLE 2 | Continued

References Number

of cases

Autopsy technique Time from death

to autopsy

Postmortem pathology Cause of death

Gross pathology/heart weight Histology and microscopy Tissue SARS-CoV-2 Myocarditis (n) Acute

ischemia

(n)

Conde et al. (21) 1 Autopsy N/A • Mild stenosis of aortic valve

• Slight increase LV thickness

• Dilatation of both ventricles

N/A 0 0 Severe bilateral CAP

Edler et al. and

Lindner et al.

(22, 23)

80

(74

pre-mortem

and 6 post-

mortem)

Full autopsy Days: n

0d: 3

1 day: 9

2 days: 19

3 days:14

4 days: 12

5 days: 7

6 days: 1

7 days: 1

8 days: 3

9 days: 3

12 days: 2

15 days: 1

41 days: 1

n/a: 4

P39: MI + cardiac tamponade in 1 case (despite COVID

positive, authors noted death not related to COVID)

P4: A small lymphocytic infiltrate in RV as a sign of

myocarditis Chronic diseases changes—scarring in the

myocardium

SARS-CoV-2 RNA in the

myocardium: 24/39

• Viral load: >1,000

copies per µg RNA:

16/24

• <1,000 copies per

µg RNA: 8/24

• Virus replication:

5/16 (among those

with high viral load of

SARS-CoV-2)

(sub-analysis in

subsequent study)**

1 (RV) 1 See

Supplementary Table 1

Sekulic et al. (24) 2 Autopsy

(P1 autopsy sine brain

and spinal cord)

(P2 chest and abdomen

only per family request)

P1: autopsy 29 h

after death

P2: 39 h after death

P1:

• Heart enlarged

• Weight: 620 g

• Chronic IHD: severe stenosis native CA (left

anterior descending, left circumflex, and right main

CA), patent graft vessels

• Moderately extensive replacement-type

interstitial fibrosis

P2:

• Heart enlarged

• Weight: 560 g

• LV hypertrophy,

• Mild calcified atherosclerotic CAD

• P1: no significant findings

• P2: none described

Lower levels of

SARS-CoV-2 RNA

detected in the heart of P1

0 0 P1: RF due to

SARS-CoV-2

P2: SARS-CoV-2 infection

leading to

respiratory and multiorgan

system failure

Suess et al. (25) 1 Autopsy N/A Accumulation of serous fluids in pericardial cavity (30ml) • Patchy non-specific pericardial infiltration including

lymphocytes and plasma cells

• No neutrophils/granulomas seen

• No inflammatory infiltrate/substantial damage in

the myocardium

N/A 0 0 ARDS due to severe DAD

as a result of severe

infection with SARS

CoV-2.

Aguiar et al. (26) 1 Autopsy N/A • Heart weight: normal for BMI (460 g)

• LV and IVS wall thickness: 1.3 cm

• RV wall thickness: 0.3 cm

• Fatty streaks: anterior interventricular branch of left CA

No signs of cardiac hypertrophy N/A 0 0 Pathology: Pulmonary

changes related to

SARS-CoV-2 and high

fever without secondary

bacterial infection

Fox et al. (27) 10

(African

American)

Autopsy (cardiac

examination in 9 cases)

N/A P2: 420 g

P3: 550 g

P4: 540 g

P5: 480 g

P6: 370 g

P7: 420 g

P8: 450 g

P9: 340 g

P10:600 g

• Myocardium: firm, red-brown, and free of significant

lesions in all patients

• Mild to moderate serosanguinous pericardial and

pleural effusions (n = ?)

• CA: no significant stenosis or acute thrombus

formation

• Most significant was cardiomegaly and RV dilatation.

In several patients, massive dilatation could be seen;

for example, in one case, RV cavity was 3.6 cm in

diameter and the LV was 3.4 cm at its

greatest diameter

Microscopic examination:

• Myocardium: no large/confluent areas of myocyte

necrosis

• Scattered individual myocyte necrosis

• In rare areas, lymphocytes adjacent to, but not

surrounding, degenerating myocytes

• May be early manifestation of viral myocarditis, but no

significant brisk lymphocytic inflammatory infiltrate

suggestive of viral myocarditis

LM: No viral cytopathic

effect, but direct viral

myocardial infection

cannot be ruled out by

this limited examination

0 0 COVID-19 (Withdrawal of

care)

(Continued)
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TABLE 2 | Continued

References Number

of cases

Autopsy technique Time from death

to autopsy

Postmortem pathology Cause of death

Gross pathology/heart weight Histology and microscopy Tissue SARS-CoV-2 Myocarditis (n) Acute

ischemia

(n)

Beigmohammadi

et al. (28)

7 (5 with

cardiac

tissues)

Core

needle biopsies

n/a P1:

• Few scattered lymphocytes and mastocytes without

evidence of myocyte necrosis or degeneration

• No myocarditis

P3:

• All inflammatory cells positive for CD68; but none

stained with CD3

• No myocarditis

• No evidence of myocyte necrosis

• Ischemic process of cardiac muscle highly suggested

P5:

• Severe interstitial infiltration of LCA-positive

inflammatory cells with predominance of CD68

positive macrophages and focal aggregation of CD3

positive T cells

• Histologic evidence of myocyte necrosis including

hyper-eosinophilia and enucleation

• Ischemic necrosis of myocardium should

be considered

P6:

• No interstitial inflammation

P7:

• Majority of inflammatory cells showed

immunoreactivity for CD68 and rare cells positive for

CD3.

• No myocarditis

• No evidence of myocyte necrosis

• item Ischemic process of cardiac muscle

highly suggested

N/A 0 3

(suggested)

N/A

Wang et al. (29) 2 Autopsy P1: 6 h

P2: 9 h

No obvious gross abnormalities • Multifocal myocardial degeneration and myocardial

atrophy and interstitial fibrous tissue hyperplasia

Few scattered CD20-positive B cells and CD3-positive

T cells

No obvious viral infection

in parenchymal cells using

IHC with antibodies

against Rp3-NP.

0 0 Respiratory and

circulatory failure in both

Rapkiewicz et al. (8) 7 vs. 9

controls died

from ARDS

from other

cause

Autopsy + Tissue+ IHC +

EM

N/A In all cases, megakaryocytes associated with fibrin

microthrombi within the cardiac microvasculature

Venous thrombosis in 2 hearts of P3 and P7

P4:

• Focal inflammatory infiltrate composed of

lymphocytes, mixture of Band T cells as per CD20 and

CD3, with CD4 in greater number than CD8

• Associated myocardial necrosis in epi-myocardial

region

• Localized infiltrate

• Diffuse, transmural pallor of the LV. Platelet

microthrombi in the region of inflammation identified

using CD 61

• No granulomas

• Staining for complement (C4d) negative in all

tested cases

P7:

• Intramyocardial venous thrombosis with septal MI

despite only minimal coronary atherosclerosis

• Elevated levels of antiphospholipid IgM Ab

detected postmortem

No viral inclusions on EM

of the heart in any of 4

cases analyzed (P 2, 4, 6,

and 7)

0 MI 1/7

venous

thrombi 2/7

(both high

Troponin but

only 1 with

septal MI on

gross examination)

Early

ischemic

changes 3/7

Mural fibrin

thrombi 2/7

N/A

(Continued)
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TABLE 2 | Continued

References Number

of cases

Autopsy technique Time from death

to autopsy

Postmortem pathology Cause of death

Gross pathology/heart weight Histology and microscopy Tissue SARS-CoV-2 Myocarditis (n) Acute

ischemia

(n)

Bösmüller et al. (30) 4 Autopsy

Tissue for virology and EM

(4 cases)

Autopsy after 48 h

for patient 1 and

within 24 h for P 2,

3, and 4

P1:

• Increased weight: 520 g

• Biventricular dilatation

• Coronary arteries: no sclerosis or signs of ischemia

• Hyperplastic myocardium

P2: weight 527 g

P3: weight 411 g

P4: weight 590 g

Significant levels of

SARS-CoV-2 RNA in the

lungs of all patients by

qRT-PCR, but not in the

hearts

0 0 Clinical

P1: Pneumonia

(Pathology: acute cardiac

failure was considered the

likely cause of death.)

P2: ARDS, liver

failure, shock

P3: ARDS, liver

failure, shock

P4: ARDS, multiorgan

failure

Schweitzer et al.

(31)

1 (and 1

control)

Autopsy N/A • Weight: 340 g

• CA: atherosclerosis with pre-existing narrowing to 50% of

the lumen of both the left anterior descending and right

coronary arteries

• No macroscopic signs of myocardial ischemia

No relevant histological findings (such as contraction band

necroses, infarction, or inflammation) noted

N/A 0 0 N/A

? severe ARDS

Xu et al. (32) 1 PM biopsy samples N/A No obvious histological changes seen in heart tissue N/A 0 0 N/A

Youd et al. (33) 3 Autopsy P1: 5 days

P2: 8 days

P3: 10 days

P1:

• Minimal CA atheroma

P2:

• Enlarged heart

• Weight: 592 g

• CA: minimal atheroma

P3:

• Enlarged heart

• Weight: 582 g

• CA: focal significant stenosis by atheroma

• Old myocardial scarring

No myocarditis N/A 0 0 N/A

Bradley et al. (9) 14 Standard autopsy for 7

cases

In situ dissection for 7

cases (3 cases: fresh

tissue collection)

n/a No endotheliitis and scarce microthrombi (focal pulmonary microthrombi

were identified in five patients)

P1: Interstitial fibrosis, myocyte hypertrophy

P2: Interstitial fibrosis, myocyte hypertrophy, replacement fibrosis

P3: Interstitial fibrosis, myocyte hypertrophy

P4: Interstitial fibrosis, myocyte hypertrophy, replacement fibrosis

P5: Interstitial fibrosis, myocyte hypertrophy

P6: Interstitial fibrosis, myocyte hypertrophy

P7: Interstitial fibrosis, myocyte hypertrophy, vascular predominant

amyloid

P8: Interstitial fibrosis, myocyte hypertrophy, replacement fibrosis

Myocarditis (aggregates of lymphocytes surrounding necrotic myocyte.

SARS-CoV-2S protein immunohistochemistry was negative)

P9: Interstitial fibrosis, myocyte hypertrophy

P10: Interstitial fibrosis, myocyte hypertrophy, replacement fibrosis,

subsegmental pulmonary embolus

P11: Interstitial fibrosis

P12: Interstitial fibrosis, myocyte hypertrophy, replacement fibrosis,

subsegmental pulmonary emboli

P13: Interstitial fibrosis, myocyte hypertrophy, replacement fibrosis,

myocardial amyloid

P14: Interstitial fibrosis, myocyte hypertrophy, replacement fibrosis

Viral RNA detected in the

liver, heart, and blood for

P8 and P13

1 0 See

Supplementary Table 1

Ducloyer et al. (34) 1 Autopsy

PMCT

IHC

48 h • Heart weight: 470 g

• Moderate RV dilatation

• No increase in myocardial wall thickness

• Nonobstructive atherosclerotic plaques in CAs and

aortic bifurcation

• Mild coronary artery atherosclerosis

• No myocarditis

• Scattered wavy fibers

Not done 0 0

(Continued)
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TABLE 2 | Continued

References Number

of cases

Autopsy technique Time from death

to autopsy

Postmortem pathology Cause of death

Gross pathology/heart weight Histology and microscopy Tissue SARS-CoV-2 Myocarditis (n) Acute

ischemia

(n)

Cirstea et al. (35) 1 Autopsy

IHC

N/A Cardiomegaly with dilation of the RV and blood clots in the

heart

• Recent intracardiac thrombosis

• Vascular leukostasis with thrombi formation mainly in the

small subepicardium vessels

• Massive interstitial edema (obliterated the intercalated

disks in between the myocardial cells)

• Occasional scant mononuclear inflammatory cells and

petechial hemorrhages

N/A 0 0

Nicolai et al. (36) 1

(5 cases and

5 controls

but only 1

with heart

tissue)

Autopsy

IHC

N/A N/A Inflammatory microthrombi. Neutrophil extracellular trap-like

structures in heart specimens associated with fibrin

deposition (1/1 patient)

N/A 0 0

Grosse et al. (37) 14 Autopsy N/A • Myocardial hypertrophy (heart weight range, 385–750g):

13/14

• Acute MI in 3/14

• Focal myocardial fibrosis 3/14

• Previous MI in 6 (42.9%)

• Cardiac amyloidosis in 1

• Mild to severe CA atherosclerosis in 14/14:

➣ 2: mild 1-vessel coronary artery disease with 25%

lumen stenosis,

➣ 6: 2-vessel coronary artery disease (25% lumen

stenosis: n = 1; 25–50% lumen stenosis: n = 4;

>75% lumen stenosis: n = 1),

➣ 6: moderate to severe 3-vessel coronary artery

disease (25–50% lumen stenosis: n = 1; 50% lumen

stenosis: n = 1; >75% lumen stenosis: n = 4

• All patients: some mononuclear inflammatory cells in

myocardial interstitium, mainly CD3-positive

T-lymphocytes (ranging in density from 2 to

4 lymphocytes/HPF)

N/A 0 3

Schwenson et al.

(38)

1 Autopsy 4 days Heart enlarged weight: 380 g. RV: normal thickness (3mm)

LV: concentrically hyperplastic (23mm)

Tissue samples normal

No evidence of microthrombosis

N/A 0 0

Remmelink et al.

(39)

17 Autopsy <5 days • Cardiomegaly: 14/17

• Pericardial effusion: 2/17

• Atheromatosis: 8/17 (2- severe)

• Chronic ischemic cardiomyopathy: 15/17

• Acute MI: 2/17

• No evidence of contraction bands or myocarditis

• Cardiac fibrosis: 5/17

• Chronic pericarditis: 1/17

• Abdominal aortic aneurysm: 1/17

Viral RNA detected by

RT-PCR in heart tissue of

14/17

0 2

Okudela et al. (40) 1 Autopsy 13 h N/A No remarkable changes N/A 0 0

Adachi et al. (41) 1 Autopsy 5 h Heart weight: 420 g

RV dilatation, with 10ml of cardiac effusion

No notable changes Not detected in heart 0 0

Nadakarni et al. (42) 26 (focus on

thromboembolism)

Autopsy N/A N/A Microthrombi in heart: 4/26 N/A 0 0

Dalahmah et al. (43) 1 Autopsy 3 h N/A The heart showed LVH, focal subendocardial fibrosis, but

no myocarditis or ischemia

N/A 0 0

(Continued)
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TABLE 2 | Continued

References Number

of cases

Autopsy technique Time from death

to autopsy

Postmortem pathology Cause of death

Gross pathology/heart weight Histology and microscopy Tissue SARS-CoV-2 Myocarditis (n) Acute

ischemia

(n)

Oprinca and Muja

(44)

3 P2: full autopsy

P1 and P3:

thoraco-abdomino-pelvic

autopsies

P1:

24 h

P2:

N/A

P3: N/A

P1:

Weight: 355 g

Dilated cardiomyopathy, LVH, RA, and RV dilatation.

Coronary atherosclerosis but preserved luminal

permeability.

Aortic atherosclerosis

P2:

Weight: 342 g

RA and RV dilatation

No morphological abnormalities of the myocardium, CA,

or aorta

P3:

Weight: 412 g

Ischemic cardiomyopathy

LVH

RA and RV dilatation.

Severe coronary atherosclerosis. Aorto-coronary bypass.

Complicated atherosclerosis

P1:

• Mild to moderate perivascular edema

• Vascular congestion

• Areas of small contraction band-like lesions

• Small number of scattered lymphocytes between the

myocardial fibers

P2:

• Small vessel thrombosis

• Marked vascular congestion

• Mild edema between the muscle fibers

• Myocardial fibers tend to form contraction bands

P3:

• Myocardosclerosis

• Myocardial fibrosis due to old MI

• Mild edema

• Marked vascular congestion

• Acute circulatory disorders

Overall (P1–3)

Small areas of contraction bands and scattered

lymphocytes

No signs of myocarditis

P2, P3: Pulmonary emdotheliitis (mild vasculitic

reaction: lymphocytic invasion of pulmonary vascular

wall with no fibrinoid necrosis)

No microscopic signs of

viral infection of

myocardium

0 0

Wang et al. (45) 1 Percutaneous biopsies

(heart tissue in 1 patient

among 3)

N/A • Old MI

• Hypertrophic myocytes

• Fatty infiltration

• Nuclear pyknosis

• Interstitial edema and fibrosis

• No viral myocarditis

N/A 0 0

Jensen et al. (46) 2 Autopsy 9 days P1: Foramen ovale fully closed. Aorta and its branches:

mild atheroma

P2: Foramen ovale was probe patent

N/A N/A 0

Elsoukkaryet al. (47) 30 Autopsy 5–382 h (median:

43)

Normal weight 2/30: Mean 350 g

Cardiomegaly 28/30: Mean 490 g

Heart Intramyocardial small vessel thrombi: 6/30

Valve-associated thrombi 2/30

Thrombosis and co-existing infarction: 1/30

• Atherosclerosis (>50% stenosis): 17/30

• Myocyte hypertrophy: 24/30

• Myocyte ischemia: 5/30 (1 with acute MI due to

thrombosis into atherosclerotic plaque)

• Interstitial fibrosis: 20/30

N/A 0 5 (1 acute

MI)

Hanley et al. (48) 10 9 full autopsies + 1 limited

biopsy

Median: 6 days • Median weight was high (450 g; IQR, 315–535g)

• LVH: 4/9

• RA thrombus: 1

• Pericardial effusion: 3

• Pericarditis: 2 (1 acute pericarditis + P5 showed florid

fibrinous pericarditis containing fungal hyphae)

• P5: Non-bacterial thrombotic (marantic) endocarditis (no

known history or autopsy findings consistent with

malignancy or chronic disorder associated with

non-bacterial thrombotic (marantic) endocarditis).

Disseminated mucormycosis and numerous other

thrombotic features

• P8: Cardiac amyloidosis and RA thrombosis

• Macroscopic acute coronary thrombosis in right CA: 1/9

• Fibrinous pericarditis

• with fungal hyphae

• Non-bacterial thrombotic endocarditis

• Thrombi in the microcirculation of the heart: 5/9

• CAD: negligible, 3/9; mild, 4/9; moderate, 2/9

• Acute myocardial ischemic damage (<24 h) noted in

patient with acute coronary thrombus

• P2: mottled myocardium and subendocardial contraction

band necrosis; uncertain whether the contraction band

necrosis was related to ischemia or inotropic medication

in the ICU

PCR of viral E gene: 3/5

(P1,P2,P4)

Sub-genomic viral RNA

transcripts: 2/5 (P1, P2)

0 1 (± 1 with

band

necrosis of

unknown

etiology)

*Among 10 cases, one COVID-19 diagnosis based on radiological and pathological findings.

**A subanalysis of cardiac tissue histopathology had been subsequently published (37).

Ab, antibodies; ARDS, acute respiratory distress syndrome; BMI, body mass index; CA, coronary artery; CAD, coronary artery disease; CAP, community-acquired pneumonia; CMC, cardiomyocytes; DAD, diffuse alveolar damage;

EM, electron microscopy; ICU, intensive care unit; IHC, immunohistochemistry; IVS, interventricular septum; LM, light microscopy; LV, left ventricle; LVEF, left ventricular ejection fraction; LVH, left ventricular hypertrophy; MI, myocardial

infarction; MR, mitral regurgitation; P, patient; PAD, peripheral arterial disease, PE, pulmonary embolism; PM, postmortem; PMI, postmortem interval; RA, right atrium; RF, respiratory failure; RV, right ventricle.

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
1
|
V
o
lu
m
e
7
|A

rtic
le
6
2
6
9
7
5

332

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


Roshdy et al. Heart Autopsies in COVID−19

FIGURE 2 | Doughnut chart showing the reported post-mortem acute and chronic pathologies. AMI, Acute myocardial infarction; PE, pericardial effusion; PFO, patent

foramen ovale. The data labels show the number of reported acute or chronic pathologies, note that they can overlap in the single patient. Chronic pathologies include

hypertrophy and amyloidosis, while myocardial fibrosis, pericardial effusion and dilatation can be acute or chronic. The rest are considered as acute pathologies.

Role of Ischemia, Endotheliitis, and
Hypercoagulability
The most alarming finding is the intracardiac, coronary arterial,
and venous thrombosis, which may be in part explained
by the COVID-19-associated coagulopathy (CAC). Myocardial
ischemia can be further aggravated by the frequent pre-existing
CAD and myocardial supply–demand mismatch.

By means of its receptor, SARS-CoV-2 can directly invade
the endothelium leading to endothelial cell (EC) inflammation
(i.e., endothelialitis), dysfunction, and death (49). Endothelial
dysfunction can also result from an inappropriate immune and
cytokine response. Endothelialitis, and hence EC dysfunction,
subsequently induces a procoagulant state (CAC), loss of barrier
function, inflammatory tissue infiltration, edema, and injury
(49, 50). Cardiovascular comorbidities are usually associated with
chronic EC dysfunction, which can explain the worse outcome
when further acute insult is superadded.

However, endothelialitis was not a consistent finding in
our reviewed studies but, when detected, was associated with
microthrombi and had multiorgan distribution. Varga et al.
showed multiorgan endotheliitis in all three studied cases
(7). Ackermann et al. showed widespread endotheliitis and
capillary thrombosis in COVID-19-affected lungs in a much
more common prevalence than in non-COVID acute respiratory
distress syndrome (ARDS) lungs (51). In contrast, Bradley et al.
concluded not only no evidence of endothelialitis but also little
evidence of cardiac microthrombi (9). Rapkiewics et al. noted
no endothelial abnormalities but a platelet-rich microthrombi
in all seven hearts examined, despite anticoagulation (8). It
appears that alternate mechanisms of ischemia overlap, and while
anticoagulation may be highly relevant in limiting pulmonary

thrombosis, this may be less likely to significantly ameliorate any
cardiac contribution to poor outcomes. Nicolai et al. highlighted
thrombi to be rich in platelets, fibrin, and neutrophil extracellular
traps (NETs), while Jensen et al. described platelet-rich cerebral
microangiopathy (36, 46). The role of NET and platelets may
be significant and could support other potential therapies (e.g.,
antiplatelet therapy).

Chamber Dilatation and Myocardial Edema
Heart weight exceeded the normal range in 90% of cases
reflecting a combination of chronic pathologies (e.g.,
hypertrophy), myocardial edema (marker of injury), and
chambers dilatation. The observed cardiac dilatation (especially
of the right heart) may be long standing or acute and hence
relate to preload or afterload (pulmonary hypertension) changes
occurring during the acute illness and its treatment.

ME reflects myocardial tissue response to most types of injury
and hence its nonspecificity. Ischemia, septic cardiomyopathy,
viral, or inflammatory infiltration can all contribute to it.
Schmittinger et al. showed ME in 90% of PM septic hearts in
a patchy distribution (median of 25% of tissue sections) (52).
Of note, ME can reflect an early tissue change after insult (as
early as 3min in the setting of ischemia due to the disruption
of the Na+/K+ pump) (53). Detecting ME has therapeutic
implications, as it causes less energetic efficiency, arrhythmias,
and reduced cardiac wall compliance. All of these are expected
to impair systolic and diastolic function and can ultimately lead
to fibrosis (53, 54). While cardiac MRI (CMR) can detect it in
vivo, histological diagnosis remains technically challenging (53).
This challenge, combined with the lack of standardized protocol
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guidelines for PM cardiac pathology reporting, may mean that
ME was overlooked in many of the published reports.

Myocardial Fibrosis
Myocardial fibrosis was reported in nearly a quarter of cases. It
is the end result of cardiac injury arising from different acute or
chronic mechanisms. Cytokines were also implicated in cardiac
fibroblast activation (55, 56).

The interpretation in COVID-19 is difficult and depends on
many factors. It can reflect a chronic or a de novo subacute
process. Aging and many reported comorbidities are strongly
associated with fibrosis (56). Of note, amyloidosis (a pathology
associated with fibrosis) was described in 11 cases and was
significantly more prevalent when compared to a historical age-
matched cohort (18, 37, 48).

Myocardial fibrosis can be divided into two types: interstitial
fibrosis and replacement fibrosis, with considerable overlap
between the two (55). While interstitial fibrosis is considered
reactive and potentially reversible, replacement fibrosis is not
(55). Interstitial fibrosis was previously detected in 100% of PM
septic hearts but in a patchy nature (52). Such focal nature
means that an extensive PM cardiac pathological examination is
necessary. In fact, CMRmay be superior as a diagnostic modality
despite the difficultly to perform in unstable patients (55, 57).

Myocardial fibrosis represents the structural equivalent of
heart failure. While ME is expected in the “reversible” septic
cardiomyopathy, increased fibrous deposition (i.e., replacement
fibrosis) would not be a likely finding in such reversible pathology
(52, 57, 58).

Viral Invasion, Inflammatory Infiltrate, and
Myocarditis
Studies investigating the presence of SARS-CoV-2 within the
myocardium were positive in about half the cases. In 1986,
The Dallas criteria were proposed for the histopathological
categorization and diagnosis of myocarditis based on
endomyocardial biopsies. The “Dallas criteria” defines acute
myocarditis as “an inflammatory infiltrate associated with
myocyte necrosis or damage not characteristic of myocardial
ischemia.” Borderline myocarditis requires a less intense
inflammatory infiltrate with no light microscopic signs
of myocyte destruction (59). In COVID-19 PM studies,
inflammatory infiltrate (mainly lymphocytic) was observed
in a minor proportion (about 10%) and was limited in extent
for the majority of cases. As such, when interstitial edema
and inflammatory infiltrate were observed, they did not meet
the diagnostic criteria of myocarditis, except in five cases. In
fact, some authors attributed such inflammatory infiltrate to
an ischemic process (28). This suggests that contrary to early
conjectures, acute and fulminant myocarditis are rare during the
acute illness.

Clinical and Imaging Correlation
Correlating the histopathological data to the clinical, imaging,
and investigational data can provide more insights into the
likely mechanisms of cardiac involvement in COVID-19. Clinical
presentation varies from ST elevation MI due to thrombotic

occlusion of epicardial coronaries, to ischemia and/or infarction
without obstructive coronary disease, through to tachy and brady
arrhythmias, depressed left and right ventricular function, and
occasional pericardial involvement (60). A review of published
literature suggests that elevated Troponin and heart failure
dominate the clinical presentations (61).

Echocardiography is readily performed in the acute setting
but provides limited insights into the cause when compared to
CMR. In a large multinational survey, Dweck et al. reported the
echocardiographic findings in 1,216 studies performed over 17
days (62). Fifty-five percent of scans were abnormal. Impaired LV
function or dilation (39%) followed by RV abnormalities (33%)
dominated. These findings are non-specific, but clear wall motion
abnormalities suggesting infarction were rare (3%). The RV
abnormalities most likely relate to increased afterload given the
high prevalence of pulmonary thromboembolism and extensive
lung damage associated with COVID-19 infection (63). The LV
abnormalities are non-specific but provide further evidence of the
high prevalence of cardiac damage.

CMR-based studies have focused on patients post recovery
(too late for confirmation of myocarditis) but have shown a high
prevalence of abnormalities. The largest to date is a German study
of relatively young patients (mean age, 49 years), largely managed
at home (67 of 100), studied a median of 71 days post infection.
Seventy-eight percent were reported to show abnormalities,
including reduction in LV function, elevated T1 and T2 (the latter
suggesting ME) and late gadolinium enhancement (LGE) (non-
ischemic pattern in 20, ischemic in 12). Three patients with very
elevated T2 were referred for endomyocardial biopsy and typical
features of myocarditis reported. The T1 and T2 abnormalities
suggest ongoing myocardial edema, and the LGE enhancement
suggests fibrosis—both of which are common in the autopsy
data (64).

The second CMR-based study included only patients in whom
Troponin had been elevated during hospital admission. Fifty-
one patients were studied 27 days post hospital discharge. In
22 patients, pulmonary embolism and/or coronary ischemia
were identified before scanning as the most likely cause of
troponin leakage. Among 29 patients (mean age, 64 years) with
no clinically identified cause for myocardial injury, an ischemic
pattern injury (LGE) was identified in 5, dual pathology (ischemic
and non-ischemic) in 4, and non-ischemic in 11. Intriguingly,
T1 and T2 were not abnormal in this study. This study thus also
supports the histological finding of significantmyocardial fibrosis
but suggests that edema clears fairly quickly in those that recover
(2). Again, Rajpal et al. performed CMR on 26 athletes with a
history of mild COVID-19 infection. Four of them (15%) had
criteria of myocarditis despite mild or no symptoms, and 30%
showed signs of previous cardiac injury (65).

What Can We Conclude From Integrating
All Available Data?
Merging the clinical, investigational, and autopsy data, we are
presented with a picture that demonstrates a high prevalence
of cardiac abnormalities, in part due to exacerbation of
underlying cardiac pathology and partly coagulation disorders
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affecting the pulmonary and coronary vessels. Direct cardiac
involvement mainly takes the form of non-coronary myocyte
death, myocyte dysfunction, and interstitial fibrosis without
substantial inflammatory infiltration or clear ischemia.

The role of direct viral cellular damage remains to be
fully explored, and if this is the driving force, it is intriguing
that the inflammatory response appears muted. However, it is
possible that while the virus is rarely causing a fulminant or
acute myocarditis, it can cause a persistent chronic myocardial
inflammation with significant long-term implications. It is also
important to note the reporting of a delayed immune response
in the form of Kawasaki’s disease in pediatric patients supporting
the issue of long-term sequelae of the SARS-CoV-2 infection (66).
Whether immunosuppressive treatment (e.g., dexamethasone
and Tocilizumab) during the acute illness is of benefit or causes
more harm to the heart should await randomized controlled
studies including long-term follow-up.

Thus, on balance, the data strongly suggest significant
viral replication in the myocardium without true acute
myocarditis in most instances, with frequent non-MI pattern
fibrosis—consistent with microvascular ischemia/thrombi and,
in some cases, endothelial inflammation. Given the frequent
presence of fibrosis associated with cell death, it is likely that
complete recovery is unlikely—a clear distinction from septic
cardiomyopathy. In addition, the exacerbation of underlying
disease would appear to frequently unmask coronary disease,
further increasing the benefit of careful cardiological follow-up.

As the vast majority of studied patients in this review died
during the acute illness and cardiac abnormality was prevalent in
the population studied, we can conclude that myocarditis was not
a dominant cause of cardiac dysfunction identified premortem
in COVID-19 patients, while the role of endothelialitis needs
further clarification.

Limitations
Our work delineates the importance of PM to guide the
understanding of COVID-19. However, the small number of
published PM cases in a disease, which has caused more than
1 million fatalities, highlights a hugely missed opportunity.
Cardiac pathological changes are more likely to be focal
in nature and hence easily missed if the heart is not
examined in its entirety. Furthermore, the high prevalence
of myocardial fibrosis, myocyte damage, or viral RNA in
some studies but not others suggest a need to standardize
histological reporting to establish common ground between
pathologists and clinicians. There is also a genuine need for an
international case register to gather the largest possible data in
the shortest interval.

While our work is limited by the quality and small number
of cases per study, we think it can contribute to a better

understanding of COVID-19-associated cardiac injury. Other
limits include the probable selection and reporting bias. PM is
performed for patients who died during the acute illness and for
certain subgroups of patients due to clinical or legal reasons. The
longest duration of illness in our cohort is 52 days, which means
that the long-term evolution or complications of the disease
cannot be covered by this review.

CONCLUSIONS

To conclude, our review confirmed the high prevalence of
cardiac pathological findings in COVID-19 patients. Cardiac
dilatation, ischemia, and thrombosis were the most prevalent
findings. SARS-CoV-2 was present in nearly half of the examined
hearts, but true myocarditis was evident in just 1.5% of the
deceased patients.
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Coronavirus disease-2019 (COVID-19) pandemic is a global healthcare burden,

characterized by high mortality and morbidity rates all over the world. During the

outbreak period, the topic of acute coronary syndromes (ACS) has raised several

clinical issues, due to the risks of COVID-19 induced myocardial injury and to the

uncertainties about the management of these cardiologic emergency conditions, which

should be organized optimizing the diagnostic and therapeutic resources and ensuring

the maximum protection to healthcare personnel and hospital environment. COVID-19

status should be assessed as soon as possible. Moreover, considerably lower rates

of hospitalization for ACS have been reported all over the world, due to patients’

hesitations to refer to hospital and to missed diagnosis. As a result, short- and long-term

complications of myocardial infarction are expected in the near future; therefore, great

efforts of healthcare providers will be required to limit the effects of this issue. In

the present review we discuss the impact of COVID-19 pandemic on ACS diagnosis

and management, with possible incoming consequences, providing an overview of the

available evidence and suggesting future changes in social and clinical approach to ACS.

Keywords: SARS-CoV2, myocardial injury, NSTEMI, STEMI, acute coronary syndromes, COVID-19

INTRODUCTION

Background
Coronavirus-2019 (COVID-19) outbreak is currently the most discussed public health issue,
caused by the highly infectious severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
COVID-19 was declared a pandemic by the World Health Organization in early March 2020 and
it was characterized by an exponential rise in contagions worldwide, with continuously increasing
number of victims (1). The typical clinical spectrum of COVID-19 includes fever, cough, myalgia,
dyspnea (2), with frequent progression to pneumonia, which in one third of the cases eventually
leads to acute respiratory distress syndrome (ARDS), of which another third warrant critical
care (3). Therefore, prevention and treatment of COVID-19 are currently the primary focus of
clinical and scientific debates. However, acute coronary syndromes (ACS) management during this
emergency period is gaining growing interest, yieldingmany scientific researches as well as national
and international societies consensus documents, stimulated by four major concerns:
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- an increase in short-term risk of myocardial injury and
infarction has been reported, particularly for patients with
underlying CAD and/or pro-inflammatory cardiovascular risk
factors (such as diabetes mellitus, hypertension, and obesity);

- differential diagnosis between non-COVID ACS and COVID-
19 induced acute myocardial injury (COVID-AMI), and within
COVID-AMI, among myocardial infarction (MI), acute viral
myocarditis, stress cardiomyopathy, is currently challenging,
due also to the restricted availability of diagnostic tools;

- a sensible reduction of the rates of ACS has been recorded all
over the world (4), probably not only as a consequence of lower
patients’ referral to the emergency department (ED), but also
of misdiagnosis;

- lack of preparation and standardized protocols to balance
between timely management of ACS and protection of
healthcare personnel and hospital environment has provoked
delays in the treatment of high-risk ACS; this fact, in
conjunction with the previous point, has led to an increased
incidence of short-term MI complications and estimated
higher long-term MI complications, which will probably
require changes in public health resources and system.

Aims
In the present review we sought to address these four important
issues, discussing the earliest evidence and recommendations
present in literature, and providing hints and previsions for the
future, in order to prepare clinicians and solve their uncertainties
on the matter of ACS during and after COVID-19 pandemic.

ACUTE MYOCARDIAL INJURY
TRIGGERED BY COVID-19

The development of myocardial injury is not uncommon among
patients with COVID-19 and correlates with disease severity. In
fact, a meta-analysis involving 1,527 COVID-19 patients revealed
that at least 8% of the patients had acute myocardial injury and
that the risk of myocardial injury is 13-fold higher in patients
with severe clinical presentation (5).

COVID-AMI has been defined as the elevation of high-
sensitivity cardiac troponin (hs-cTn) above the 99th percentile of
its upper limit of normal or evidence of new electrocardiographic
(ECG) or echocardiographic abnormalities (6). In fact, the
presence of increased levels of hs-cTn was found to be an
independent predictor of disease severity and mortality rate in
COVID-19 (7) even after adjustment for baseline characteristics
and medical comorbidities, also showing an association with the
need for intensive care unit (ICU) admittance (RR 13.48, 95%CI
3.60 to 50.47, p= 0.0001) (5).

DIFFERENTIAL DIAGNOSIS

There are different potential etiologies of COVID-AMI: ACS
due to plaque rupture or thrombosis (type I MI) or to supply-
demand mismatch (type II MI), myocardial injury due to
disseminated intravascular coagulation (DIC), and non-ischemic
injury (myocarditis, stress-induced cardiomyopathy, cytokine

release syndrome, acute pulmonary embolism). Each one is the
result of a direct or indirect effect of severe viral infection, as
explained in Table 1. It is essential to recognize ACS and ACS-
mimicker in order to provide an adequate treatment and avoid
additional risks (e.g., fibrinolysis in case of myocarditis or stress-
cardiomyopathy would expose patients to bleeding risk and
eventual invasive coronary angiography (ICA) for unresolved
ST-elevation rather than being beneficial) (6).

Differential Diagnosis: First Contact With
Patients
The distinction between primary ACS and COVID-AMI
for outpatients referring to ED would be crucial for the
subsequent patient management, not only for treatment but
also for the safety measures to employ (i.e., isolation, use of
adequate personal protective equipment [PPE]). In accordance
to the European Association of Percutaneous Cardiovascular
Interventions (EAPCI) recommendations (27), for patients with
suspected ACS, the likelihood of COVID-19 status should be
assessed through accurate clinical interview, investigating the
presence of typical symptoms (e.g., fever, cough, dyspnea, cold)
or contacts with COVID-19 infected, together with the execution
of nasal and/or oropharyngeal swab for SARS-CoV2 Nucleic
Acid test as soon as the patient arrives in the ED, if possible.
Fast-track pathways for the exclusion of COVID status would
expedite the management of these patients. Until the result of
the swab is ready, each patient should be considered as COVID
infected; this is also valid for STEMI patients who are transferred
to the catheterization laboratory (Cath-lab) before having the
results. Healthcare workers and patients must always wear at
least droplets PPE (i.e., surgical mask, gloves, cup, goggles, and
single-use gown for clinicians, surgical mask and gloves for
patient). Moreover,

- in case of patients with asymptomatic/negative anamnesis and
negative SARS-CoV2 Nucleic Acid test the common ACS-
pathway should be followed;

- in case of patients with symptomatic/positive anamnesis and
negative SARS-CoV2 Nucleic Acid test, the swab should
be repeated;

- in case of positive SARS-CoV2 Nucleic Acid test, patients
are considered as COVID infected, healthcare professionals
must wear total-protection PPE (i.e., cup, facial protection,
waterproof single-use gown and gloves) and filtering face piece
class 3 (FFP3) or N95 mask.

Based on our clinical experience, we suggest that it could
be reasonable, while awaiting swab results, prioritize timely
treatment in high-risk patients, considering them as COVID-19
infected in order to provide timely treatment and perform ICA,
whenever indicated, using airborne PPE (coverall or disposable
gown, gloves, headcover, eye shield, FFP3/N99 respirators masks,
and shoe covers); then, after revascularization, assess COVID-19
status in order to organize hospitalization in a dedicated ward
or isolation in coronary care unit, and subsequent healthcare
workers’ use of different types of PPE.
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TABLE 1 | Different etiologies and hypothesized mechanism of COVID-induced myocardial injury.

Type of myocardial

injury

Possible mechanism Clinical consequences Available evidence

Type 1 myocardial

infarction

Systemic inflammatory response syndrome: ↑risk of

plaque rupture and thrombus formation

Cytokine storm due to imbalanced TH1/TH2 response

⇒DIC [71.4% non-survivors vs. 0.6% survivors (8)]: MOF

STEMI or NSTEMI (9)

Thrombosis of coronary epi-

and subepicardial arteries

⇒focal myocardial necrosis and

dysfunction (10)

Bangalore et al. (11)

Xhuan et al. (12)

Tang et al. (8)

Sugiura et al. (10)

Type 2 myocardial

infarction

Myocardial oxygen imbalance (↑demand for sepsis

state, not satisfiable for COVID-19 induced hypoxaemia

and vasoconstriction)

Severe myocardial ischaemia,

++ in patients with underlying

CAD

Li et al. (5)

Shi et al. (13)

Guo et al. (14)

Venous

thromboembolism

Hypercoagulable status

+ active inflammation

+ propensity for DIC

+ prolonged immobilization

+ oxidative stress

+ endothelial dysfunction

+ increased platelet reactivity

+ mechanical ventilation

+ liver dysfunction

+ central venous catheters

+ nutritional deficit

↑D-dimer (>1µg/mL on

admission ⇒↑ in-hospital death),

FDP, fibrinogen

Pulmonary embolism or deep

venous thrombosis [22.7%

non-ICU and 27% in ICU

patients (15)]

Tang et al. (10)

Han et al. (15)

Klok et al. (16)

Acute myocarditis Indirect mechanism: innate immunity activation

⇒inflammatory cascade and exaggerated cytokine

release

Direct mechanism: ACE2 receptor (used by SARS-CoV2

for binding, overexpressed in diseased hearts)

STEMI-like presentation with

myocardial degenerative

changes and necrosis

Zhou et al. (17)

Yao et al. (18)

Beri et al. (19)

Tavazzi et al. (20)

Hu et al. (21)

Zeng et al. (22)

Sala et al. (23)

Stress cardiomyopathy Infective +/- emotional trigger ⇒catecholamine induced

myocardial stunning or macro- and micro-vascular

spasm

Tako-tsubo syndrome Moderato et al. (24)

Meyer et al. (25)

Chadha et al. (26)

ACE2, angiotensin-converting enzyme-2; CAD, coronary artery disease; DIC, disseminated intravascular coagulation; ICU, intensive care unit; MOF, multi-organ failure; NSTEMI, non ST-

elevation myocardial infarction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; STEMI, ST-elevation myocardial infarction; TH1, T-helper lymphocytes 1; TH2, T-helper

lymphocytes 2; VTE, venous thromboembolism.

+, plus; ++, above all; ↑, higher.

Differential Diagnosis in COVID-19 Patient
Differential diagnosis of COVID-AMI really became a challenge
for clinicians. Commonly, a rise and/or fall of hs-cTn is not
sufficient to ensure the diagnosis of myocardial infarction,
but it should also be corroborated with clinical judgment,
symptom and signs, ECG changes, and imaging studies (28). As
recent documents of the European Association of Cardiovascular
Imaging (EACVI) and the American College of Cardiology
(ACC) highlighted, this is especially valid in case of COVID-
19, considering that cardiac enzymes elevation could either be
secondary to non-specific raise during COVID infection or to
other acute pathologic complications (e.g., sepsis, acute kidney
injury, stroke) (29, 30). Moreover, as troponin elevation in
patients with COVID-19 infection seems to be lower than inmost
cases of ACS or acute myocarditis, EAPCI suggests considering
marked elevation (e.g., >5 times the upper normal limit) in a
patient who is not critically ill to suspect COVID-AMI (27).

As a matter of fact, the access to diagnostic resources is
currently limited since, considering the high infective power
of SARS-CoV2, performing unnecessary imaging tests should
be avoided in order to limit healthcare personnel and devices
exposure to the risk of contamination (31).

Sometimes, COVID-19 presentation could entail
cardiovascular symptoms rather than fever, cough, dyspnoea, as
shown in a small Italian report with 81% of patients presenting
ST-elevation MI (STEMI) as COVID-19 first manifestation, of
whom 78.6% referring to ED with acute chest pain. Interestingly,
only 39.3% demonstrated absence of obstructive coronary
artery disease (32). In fact, the EACVI recommendations on
the use of cardiac imaging during COVID-19 pandemic suggest
considering the optimization of computed tomography (CT),
often used to confirm of COVID-pneumonia, with the addition
of coronary CT methods to exclude ACS in case of raised
troponin (30). Similarly, the use of CT completed with contrast
enhanced sequences has been proposed by Hendren et al. to
exclude acute myocarditis avoiding the additional use of cardiac
magnetic resonance (CMR) and invasive endomyocardial biopsy,
since patterns of delayed myocardial enhancement consistent
with acute myocarditis revealed by cardiac CT have also been
described (33).

As regards patients hospitalized for COVID-19 with suspected
ACS, EACVI recommends to evaluate the pre-test probability
(PTP) based on symptoms, ECG signs, age, sex, previous history,
and cardiovascular risk factors, to use coronary CT angiography
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FIGURE 1 | Algorithm for the diagnosis of COVID-induced acute myocardial injury optimizing the available imaging techniques. *hs-cTn>99th percentile of its upper

normal limit, or >5 times the upper normal limit in COVID patients. ACS, acute coronary syndromes; AKI, acute kidney injury; BNP, brain natriuretic peptide; CMR,

cardiac magnetic resonance; CT, cardiac tomography; DE, delayed enhancement; HF, heart failure; ICA, invasive coronary angiography; PCI, percutaneous

coronary intervention.

for intermediate PTP, and to reserve ICA only for cases with
very high PTP or STEMI, high-risk non-STEMI (NSTEMI) or
crescendo angina (34).

A schematic representation of the suggested pathway for
differential diagnosis of COVID-AMI preventing from wasting
unnecessary diagnostic resources is available in Figure 1.
In that regard, two important messages deriving from the
international societies’ recommendations (27, 29, 30, 34), both
for outpatients referring to ED and for hospitalized patients,
should be highlighted:

• ICA should be performed only in patients with suspected type
1 MI (27) and who are expected to derive meaningful changes
in outcome from invasive management; therefore, patients
with high level of comorbidities, poor quality of life, and frailty
should be early assigned to medical therapy, since additional
investigations are futile;

• the use of echocardiography, which has always been regarded
as a “gatekeeper” for differential diagnosis of cardiovascular
disease, should be reconsidered in this emergency period.
Transthoracic echocardiography should not be routinely

performed if patients are asymptomatic and stable, but
it remains the first line approach in patients with high
suspicion of COVID-AMI, in order to address diagnosis
(35). Given its high aerosol-generating procedure, the use
of transoesophageal echocardiography should be restricted
to the selected cases of poorly feasible or informative
transthoracic echocardiography, and when it would lead to
change and optimization of the patient’s management; when
necessary, this procedure must be performed with FFP3 or
N95 equipment.

Bearing all these recommendations and the possible poor
availability of advanced imaging methods in some center,
also due to the overwhelming requests of CT scan, for the
purpose to determine the presence of an atypical COVID
presentation with ACS, we would like to highlight the importance
of performing accurate anamnesis, investigating symptoms
occurrence and timing; a thorough ECG observation, seeking
for ischemic abnormalities corresponding to coronary regions;
rely on the dosage of troponin, after excluding troponin-affecting
comorbidities which could act as confounders. In cases of
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extreme uncertainties, echocardiography should be applied with
the use of appropriate PPE (Figure 1).

In-hospital ACS Management During
COVID-19
Outpatients
The best therapeutic strategy for patients with ACS during
the pandemic has been extensively discussed. Even though
in early Chinese algorithms primary PCI was sacrificed in
favor of the protection of healthcare personnel from contagion,
opting for rapid testing for COVID-19 infection and immediate
fibrinolysis, European societies recommend a halfway approach
(34, 36). Accordingly, as stated in the EAPCI document on
invasive management of ACS during COVID-19 (27), the
COVID-19 infective danger should not change the first-line
therapeutic approach to STEMI. Primary percutaneous coronary
intervention (PCI) remains the standard of care for STEMI
patients referred to Hub centers or transferred rapidly from
non-PCI centers within 120min from the first medical contact.
For patients in whom a rapid reperfusion with primary PCI
is not feasible, initial fibrinolysis is recommended, followed by
consideration of transfer to a PCI center. More specifically,
the consensus statement from the Society for Cardiovascular
Angiography and Interventions (SCAI), ACC and the American
College of Emergency Physicians (ACEP) suggests that for
STEMI patients with positive SARS-CoV2 swab referred to a Spoke
center, the transfer to a PCI center should be discussed, possibly
preferring to perform fibrinolysis within 30min of STEMI
diagnosis, and eventually transfer to Hub Center for rescue PCI
if needed (37), where this should be performed by experienced
operators equipped with high-level PPE in dedicated rooms.

For NSTEMI management an approach based on individual
risk is recommended (27):

• very high risk NSTEMI patients should follow a similar
management of STEMI;

• high risk NSTEMI patients should follow medical treatment
while waiting for SARS-CoV2 test results and planning an
early invasive therapy, possibly < 24 h; in case of positive test,
the patients should undergo ICA in a COVID-19 hospital;

• low risk NSTEMI could be firstly evaluated non-invasively,
in order to exclude alternative etiology to type 1 MI, using
coronary CT, if possible; if low risk is confirmed, they should
follow conservative strategy.

Table 2 summarizes the criteria for risk stratification of NSTEMI
patients based on the newest European Society of Cardiology
(ESC) guidelines (38).

In case of necessary ICA approach, preventive strategies are of
outmost importance to ensure protection to healthcare personnel
and their relatives, hospital environment, and also other patients.

As regards high-risk patients whose COVID status is
unknown, as soon as the patient arrives in the Cath-lab, vital signs
should be assessed (with particular attention to body temperature
and arterial oxygen saturation). Furthermore, blood gas analysis
and biologic specimens (swab) collection for COVID-19 test

TABLE 2 | Risk stratification for non-ST-elevation myocardial infarction (NSTEMI)

treatment (38).

Very high risk High risk Low risk

- Hemodynamic instability

- Cardiogenic shock

- Recurrent/refractory

chest pain despite

medical treatment

- Life-threatening

arrhythmias

- Mechanical

complications of

myocardial infarction

- Acute HF related to

NSTEMI

- ST-segment depression

> 1mm in 6 leads +

ST-segment elevation in

aVr and/or V1

- NSTEMI diagnosis

already established

- Symptomatic/

asymptomatic

- dynamic new (or

presumably new)

contiguous ST-T

segment changes

- Resuscitated

cardiac arrest

without ST-segment

elevation or

cardiogenic shock

- GRACE risk score >

140

No recurrence of symptoms

and none of the very

high or high-risk criteria.

Also includes patients with:

- History of revascularization

- Early post-infarction

angina

- LVEF<40% or congestive

HF

- GRACE risk score 109–

140

- Diabetes mellitus

Ruled out based on

troponin levels

HF, heart failure, NSTEMI; LVEF, left ventricular ejection fraction; non-ST-elevation

myocardial infarction.

should be performed using the necessary PPE according to the
severity of respiratory symptoms (39):

- Low COVID-19 risk: surgical mask.
- High COVID-19 risk: PPE with FFP2 or FFP3 mask,
depending on the gravity of respiratory impairment of the
individual patient.

Operators should follow precise protocols of dressing/undressing
(40) and, after the procedure, in patients with unknown or
positive SARS-CoV2 Nucleic Acid test a sanitization of the Cath-
lab is mandatory.

Inpatients
As for patients already hospitalized in a COVID-Unit with
suspected STEMI, the risk and benefits of a possible coronary
revascularization should be evaluated, weighting the individual
patients’ clinical conditions and comorbidities and the risks
related to the transport in the Cath-lab. In case of risks
overweight, fibrinolysis could be considered as an alternative to
PCI (41, 42). However, the increased hemorrhagic and DIC risk
in COVID-19 patients, especially those with severe conditions,
should be considered.

Fibrinolytic Strategy
Even if bigger evidence is required in this field, the use
of fibrinolysis as an alternative to PCI seemed to reach
comparable results for in-hospital and 30-day clinical outcome
(all-cause death, cardiac death, stroke, re-infarction/coronary re-
occlusion, and revascularization) in patients during the COVID-
19 pandemic with absence of major bleeding (43) and was
proposed by several authors as a reasonable alternative to PCI,
providing spare of medical resources (e.g., PPE and workflow)
and of healthcare professionals exposure to the risk of contagion
(41, 44, 45). However, we suggest that (1) the well-known
superiority of PCI to definitely restore blood flow and in reducing
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mortality, re-infarction, or stroke (46); (2) the risk of early re-
thrombosis of the culprit lesion requiring rescue PCI if sufficient
anticoagulation is not reached after the fibrinolytic treatment,
resulting in longer hospitalization and possible complications; (3)
the fatal/non-fatal bleeding risk of fibrinolysis itself (particularly
if performed in patient with “STEMI-mimicker”) should be
taken into account both in COVID-19 and non-COVID-19
patients; therefore, in our view, fibrinolysis-lone strategy should
be considered only in case of higher risks connected to patients’
transfer to PCI-center or to the Cath lab outweighing incremental
benefits of PCI, or in case of impossibility to provide timely
PCI. Importantly, the bleeding risk of the single patient should
be evaluated in the decision-making between primary PCI
and fibrinolysis.

ACS METAMORPHOSIS IN COVID-19 ERA

Now that the control of COVID-19 contagion and management
is improved, with resulting lower rates of morbidity, it is time
for clinicians to look beyond COVID-19 and to care about
the cardiovascular consequences of the pandemic. A serious
concern regarding ACS is currently affecting global healthcare
services: a downward trend in ACS incidence has been registered
all over the world, awakening the interest of the scientific
community. First, the Italian society of Cardiology multicenter
register, which compared acute MI incidence in a week with
the equivalent period in 2019, observed a drastic reduction
of 48.4% (p<0.001), which was significant for both STEMI
(26.5%, higher for women: 41.2% vs. 17.8%) and NSTEMI
(65.1%) and was similar throughout Italy (52.1% Northern vs.
59.3% Central vs. 52.1% Southern). Importantly, they have also
registered a substantial increase in STEMI fatality rate [risk
ratio (RR) = 3.3, 1.7–6.6; p< 0.001] and complications (RR
= 1.8; 1.1–2.8; p = 0.009) during the pandemic, compared
to 2019 (46).

Then, Metzler et al. conducted an Austrian nationwide
retrospective survey involving 17 primary PCI centers for 27
days during COVID-19 outbreak, founding a relative reduction
from the beginning to the end of this period of 39.4% in
admission for all subtypes of ACS (47). Huet et al. reported
almost halved numbers of admission for acute MI or heart
failure in 9 French ICU centers comparing 14 days periods
before and after containment (4.8±1.6 vs. 2.6±1.5 patients
per day, p= 0.0006) (48).

Furthermore, the impact of the pandemic on interventional
cardiology procedures has been assessed by Garcia et al., who
quantified STEMI activations in 9 high-volume (>100 PCI/year)
United States cardiac Cath-labs from January 1, 2019, to March
31, 2020, and observed a 38% reduction in Cath-lab STEMI
activations in the after-COVID period (49), similar to the 40%
registered in Spain (50). Moreover, an analysis of the Italian
Society of Interventional Cardiology (GISE) reported a decrease
in interventional coronary and structural procedures of 48.5%
for ICA, 45.7% for PCI, 84.7% for transcatheter aortic valve
replacement, and 50% for Mitraclip in Piedmont (Italy), during
the COVID-19 period (51).

In our experience, we have observed not only a reduction
of hospitalization for AMI but also a dramatic increase of
hospitalization for subacute myocardial infarction >72 h, with
cases of malignant arrhythmias and severe heart failure resistant
to conventional therapy and often requiring inotropic support;
this unavoidably resulted in poor prognosis for patients and
challenges for clinicians to select the best therapeutic strategy,
due to the doubtful benefits of a late revascularization and
the difficult selection of patients for the allocation of advanced
therapeutic resources (such as mechanical assist devices).

Causative Factors
Altogether, these data depict a picture of almost half of patients
with ACS not reaching the hospital and not receiving timely
treatment. The embraceable opinion is that this worrisome
phenomenon could be multifactorial:

❖ Patient-related factors: to start with, there was a reduced
referral to ED of patients with chest discomfort or unclear
ACS symptoms due to their fear of catching SARS-CoV-2 in
the hospital, encouraged by in-hospital contagion described
by the media and by the strict instructions to stay at home.
These have led patients to underestimate their symptoms,
such as in a case-report by Masroor et al. regarding a 48-
year-old man who referred to the ED for chest pain started
2 days earlier, but not seeking attention until later, due to
his reluctance to access the hospital for dreaded COVID-19
contagion. ECG clearly showed STEMI and he underwent
ICA with successful PCI on the occluded right coronary
artery; few hours later, he developed cardiogenic shock
for postinfarction ventricular septal defect of 2 cm, initially
treated with intra-aortic balloon pump to let the myocardium
heal, and then with surgical repair using a pericardial patch
(52). Other patient-related features explaining the reduction
in hospital admissions for ACS during the COVID-19 era
are a negative psychological response, emotional distress,
distrust/avoidance behaviors, and reluctance to activate pre–
hospital networks.

❖ Healthcare-related factors: during this period, the
emergency services have focused on COVID-19, with
most healthcare resources relocated to manage the pandemic
and with possible fails in identification of MI, which could
have led to an artificial decreasing of ACS diagnoses.
First, the priority given to COVID-19 suspected or known
patients could have finally distracted from cardiovascular
emergencies. Then, it seems that, for patients presenting
symptoms consistent with COVID-19, all the resources
and clinical attention have been dedicated to excluding
SARS-CoV-2 infection, with consequent overlooking of
acute cardiovascular conditions, causing misdiagnosis
and/or delayed treatment. A clear example was described by
Yousefzai et al. in a case-report of a 56-year-old patient with
cardiovascular risk factors presenting exertional dyspnea and
left bundle branch block at ECG who at first hesitated to
refer to the ED and was then misdiagnosed with COVID-
19-induced acute myocarditis, though presenting STEMI.
Meanwhile, he developed acute respiratory distress syndrome
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FIGURE 2 | Possible complications deriving from late or untreated acute coronary syndromes during COVID-19 pandemic and figurative hints for limiting them. ACS;

acute coronary syndromes; HF, heart failure; ICU, intensive care unit; IV, intraventricular; LV, left ventricular; MCS, mechanical circulatory support; NSTEMI, non-ST

elevation myocardial infarction; PE, pulmonary embolism; PH, pulmonary hypertension; PPE, personal protective equipment; RV, right ventricular; SCD, sudden

cardiac death; STEMI, ST elevation myocardial infarction; VHD, valvular heart disease; VSD, ventricular septum defect; WMA, wall motion abnormalities.

requiring ventricular assistance and underwent late ICA with
evidence of 99% left anterior descending coronary stenosis,
60% proximal circumflex artery stenosis, and moderate
disease on right coronary artery; therefore, the clinicians
opted not to perform revascularization. Then, after this
completed anterior MI, he remained in ICU waiting for
recovery or definitive ventricular assistance therapy (53).

Short- and Long-Term Consequences
The delay among symptoms presentation and revascularization
could result in dramatic effects. Noteworthy, conjunction of the
longer time from symptoms onset to first medical contact due
to patients’ reticence and waiting times for triaging, COVID-
19 testing (since not all the healthcare facilities are equipped
with ultra-rapid tests) and personnel precautions, would result
in further delay for a needed PCI. This should represent an alarm
for clinicians and public health, since the paramount importance
of the timing of primary revascularization to save myocardial
structure and function is well-known (53). In fact, in a recent
study by Trabattoni et al., despite a regional optimization of
the STEMI network through a re-structured Hub-Spoke model
in Lombardy (Italy), a significant delay (> 24 h) in patients’
referral to ED was present in 41% of STEMI patients in 2020,
compared to 20% in 2019, resulting in in-hospital mortality
rates of 38 vs. 10%, respectively (54). Similar results were shown
by a Chinese group in an observational study on 149 patients

with MI before (group 1, n = 85 patients) and after (group 2,
n = 64 patients) COVID-19 emergency measures; the second
group not only had longer symptom-to-first medical contact
time and higher presentation rates out of the PCI window
(33 vs. 27.8%) but also showed a more elevated incidence of
the composite outcome measure including in-hospital death,
cardiogenic shock, sustained ventricular tachycardia/fibrillation,
and use of mechanical circulatory support (29.7, vs. 14.1%, p =

0.02) (55).
These data, together with those previously mentioned (34),

suggest that an increase in the incidence of late presenting
MIs with chronic heart failure and sudden cardiac death is
the most expectable eventuality in the near future, together
with raised early and late morbidity and mortality. Short term-
complications would require prolonged hospitalization in ICU,
which could represent a serious concern in these times of poor
resources. Over the long-term, suboptimal revascularization and
large infarct size will result inmaladaptive ventricular remodeling
and dysfunction (56). Short and long-term complications and
their impact on healthcare services are presented in Figure 2.

The earliest reports referred to cases with initially mild
symptoms who experienced sudden cardiac death at home while
in quarantine (57). Moreover, Baldi et al. described an increased
incidence of out-of-hospital cardiac arrest during 40 days of
COVID-19 pandemic in Italy compared to the same period in
2019, which such cumulative increased incidence being strongly
associated with the diffusion of COVID-19 (58). Similarly, a
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4.97-fold increase in out-of-hospital sudden cardiac arrest and
a doubling of pronounced deaths on the scene was reported
in New York City during the surge of pandemic, compared
with the same period (March 20–April 22) of 2019 (59). These
data could reflect the eventual consequences of medical care
avoidance or distraction.

Possible Solutions
As the ESC guidance for the diagnosis and management
of cardiovascular disease during the COVID-19 pandemic
illustrates (60), it would be rational to triage patients with
suspected or known COVID-19 according to the presence of
underlying cardiovascular risk factors and co-morbidities, as well
as to evidence of myocardial injury, in order to select those
who deserve prioritized treatment and even more aggressive
therapeutic strategies.

Organization of healthcare facilities should be improved with
dedicated pathways and rapid SARS-CoV-2 testing, if available,
allowing a timely supply of diagnostic and interventional
procedures. ACS patients with highly suspected COVID-19
should be isolated and undergo necessary laboratory and imaging
tests, with all healthcare workers wearing the appropriate
PPE (34).

Besides, the most important issue is to educate the general
population about the early recognition of high-risk ACS
symptoms with promptly referral to ED (or at least to contact
a physician) in such cases. This could be reached by social media,
television, and journals. Interestingly, following this rationale, the
Italian Society of Cardiology promoted a national campaign to
raise public awareness about MI symptoms during the outbreak,
showing encouraging results in terms of subsequent fall in the
time from symptoms to ED admission (50).

Social education should emphasize the concept of an
outweigh of untreated-MI consequences, rather than of COVID-
19 in-hospital infection, since hospitals are now equipped
with appropriate PPE and follow the preventive protocols to
minimize the risk of contagion. The use of telemedicine and/or
telemonitoring in doubtful cases would allow to obtain a
close follow-up of patients’ symptoms and clinical conditions
and, sometimes, to perform some kinds of triaging in order

to avoid unrecognized MI on one hand, and to optimize
resources allocation on the other hand. More compliant
patients could also be engaged in the use of smartwatches and
smartphone apps, achieving rapid medical screening and/or
self-monitoring.

CONCLUSIONS

During the COVID-19 pandemic, the topic of ACS has been
widely discussed. Even if there is paucity of randomized
data on the best methods for management, expert consensus
and international society recommendation could help us in
adopting a standardized approach. First of all, it is important
to distinguish between primary ACS or COVID-AMI and, for
the latter, discriminate the actual etiology and provide the
optimal treatment. This should be done balancing timeliness
of screening and conscious use of diagnostic resources and
protective measures, in order to ensure safety conditions to all
patients and healthcare professionals. COVID status should be
assessed as soon as possible. Each primary PCI center should
evaluate the feasibility of a timely primary PCI, based on staff,
PPE and Cath-lab availability, and the need for additional
testing. Otherwise, a first approach with fibrinolysis should
be considered. The other important concern is the global
registration of lower rates of admitted (and therefore treated)
patients with ACS. This could lead to a substantial increase in
early and late infarct-related morbidity and mortality. To face the
possible collateral cardiac damage caused by COVID-19, every
attempt should be done by the clinicians in means of avoiding
delayed or missed diagnosis, re-organization of healthcare tools,
and social education.
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Background: The COVID-19 pandemic has resulted in worldwide morbidity at

unprecedented scale. Troponin elevation is a frequent laboratory finding in hospitalized

patients with the disease, and may reflect direct vascular injury or non-specific

supply-demand imbalance. In this work, we assessed the correlation between different

ranges of Troponin elevation, Electrocardiographic (ECG) abnormalities, and mortality.

Methods: We retrospectively studied 204 consecutive patients hospitalized at NYU

Langone Health with COVID-19. Serial ECG tracings were evaluated in conjunction with

laboratory data including Troponin. Mortality was analyzed in respect to the degree

of Troponin elevation and the presence of ECG changes including ST elevation, ST

depression or T wave inversion.

Results: Mortality increased in parallel with increase in Troponin elevation groups

and reached 60% when Troponin was >1 ng/ml. In patients with mild Troponin rise

(0.05–1.00 ng/ml) the presence of ECG abnormality and particularly T wave inversions

resulted in significantly greater mortality.

Conclusion: ECG repolarization abnormalitiesmay represent amarker of clinical severity

in patients with mild elevation in Troponin values. This finding can be used to enhance

risk stratification in patients hospitalized with COVID-19.

Keywords: predictors, mortality, troponin, COVID−19, ECG

INTRODUCTION

Coronavirus Disease (COVID19) pandemic, induced by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), is reaching now historical magnitude as one of the deadliest
outbreaks inmodern history (1). As of December 30 2020, over 80million individuals were reported
to be infected by SARS-CoV-2, with more than 1.8 million deaths (2). Recent reports (3, 4) revealed
that cardiac complications are common (≈20–25%) in COVID19 infection and are associated with
increased mortality. However, in those reports, “cardiac complications” were defined according
to clinical and laboratory parameters (troponin levels) without systematic electrocardiographic
(ECG) evaluation. It is unknown if elevations in troponin levels are reflective of a primary
myocardial infarction, supply-demand inequity, or non-ischemic direct myocardial injury. The
ECG is an attractive diagnostic tool as it is widely available and can be rapidly performed without
inducing significant exposure of caregivers to SARS-CoV-2. ECG has been demonstrated to aid
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with prognostication in population-based studies (5, 6) and
thus offers a particularly appealing modality during the current
pandemic. We thus sought to determine whether findings on the
first presenting ECG provide prognostic information and provide
insights on myocardial injury. We reviewed ECGs of consecutive
patients with COVID19 infection requiring hospitalization.
We examined our findings stratified by troponin levels and
clinical condition.

METHODS

This is a retrospective study performed at NYU Langone Medical
Center, New York, USA. We included 204 consecutive adult
patients hospitalized at NYU Langone Medical Center with
COVID19 disease. Medical records were reviewed to obtain
baseline characteristics, laboratory data, and ECGs. Troponin I
concentrations were assessed via the Abbott Architect method
(Abbott, Abbott Park, Illinois) wherein the 99th percentile for
a normal population is 0.05 ng/mL and the maximal Troponin
level was recorded. Descriptive analyses were performed by
troponin levels stratified into normal (0.00–0.05 ng/mL), mildly
elevated (0.05–1 ng/mL), and significantly elevated (>1 ng/mL).
The first, presenting ECGs were reviewed and interpreted
by five senior cardiologists who were blinded to the clinical
status of the patients. Data reviewed from each ECG included
heart rate, rhythm categorized as normal sinus rhythm or
atrial fibrillation/flutter (AF), atrioventricular block (AVB), right
bundle branch block (RBBB), left bundle branch block (LBBB),
a non-specific intraventricular conduction block (QRS duration
>120ms), the presence of ST segment or T-wave changes
(localized ST elevation, localized T-wave inversion, or other
non-specific repolarization abnormalities). The closing date of
follow-up was April 15th 2020. Collected data on the closing
date included arrhythmic events and mortality. The study was
reviewed and approved by the NYU Institutional Review Board
and Quality Improvement initiative in accordance with the
ethical standards laid down in the 1964 Declaration of Helsinki
and its later amendments, with a waiver of informed consent.

Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics
26, and figures were constructed using GraphPad Prism 8.
Continuous variables are expressed as mean ± standard
deviation or median (25th−75th percentile), and categorical
variables are expressed as count (percentages). Normality of
data samples was assessed using Shapiro-Wilk test. Two sample
hypothesis testing for continuous variables was performed using
Student’s t-test if samples had normal distributions and Mann-
Whitney U test if samples did not have normal distributions.
Hypothesis testing for categorical variables was performed using
Fisher’s exact test. Significance testing for Kaplan-Meier curves
was performed using log-rank test. For predictors of mortality,

Abbreviations: ECG, Electrocardiography; COPD, Chronic obstructive
pulmonary disease; CAD, Coronary artery disease; CHF, Congestive heart
failure; CKD, Chronic kidney disease; HTN, Hypertension; DM, Diabetes mellitus;
LFTs, Liver function tests.

TABLE 1 | Baseline characteristics of patients with COVID-19.

Overall

(n = 204)

ECG

changes

(n = 36)

No ECG

changes

(n = 168)

p

Age (years) 64 ± 13 67 ± 13 63 ± 13 0.14

Gender (% male) 156 (76%) 25 (69%) 131 (78%) 0.28

Race 0.08

African-American 10 (5%) 4 (11%) 6 (4%)

Non-AA 191 (95%) 31 (89%) 160 (96%)

Weight (kg) 86.6 ± 17.6 83.7 ± 16.4 87.3 ± 17.8 0.25

CAD 25 (12%) 7 (19%) 18 (11%) 0.16

HTN 114 (56%) 20 (56%) 94 (56%) 1

CKD 17 (8%) 6 (17%) 11 (7%) 0.09

DM 61 (30%) 18 (50%) 43 (26%) <0.01

COPD 13 (6%) 4 (11%) 9 (5%) 0.25

CHF 7 (3%) 2 (6%) 5 (3%) 0.61

Initial creatinine (mg/dL) 1.3 ± 1.0 1.6 ± 1.4 1.2 ± 0.9 0.57

Abnormal LFTs 48 (25%) 10 (29%) 38 (24%) 0.51

Initial troponin (ng/mL) 0.02

(0.01 - 0.04)

0.02

(0.01 - 0.08)

0.02

(0.01 - 0.04)

0.17

Maximum troponin 0.04

(0.01 - 0.15)

0.12

(0.02 - 0.47)

0.03

(0.01 - 0.11)

0.01

Troponin group <0.01

≤0.05 120 (59%) 14 (39%) 106 (63%)

0.05–1.00 64 (31%) 14 (39%) 50 (30%)

>1.00 20 (10%) 8 (22%) 12 (7%)

Mortality 50 (23%) 13 (36%) 37 (22%) 0.09

univariate analysis was performed using Cox proportional
hazards regression, and significant univariate predictors were
included in the multivariate analysis.

RESULTS

We included 204 patients in our cohort with a mean follow
up time of 24.2 ± 7.4 days. The clinical and epidemiological
characteristics stratified by ECG abnormalities are presented
in Table 1. The mean age was 64 ± 13 years and 76% were
male. Comorbidities were common: 30% of patients had diabetes
mellitus, 56% had hypertension, 12% had coronary artery disease,
3% had heart failure, and 6% had chronic obstructive pulmonary
disease (COPD). Baseline electrocardiographic characteristics
revealed mean HR of 89 ± 16 bpm and mean Bazett-corrected
QT interval of 444 ± 26ms. The vast majority were in
normal sinus rhythm (95%), while 5% of patients had AF.
Atrioventricular block was rare: 9 (4%) patients had a first degree
AV block and no patients had second or third degree AV block.
Abnormal intraventricular conduction was found in 11% (with
RBBB in 8%, LBBB in 3%). Repolarization abnormalities (ST
elevation, ST depression, or T wave inversion) were common (36
patients, 17.6%): one patient (0.5%) had localized ST elevation,
12 (5.9%) had ST depression, and 28 (13.7%) had localized
T-wave inversion. Patients with repolarization abnormalities
demonstrated higher troponin levels and a trend toward higher
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FIGURE 1 | Thirty five year old female patient without significant medical history presented with a fever of 103.1 F. (A) The patient’s initial 12-lead electrocardiogram in

the emergency department. (B) The patient’s repeat 12-lead electrocardiogram with resolution of fever.
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TABLE 2 | Predictors of mortality in patients with COVID-19.

Variable HR 95% CI p-value

UNIVARIATE REGRESSIONS

Age (years) 1.08 1.05–1.1 <0.01

Gender (% male) 1.09 0.56–2.13 0.80

RACE

African-American 0.8 0.2–3.3 0.76

Weight (kg) 0.99 0.97–1.01 0.18

CAD 1.08 0.49–2.41 0.84

HTN 1.39 0.78–2.48 0.26

CKD 2.4 1.12–5.11 0.02

DM 1.77 1.01–3.1 0.05

COPD 1.46 0.53–4.07 0.47

CHF 2.09 0.65–6.73 0.22

Initial creatinine (mg/dL) 1.24 1.08–1.43 <0.01

Abnormal LFTs 0.84 0.42–1.7 0.64

Initial troponin (ng/mL) 0.99 0.84–1.16 0.91

Maximum troponin 1.01 1.0–1.02 0.02

Positive troponin (>0.05) 4.24 2.28–7.86 <0.01

MULTIVARIATE REGRESSION

Age (years) 1.06 1.04–1.1 <0.01

CKD 1.53 0.65–3.6 0.33

DM 0.99 0.53–1.86 0.98

Positive troponin (>0.05) 3.22 1.71–6.05 <0.01

mortality (Table 1). One patient presented with a fever of 103.1 F
which unmasked a previously unknown type I Brugada pattern
(Figure 1). Fifty (25%) patients died of respiratory ormulti-organ
failure. In univariate and multivariate Cox regression analyses,
clinical predictors of death included age and elevated Troponin
(Table 2), but did not include gender, race or cardiovascular
comorbidities (CAD, CHF, HTN). The mortality rate increased
with incrementally higher troponin group: 14/120 [11.7%] for
patients with negative troponin, 24/64 [37.5%] for patients with
mildly elevated troponin, and 12/20 [60%], for patients with
significantly elevated troponin (p< 0.01; Figure 2). The presence
of an abnormal ECG finding resulted in significantly lower
survival in the intermediate Troponin elevation group (0.05–
1 ng/ml) but not in the low (<0.05 ng/ml) or high (> 1 ng/ml)
Troponin elevation groups (Figure 3). In multivariate regression
analysis, T wave inversion but not ST depression remained a
significant predictor of mortality (HR 2.71, 95% CI 1.01–7.25, p
= 0.04) in the intermediate Troponin group.

DISCUSSION

Multiple mechanisms have been shown to explain the frequent
COVID-19 induced cardiovascular injury. These include direct
injury to the myocardium induced by a cytokine storm resulting
from a hyperinflammatory state, microvascular damage resulting
from abnormal activation of the coagulation cascade including
disseminated intravascular coagulation and thrombosis, supply-
demand mismatch resulting from respiratory induced tissue

FIGURE 2 | Mortality rate stratified by Troponin elevation groups. *P < 0.01.

hypoxia in conjunction with increase in metabolic demand of
infection and inflammation, and myocardial injury by direct
entry of SARS-CoV-2 into cardiomyocytes expressing the ACE2
receptor (7–9). In this retrospective cohort study we further
assess the interaction of ECG abnormalities and Troponin
elevation. We demonstrate that (1) myocardial injury defined by
elevated Troponin is indeed prevalent in patients hospitalized
with COVID-19 but is more often mild, associated with low-
level elevation in troponin concentration. (2) more significant
myocardial injury, as evident by increased Troponin level may
be associated with higher risk of mortality. (3) In the group
of patients with mild Troponin elevation (0.05–1 ng/ml), ECG
abnormalities, and particularly T wave inversions are associated
with significantly increased mortality. Consistent with our
findings, a recent study had demonstrated that T wave inversion
is highly frequent finding in patients with COVID-19, conferring
increased risk for mortality and particularly when accompanied
by Troponin elevation (10).

Though troponin elevation above the 99th percentile of
the upper reference limit is considered the central marker
of “myocardial injury,” mild elevation between 0.05 and
1 is often non-specific and associated with non-vascular
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FIGURE 3 | KM survival according to ECG changes stratified by Troponin elevation group.

etiologies such as strain, myocyte necrosis and increased
cell membrane permeability (11–13). Indeed, mild Troponin
elevation was a frequent finding in our cohort, present in
31% of patients with COVID-19. In this regard, our data
suggests that assessment for the presence of ECG abnormalities
can be used to enhance inpatient risk stratification in
those patients with mild Troponin elevation, with potentially
intensification of monitoring and therapy. Finally, as persistent
fever is a frequent clinical feature of COVID-19, as well as
potential side effect of the novel vaccines, caregivers should
be familiar with the phenomena of fever induced Brugada
pattern and not mistake it for ST elevation myocardial
infarction. For patients who present with transient, fever
induced Brugada pattern, elective challenge with sodium
channel blocking agent (Procainamide, Flecainide, Ajmalin)
after resolution of the acute illness can establish the diagnosis
of Brugada.

LIMITATIONS

Our study has several limitations. This is an observational,
retrospective study. Because of its retrospective nature, the study
is subject to selection bias, and its results imply association,
not cause and effect. Relatively short follow-up time after was
available. The study was not aimed at providing mechanistic
insight for the cause of repolarization changes and Troponin
elevation. We did not asses structural information from echo due

to limited number of tests performed. However, this study was
directed at assessing the presenting ECG as a readily available
tool for risk stratification in combination with Troponin, a simple
blood test.
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Yanting Zhang 1,2,3†, Wei Sun 1,2,3†, Chun Wu 1,2,3†, Yiwei Zhang 1,2,3†, Li Cui 1,2,3, Yuji Xie 1,2,3,

Bin Wang 1,2,3, Lin He 1,2,3, Hongliang Yuan 1,2,3, Yongxing Zhang 1,2,3, Yu Cai 1,2,3, Meng Li 1,2,3,

Yu Zhang 1,2,3, Yun Yang 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* and Mingxing Xie 1,2,3*

1Department of Ultrasound, Tongji Medical College, Union Hospital, Huazhong University of Science and Technology,

Wuhan, China, 2Clinical Research Center for Medical Imaging in Hubei, Wuhan, China, 3Hubei Province Key Laboratory of

Molecular Imaging, Wuhan, China

Background: RVEF (right ventricular ejection fraction) measured by three-dimensional

echocardiography (3DE) has been used in evaluating right ventricular (RV) function and

can provide useful prognostic information in other various cardiovascular diseases.

However, the prognostic value of 3D-RVEF in coronavirus disease 2019 (COVID-19)

remains unknown. We aimed to investigate whether 3D-RVEF can predict the mortality

of COVID-19 patients.

Methods: A cohort of 128 COVID-19-confirmed patients who had undergone

echocardiography were studied. Thirty-one healthy volunteers were also enrolled as

controls. COVID-19 patients were divided into three subgroups (general, severe, and

critical) according to COVID-19 severity-of-illness. Conventional RV structure and

function parameters, RV free wall longitudinal strain (FWLS) and 3D-RVEF were acquired.

RVFWLS was measured by two-dimensional speckle tracking echocardiography. RVEF

was acquired by 3DE.

Results: Compared with controls, 2D-RVFWLS and 3D-RVEF were both significantly

decreased in COVID-19 patients (−27.2 ± 4.4% vs. −22.9 ± 4.8%, P < 0.001;

53.7 ± 4.5% vs. 48.5 ± 5.8%, P < 0.001). Critical patients were more likely to have a

higher incidence of acute cardiac injury and acute respiratory distress syndrome (ARDS),

and worse prognosis than general and severe patients. The critical patients exhibited

larger right-heart chambers, worse RV fractional area change (RVFAC), 2D-RVFWLS,

and 3D-RVEF and higher proportion of pulmonary hypertension than general and severe

patients. Eighteen patients died during a median follow-up of 91 days. The multivariate

Cox regression analysis revealed the acute cardiac injury, ARDS, RVFAC, RVFWLS, and

3D-RVEF were independent predictors of death. 3D-RVEF (chi-square to improve 18.3;

P < 0.001), RVFAC (chi-square to improve 4.5; P = 0.034) and 2D-RVFWLS (chi-square

to improve 5.1; P = 0.024) all provided additional prognostic value of higher mortality

over clinical risk factors. Moreover, the incremental predictive value of 3D-RVEF was

significantly (P < 0.05) higher than RVFAC and RVFWLS.
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Conclusion: 3D-RVEF was the most robust independent predictor of mortality in

COVID-19 patients and provided a higher predictive value over conventional RV function

parameters and RVFWLS, which may be helpful to identify COVID-19 patients at a higher

risk of death.

Keywords: three-dimensional echocardiography, right ventricular function, Coronavirus disease 2019, myocardial

strain, prognosis

INTRODUCTION

Cardiac injury was a prevalent complication and was associated
with worse prognosis in COVID-19 patients, with an incidence
ranging from 7.2 to 27.8% (1–5). The increased cardiac workload
resulting from respiratory failure and hypoxemia is a common
mechanism of cardiac injury and the right ventricle may bear
the brunt of its impact (3). Echocardiography is a convenient
and widely available imaging tool for assessing cardiac function.
Although both left ventricular (LV) dysfunction and right
ventricular (RV) dysfunction are noted in hospitalized COVID-
19 patients, the incidence of the latter is higher and the
worse RV function is associated with clinical deterioration (i.e.,
hemodynamic instability, cardiac deterioration, and respiratory
deterioration) (6–8). Furthermore, right ventricular free wall
longitudinal strain (RVFWLS) derived from two-dimensional
speckle tracking echocardiography (2D-STE) has been proven to
be a more effective factor to predict mortality than conventional
RV function parameters in COVID-19 patients (9). However, 2D-
STE has the intrinsic limitation of losing speckles from out-of-
plane cardiac motion. Additionally, given the complex structure
of the RV and the three–dimensional (3D) motion of heart,
3D analysis could potentially provide better and more accurate
assessment compared to 2D analysis. Previous studies have
proved that three–dimensional right ventricular ejection fraction
(3D-RVEF) can provide valuable prognostic information in
various cardiovascular diseases (10–12). However, the prognostic
value of 3D-RVEF in COVID-19 patients has not been studied.
Accordingly, this study aimed to assess RV structure and function
in COVID-19 patients with different severity of illness and
to explore whether 3D-RVEF provides incremental prognostic
value with regards to fatal outcomes in COVID-19 patients.

METHODS

Study Population
This study was performed at Union Hospital in Wuhan, China.
We enrolled a total of 172 consecutive patients confirmed with

Abbreviations: 2D, Two-dimensional; 3D, Three-dimensional; 3DE, Three-
dimensional echocardiography; A, Late diastolic inflow velocity; COVID-
19, Coronavirus disease 2019; E, Early diastolic inflow velocity; e’, Early
diastolic tissue velocity; FAC, Fractional area change; hs-TNI, high-sensitivity
troponin I; ICC, intra-class correlation coefficient; IQR, interquartile range;
PH, Pulmonary hypertension; RVFWLS, right ventricular free wall longitudinal
strain; RVEDVI, Right ventricular end-diastolic volume index; RVESVI, Right
ventricular end-systolic volume index; SARS-CoV-2, Severe acute respiratory
syndrome coronavirus 2; STE, Speckle-tracking echocardiography; S’, Tricuspid
lateral annular systolic velocity; TAPSE, Tricuspid annular plane systolic excursion;
TR, Tricuspid regurgitation.

COVID-19 according to the WHO interim guidance (13) from
January 29 to March 4, 2020. Bedside echocardiogram was
performed in all patients for assessment of cardiac structure and
function. The median time from admission to echocardiography
examination was 5 days [interquartile range (IQR) 3–10 days].
A total of 44 patients were excluded because of dilated
cardiomyopathy (n = 2), old myocardial infarction (n = 4),
insufficient image quality for echocardiographic analysis (n =

32), arrhythmia during examination (n = 6), the remaining 128
patients were divided into three subgroups according to the
guideline on the diagnosis and treatment of COVID-19 by the
National Health Commission (version 7.0) (14): general (n =

41), severe (n = 58) and critical (n = 29) groups. Additionally,
thirty-one healthy volunteers having no cardiopulmonary
disease based on physical examinations, biochemical tests,
electrocardiography, chest X-ray and echocardiogram were
enrolled as the control group.

This study was approved by the Ethics Committee of
Tongji Medical College, Huazhong University of Science and
Technology. Written informed consent was waived for all
participants with emerging infectious diseases.

Clinical Data
The demographic characteristics and clinical data (vital
signs, comorbidities, major laboratory findings, treatment,
complications, and prognosis during hospitalization) were
extracted from electronic medical records by two researchers.
The timing of laboratory measurements was within 3 days of
echocardiogram with a median interval of 1 day (Interquartile
Range, IQR: 1–2 days). Patients clinical outcomes were
followed up to May 18, 2020. Acute cardiac injury was
defined as serum plasma levels of high-sensitivity troponin
I (hs-TNI) above the 99th percentile of the upper limit of
reference (4). Acute respiratory distress syndrome (ARDS)
was defined according to the Berlin Definition (15). The
criteria for COVID-19 severity-of-illness was defined by the
Chinese management guideline for COVID-19 (version 7.0)
as follows: (1) general: fever and respiratory symptoms, with
evidence of pneumonia on radiological imaging; (2) severe:
patients with any of the following symptoms and signs:
respiratory distress with respiratory rate ≥30 breaths/min;
SpO2 ≤ 93% at rest; and PaO2/FiO2 ≤ 300mmHg (1mm
Hg = 0.133 kPa); and (3) critical: patients with any of the
following conditions: respiratory failure requiring mechanical
ventilation, shock, and/or other organ failure requiring
admission to the intensive care unit (ICU) (14). The criteria
for RV dysfunction is based on published reference, and
the COVID-19 patients were divided into three subgroups:
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3DRVEF > 45%, 40% < 3DRVEF ≤ 45%, and 30% <

3DRVEF ≤ 40% (16).

Conventional Echocardiography
Bedside echocardiography was performed using a commercially
available system (EPIQ 7C, Philips Medical Systems, Andover,
USA). 2D and Doppler echocardiography examinations were
performed based on the recommendations of the American
Society of Echocardiography (17). And all 2D echocardiographic
parameters were acquired according to the published guidelines
(18, 19).

The left atrial volume, left ventricular end-diastolic and end-
systolic volumes, left ventricular ejection fraction (LVEF) were
measured by the biplane Simpson’s method in apical two-
and four-chamber views and volumes were indexed to body
surface area (BSA) (18). Doppler mitral and tricuspid peak
early (E) and late (A) diastolic velocities, and E/A velocity
ratios were measured from the LV and RV inflow velocities
on apical four-chamber view. RV transverse diameter at the
base was measured from the RV-focused apical four-chamber
view, and the minor right atrial (RA) transverse diameter was
measured from the middle level of RA on apical four-chamber
view. Tricuspid lateral annular systolic velocity (S’), tricuspid
annular plane systolic excursion (TAPSE) and RV fractional
area change (FAC) were measured according to the established
guidelines (19). Systolic pulmonary arterial pressure (PASP) was
calculated by the Bernoulli simplified equation on tricuspid
regurgitation (TR) maximum jet velocity sum of estimated RA
pressure. Pulmonary hypertension (PH) was defined as PASP >

40 mm Hg (19).
The off-line 2D-STE analysis was performed with the vendor-

independent software TomTec (2D Cardiac Performance
Analysis 1.2 for 2D-STE; TomTec Imaging Systems,
Unterschleissheim, Germany) to acquire the RV strain in
the RV focused apical four-chamber view with frame rate of 50–
70 MHz, according to the published recommendations (20, 21).
The workstation automatically performed a contour tracking of
RV endocardium, and a manual adjustment was performed in
case of unsatisfactory tacking. Finally, the time-strain curve of
RVFWLS was generated automatically. RVFWLS was defined as
the mean longitudinal peak systolic strain of three segments of
the RV free wall. RVFWLS was performed 3 times during the
regular heartbeats and the average was used for analysis.

3DE Imaging and Analysis
A wide-angled, single-beat, high frame rate (HeartModel mode)
3D full-volume images data sets were acquired from the apical 4-
chamber RV-focused view. The 3DE datasets were stored digitally
for offline analysis. The 3D full-volume RV images were analyzed
by an experienced echocardiographer. RV-focused one-beat 3D
full-volume images were analyzed with a novel, full automated
RV quantification software (3D Auto RV, Phillips Medical
Systems) that detect RV endocardial contours using artificial
intelligence, which consists of knowledge-based identification
of initial global shape and RV chamber orientation, followed
by 3D speckle tracking analysis throughout a cardiac cycle

(22, 23). The software initially identified LV and RV long-
axis landmarks in end-diastole in the apical two- and four-
chamber views. Based on that, the RV-focused four-chamber view
and a short-axis view. Then RV endocardial surfaces were full
automatically defined and tracked throughout the cardiac cycle,
and a quick minimal manual adjustment was performed in case
of unsatisfactory outcomes. Finally, a 3D RV cast, RV volume
curves were provided, from which the RV end-diastolic volume
(RVEDV), RV end-systolic volume (RVESV), and RVEF were
determined (Figures 1A–C).

Interobserver and Intraobserver
Reproducibility
Intraobserver and interobserver variability in measurement of
2D-RVFWLS and 3D-RVEF were analyzed in 20 randomly
selected subjects. Intraobserver variability was assessed by the
same observer 2 weeks later. Interobserver variability was
assessed by a second observer in the same 20 patients.

Statistical Analysis
Continuous variables were expressed as mean ± SD, or median
(IQR). The normality of distribution was tested by the Shapiro–
Wilk test. Comparisons between groups were made by two-
sample student t-test or one-way analysis of variance for
normally distributed variables; and Mann–Whitney U-test or
Kruskal–Wallis test for non-normal distribution of data. The
post-hoc pairwise comparisons with Bonferroni correction was
used for continuous variables. Categorical data were expressed as
percentages and were compared by the χ

2 test or Fisher exact test,
when appropriate. The correlation between 3D-RVEF and 2D-
RVFWLS was examined using Pearson’s Correlation coefficients.

Univariate and multivariable Cox proportional hazards
models were performed to identify the independent risk factors
of mortality in COVID-19 patients. Variables with P < 0.05
at univariate analysis were included in stepwise multivariable
analysis. To avoid overfitting and collinearity issues, four separate
multivariable Cox proportional hazard models were constructed
to determine the independent predictors of higher mortality. To
assess the potential additive prognostic value of 3D-RVEF and the
other RV parameters, we evaluated the additional increment of
the chi-square statistics of the combinedmodels over the baseline
model. Receiver operator characteristic curves (ROC) were used
to calculate the sensitivity and specificity for predicting death
by RV function index and to determine the optimal prognostic
cutoff value (Youden method). The Hanley and McNeil methods
were applied for comparison of area under the curves (AUCs)
of RV function parameters (24). Survival curves were obtained
using the Kaplan–Meier method and compared by the log-
rank test. The reproducibility of 2D- RVFWLS and 3D-RVEF
was assessed using intra-class correlation coefficients (ICC) and
Bland-Altman analyses.

All statistical analyses were performed using SPSS version
23.0 (Statistical Package for the Social Sciences, Chicago, IL,
USA), STATA software version 10 (StataCorp, Texas, USA)
and R version 3.6.3 (R Foundation for Statistical Computing,
Vienna, Austria). All tests were 2-tailed; P < 0.05 was considered
statistically significant.
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FIGURE 1 | Representative 3DE analysis in a COVID-19 patient. (A) Retrieving 3DE datasets aimed for the RV full-volume images from apical 4-chamber RV-focused

view; (B) LV and RV long-axis landmarks in end-diastole in the apical 2- and 4-chamber views were identified by software initially; then, RV focused 4-chamber view

and a short-axis view are derived; (C) RV endocardial surfaces were full automatically defined and tracked throughout the cardiac cycle; finally, RV end-diastolic

volume, RV end-systolic volume, and RVEF were determined. 3DE, three-dimensional echocardiography; COVID-19, coronavirus disease 2019; LV, left ventricular; RV,

right ventricular; RVEF, right ventricular ejection fraction.

RESULTS

Clinical Characteristics
The clinical characteristics of the 128 COVID-19 patients were
shown in Table 1. The mean age was 61.3 ± 13.1 years and 61
(47.7%) patients were men. Of 128 patients, 7 (5.5%) had chronic
obstructive pulmonary disease, 18 (14.1%) had cardiac disease
including 14 with known coronary heart disease in the absence
of abnormal wall motion by routine echocardiography and 4
with occasional arrhythmia (atrial and ventricular extrasystole)
by the recording of a long-term electrocardiograph. Compared
with general and severe patients, critical patients were older,
predominantly male and had higher heart rates (HR) and lower
oxygenation index.

In addition, compared with general and severe patients,
critical patients were more likely to have underlying cardiac
disease, lower levels of lymphocyte counts, higher levels of C-
reactive protein and procalcitonin. They were also more prone
to receive high-flow oxygen and invasive mechanical ventilation
therapy, and were more likely to develop acute cardiac injury,

ARDS. More often than not they got admitted to ICU, and had
higher mortality.

Echocardiographic Characteristics
Table 2 revealed the echocardiographic characteristics of
the subjects. Compared with healthy controls, COVID-19
patients had thickened interventricular septum thickness
(IVST), decreased mitral and tricuspid E/A, lower LVEF
and FAC, and higher left ventricular end systolic volume
index (LVESVI). 2D-RVFWLS and 3D-RVEF were both
significantly lower in COVID-19 patients than in controls
(−22.9 ± 4.8% vs. −27.2 ± 4.4%, P < 0.001; 48.5 ± 5.8%
vs. 53.7 ± 4.5%, P < 0.001). Moreover, 3D-RVEF correlated
significantly with 2D-RVFWLS in COVID-19 patients (r =

−0.59, P < 0.001) and in controls (r = −0.64, P < 0.001).
Furthermore, critical patients exhibited significantly higher
mitral E/e′, larger RA, RV and pulmonary artery (PA) diameter,
worse FAC, 2D-RVFWLS, and 3D-RVEF. Moreover, a higher
proportion of critical patients had PH. Additionally, Table 2
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TABLE 1 | Clinical characteristics of COVID-19 patients according to severity of illness.

Variables Total (n = 128) General (n = 41) Severe (n = 58) Critical (n = 29) P-value

Clinical characteristics

Age (years) 61.3 ± 13.1 58.6 ± 16.0 60.9 ± 11.7 66.0 ± 9.8 0.06

Male, n (%) 61 (47.7) 15 (36.6) 26 (44.8) 20 (69.0) 0.024

Heart rate, beats/min 86 (80, 99) 84.0 (80, 95) 89 (80, 101) 90 (80, 99) 0.494

Respiratory rate, times/min 23 (20, 30) 20 (20, 23) 25 (20, 30) 26 (20, 33) <0.001

SBP, mmHg 130 (120, 140) 132 (122, 146) 125 (116, 138) 134 (120, 146) 0.195

DBP, mmHg 80 (73, 88) 81 (75, 90) 78 (72, 87) 80 (74, 87) 0.325

OI, mmHg 286.0 (200.0, 337.9) 340.7 (317.2, 392.0) 250.7 (205.5, 301.7) 173.0 (141.7, 248.4) <0.001

Comorbidities

Hypertension, n (%) 52 (40.6) 17 (41.5) 20 (34.5) 15 (51.7) 0.301

Diabetes, n (%) 18 (14.1) 7 (17.1) 8 (13.8) 3 (10.3) 0.720

Cardiac disease, n (%) 18 (14.1) 4 (9.8) 5 (8.6) 9 (31.0) 0.028

COPD, n (%) 7 (5.5) 3 (7.3) 2 (3.4) 2 (6.9) 0.684

Chronic liver diseases, n (%) 4 (3.1) 1 (2.4) 3 (5.2) 0 (0.0) 0.559

Chronic kidney disease, n (%) 1 (0.8) 0 (0.0) 1 (1.7) 0 (0.0) 1.000

Malignancy, n (%) 9 (7.0) 2 (4.9) 5 (8.6) 2 (6.9) 0.904

Smoker, n (%) 7 (5.5) 4 (9.8) 3 (5.2) 0 (0.0) 0.235

Laboratory findings

White blood cell × 109/L 6.6 (4.9, 9.4) 6.2 (4.5, 9.3) 6.0 (4.8, 8.7) 8.4 (6.2, 10.8) 0.010

Lymphocyte count × 109/L 1.01 (0.61, 1.44) 1.28 (1.00, 1.63) 0.97 (0.67, 1.36) 0.60 (0.28, 1.02) <0.001

CRP, mg/L 26.3 (3.6, 63.3) 3.7 (1.0, 32.8) 24.0 (8.4, 53.3) 77.6 (49.0, 124.5) <0.001

PCT, ng/ml 0.08 (0.05, 0.20) 0.06 (0.04, 0.17) 0.08 (0.05, 0.18) 0.15 (0.07, 0.32) 0.015

D-dimer, mg/L 1.4 (0.5, 5.8) 1.0 (0.2, 4.2) 1.2 (0.5, 5.8) 2.5 (1.0, 8.0) 0.006

hs-TNI, ng/mL 3.9 (1.8, 19.9) 2.7 (1.3, 12.1) 3.4 (1.6, 8.7) 29.3 (4.7, 74.8) <0.001

CK-MB, U/L 12.0 (9.0, 20.8) 10.0 (7.0, 15.5) 12.0 (9.0, 16.0) 26.0 (11.0, 31.0) 0.001

BNP, pg/ml 51.8 (13.6, 140.9) 36.6 (10.0, 119.6) 33.5 (12.7, 83.1) 199.4 (102.5, 348.7) <0.001

Serum creatinine (µmol/L) 65.1 (53.4, 80.5) 62.7 (49.3, 80.6) 63.3 (53.9, 82.0) 72.0 (59.3, 78.1) 0.235

Treatments

Antiviral therapy, n (%) 120 (93.8) 34 (82.9) 57 (98.3) 29 (100.0) 0.004

Antibiotic therapy, n (%) 92 (71.9) 25 (61.0) 40 (69.0) 27 (93.1) 0.010

Glucocorticoid therapy, n (%) 50 (39.1) 11 (26.8) 19 (32.8) 20 (69.0) 0.001

ACE-I/ARB, n (%) 12 (9.4) 4 (9.8) 6 (10.3) 2 (6.9) 0.929

High-flow oxygen, n (%) 66 (51.6) 4 (9.8) 34 (58.6) 28 (96.6) <0.001

Mechanical ventilation, n (%) 26 (20.3) 1 (2.4) 5 (8.6) 20 (60.9) <0.001

IMV, n (%) 17 (13.3) 0 (0.0) 4 (6.9) 13 (44.8) <0.001

NIMV, n (%) 9 (7.0) 1 (2.4) 1 (1.7) 7 (24.1) 0.001

ICU admission, n (%) 19 (14.8) 0 (0.0) 4 (6.9) 15 (51.7) <0.001

Complications

ARDS, n (%) 48 (37.5) 0 (0.0) 19 (32.8) 29 (100.0) <0.001

Acute cardiac injury, n (%) 27 (21.1) 7 (17.1) 7 (12.1) 13 (44.8) 0.001

Acute kidney injury, n (%) 15 (11.7) 4 (9.8) 5 (8.6) 6 (20.7) 0.260

Coagulation dysfunction, n (%) 33 (25.8) 5 (12.2) 13 (22.4) 15 (51.7) 0.001

Prognosis <0.001

Discharge, n (%) 110 (85.9) 41 (100.0) 56 (96.6) 13 (44.8)

Death, n (%) 18 (14.1) 0 (0.0) 2 (3.4) 16 (55.2)

Data were n (%), mean ± SD or median (IQR). ARDS, acute respiratory distress syndrome; ACE-I, angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor blockers;

BNP, B-type natriuretic peptide; CK-MB, creatine kinase muscle-brain; COVID-19, coronavirus disease 2019; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein;

DBP, diastolic blood pressure; hs-TNI, high-sensitivity troponin I; ICU, intensive care unit; IMV, invasive mechanical ventilation; IQR; interquartile range; NIMV, non-invasive mechanical

ventilation; OI, oxygenation index; PCT, procalcitonin; SBP, systolic blood pressure; SD, standard deviation.

showed that age, HR and systolic blood pressure (SBP) were
significantly different between controls and COVID-19 patients.
The echocardiographic parameters were further compared

between controls and COVID-19 patients after making
statistical adjustment of age, HR, and SBP in Table 3. After
the adjustment, the differences between COVID-19 patients

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 February 2021 | Volume 8 | Article 641088358

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


Zhang et al. Prognostic Value of 3D-RVEF in COVID-19

TABLE 2 | Comparisons of baseline characteristics and echocardiographic characteristics in healthy controls and COVID-19 patients.

COVID-19 patients

Variables Control (n = 31) All patients (n = 128) P-value General (n = 41) Severe (n = 58) Critical (n = 29) P-value

Age (years) 51.5 ± 8.4 61.3 ± 13.1 <0.001 58.6 ± 16.0 60.9 ± 11.7 66.0 ± 9.8 0.060

Male, n (%) 18 (58.1) 61 (47.7) 0.298 15 (36.6) 26 (44.8)* 20 (69.0)*# 0.024

Body surface area, m2 1.69 ± 0.13 1.67 ± 0.15 0.589 1.66 ± 0.15 1.65 ± 0.15 1.76 ± 0.14*# 0.003

Heart rate, beats/min 66.0 (58.0, 73.0) 86.0 (80.0, 99.0) <0.001 84.0 (80.0, 95.0) 89.0 (79.8, 101.3) 90.0 (80.0, 98.5) 0.494

SBP, mmHg 120.0 (114.0, 123.0) 130.0 (120.0, 140.0) 0.001 132 (122.5, 145.5) 124.5 (115.8, 138.0) 134.0 (120.0, 145.5) 0.195

DBP, mmHg 78.0 (70.0, 86.0) 80.0 (73.0, 87.8) 0.336 81.0 (74.5, 89.5) 77.5 (71.5, 87.3) 80.0 (73.5, 87.0) 0.325

Left chamber

LA, mm 33.7 ± 3.3 34.3 ± 4.7 0.639 33.3 ± 4.9 34.2 ± 4.3 35.7 ± 5.1 0.087

LV, mm 46.9 ± 3.2 45.8 ± 4.3 0.101 44.8 ± 4.4 46.3 ± 3.8 46.2 ± 5.0 0.198

IVST, mm 8.9 ± 0.7 9.6 ± 1.2 0.001 9.6 ± 1.5 9.7 ± 1.0 9.5 ± 1.2 0.821

Mitral valve

E/A 1.15 ± 0.31 0.93 ± 0.33 <0.001 0.9 ± 0.3 1.0 ± 0.4 0.9 ± 0.3 0.229

E/e’ 7.9 ± 1.6 9.0 ± 3.0 0.144 8.1 ± 3.0 9.2 ± 3.0 9.8 ± 2.8* 0.004

LAVI, mL/m2 32.6 ± 9.1 34.2 ± 10.3 0.407 33.0 ± 10.8 35.5 ± 10.0 32.9 ± 10.7 0.313

LVEDVI, mL/m2 52.2 ± 12.4 54.5 ± 15.8 0.577 51.0 ± 17.5 57.8 ± 15.3* 52.4 ± 13.2 0.043

LVESVI, mL/m2 16.6 ± 4.0 20.0 ± 7.2 0.027 18.3 ± 7.3 21.8 ± 7.5* 18.8 ± 5.9 0.030

LVEF, % 68.1 ± 4.0 63.4 ± 6.2 <0.001 64.3 ± 4.8 62.5 ± 7.0 64.1 ± 6.3 0.295

Right chamber

RA, mm 36.3 ± 3.9 35.3 ± 4.3 0.136 34.5 ± 3.5 34.3 ± 3.7 38.1 ± 5.1*# <0.001

RV, mm 33.3 ± 3.5 33.9 ± 3.9 0.437 33.3 ± 3.4 33.3 ± 3.8 36.1 ± 4.2*# 0.004

PA, mm 23.3 ± 2.5 23.4 ± 2.7 0.752 22.1 ± 2.4 23.4 ± 2.5 25.1 ± 2.8* <0.001

Tricuspid valve

E/A 1.3 ± 0.2 1.0 ± 0.3 <0.001 1.0 ± 0.3 1.0 ± 0.3 0.9 ± 0.3 0.416

E/e’ 5.1 ± 2.0 5.2 ± 1.8 0.343 5.2 ± 1.7 4.9 ± 1.5 5.8 ± 2.0 0.077

TAPSE, mm 24.0 ± 2.4 22.9 ± 3.8 0.169 22.9 ± 4.0 23.1 ± 3.5 22.3 ± 4.1 0.652

S′, cm/s 12.8 ± 2.0 14.1 ± 2.9 0.019 13.2 ± 2.1 14.2 ± 2.6 15.1 ± 3.9 0.117

FAC, % 51.2 ± 4.3 47.4 ± 5.7 <0.001 48.1 ± 5.2 46.8 ± 5.5 43.1 ± 5.0*# 0.001

PASP, mmHg / 33.3 ± 12.8 / 27.0 ± 6.5 30.1 ± 8.9 45.3 ± 15.3*# <0.001

PH, n (%) 0 (0) 18 (14.1) 0.025 1 (2.4) 4 (6.9) 13 (44.8) *# <0.001

2D-STE parameter

RVFWLS, % −27.2 ± 4.4 −22.9 ± 4.8 <0.001 −23.9 ± 3.9 −24.2 ± 4.8 −19.1 ± 4.1*# <0.001

3DE parameters

RVEDVI, mL/m2 60.5 ± 12.9 61.8 ± 11.5 0.445 59.2 ± 10.9 61.2 ± 11.7 66.7 ± 10.8*# 0.036

RVESVI, mL/m2 28.0 ± 7.0 32.0 ± 7.6 0.005 28.9 ± 6.8 31.3 ± 6.5 37.8 ± 8.0* <0.001

RVEF, % 53.7 ± 4.5 48.5 ± 5.8 <0.001 51.3 ± 5.6 48.9 ± 4.1 43.5 ± 5.8*# <0.001

Data were n (%), mean ± SD or median (IQR). *P < 0.05, vs. general group; #P <0.05, vs. severe groups. DBP, diastolic blood pressure; RVFAC, right ventricular fractional area change;

IVST, interventricular septum thickness; LA, left atrial diameter; LAVI, left atrial volume index; LV, left ventricular anteroposterior diameter; LVEDVI, left ventricular end-diastolic volume

index; LVESVI, left ventricular end-systolic volume index; EF, ejection fraction; PA, pulmonary artery diameter; PASP, pulmonary artery systolic pressure; PH, pulmonary hypertension; RA,

right atrial diameter; RV, right ventricular diameter; RVEDVI, right ventricular end-diastolic volume index; RVESVI, right ventricular end-systolic volume index; RVFWLS, right ventricular

free wall longitudinal strain; S′, pulsed doppler peak velocity at the tricuspid lateral annulus; SBP, systolic blood pressure; STE, two-dimensional speckle tracking echocardiography;

TAPSE, tricuspid annular plane systolic excursion; 2D, two-dimensional; 3DE, three-dimensional echocardiography.

and controls persisted for the IVST, tricuspid E/A, LVESVI,
LVEF, RVFAC, 2D-RVFWLS, and 3D-RVEF. Likewise, sex and
BSA were significantly different among the general, severe
and critical groups. So, the echocardiographic parameters
among the three groups were further compared after statistical
adjustment of sex and BSA in Table 3. Larger right heart
chambers, worse RVFAC, 2D-RVFWLS, and 3D-RVEF remained
statistically significant in critical patients than general and severe
patients (Table 3).

During a median follow-up of 91 days (IQR: 74–93 days),
18 (14.1%) patients died. Non-survivors were more often
male. They had lower oxygenation index than the survivors.
The prevalence of comorbidities was similar between the two
groups. Compared with non-survivors, survivors presented with
more abnormal laboratory findings including lower lymphocyte,
higher inflammation-related indices (white blood cell counts,
C-reactive protein, procalcitonin, D-dimer) and elevated cardiac
indices. There were no differences between the survivors and
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TABLE 3 | Adjusted comparisons of echocardiographic characteristics in healthy controls and COVID-19 patients.

COVID-19 patients

Variables Control (n = 31) All patients (n = 128) P-value General (n = 41) Severe (n = 58) Critical (n = 29) P-value

Left chamber

LA, mm 34.1 (32.2, 35.9) 34.2(33.4, 35.0) 0.890 33.6 (32.1, 35.0) 34.4 (33.2, 35.6) 35.2 (33.4, 36.9) 0.378

LV, mm 46.4 (44.7, 48.1) 45.9 (45.2, 46.7) 0.651 45.0 (43.7, 46.3) 46.6 (45.5, 47.6) 45.3 (43.8, 46.8) 0.122

IVST, mm 9.0 (8.6, 9.5) 9.6 (9.4, 9.8) 0.036 9.7 (9.3, 10.1) 9.7 (9.4, 10.1) 9.3 (8.9, 9.8) 0.319

Mitral valve

E/A 1.0 (0.9, 1.1) 1.0 (0.9, 1.0) 0.785 0.8 (0.7, 1.0) 1.0 (0.9, 1.1) 0.9 (0.8, 1.1) 0.199

E/e’ 9.0 (7.8, 10.2) 8.7 (8.2, 9.2) 0.623 7.7 (6.8, 8.6) 9.2 (8.5, 10.0)* 10.0 (8.8, 11.1)* 0.007

LAVI, mL/m2 30.8 (26.5, 35.1) 34.6 (32.7, 36.6) 0.128 33.0 (29.5, 36.5) 35.6 (32.8, 38.4) 32.7 (28.6, 36.9) 0.396

LVEDVI, mL/m2 49.3 (42.9, 55.8) 55.2 (52.3, 58.1) 0.124 51.3 (46.3, 56.3) 57.1 (53.0, 61.2) 53.4 (47.3, 59.5) 0.193

LVESVI, mL/m2 15.1 (12.3, 18.0) 20.4 (19.2, 21.7) 0.002 18.3 (16.0, 20.6) 21.5 (19.6, 23.4) 19.4 (16.7, 22.2) 0.097

LVEF, % 68.6 (66.1, 71.1) 63.3 (62.2, 64.4) <0.001 64.4 (62.3, 66.4) 62.6 (60.9, 64.3) 63.8 (61.3, 66.3) 0.386

Right chamber

RA, mm 36.1 (34.4, 37.9) 35.3 (34.5, 36.1) 0.430 34.8 (33.6, 36.0) 34.4 (33.3, 35.4) 37.6 (36.1, 39.1)*# 0.003

RV, mm 32.5(30.9, 34.1) 34.1 (33.4, 34.8) 0.081 33.5 (32.4, 34.7) 33.4 (32.4, 34.4) 35.6 (34.2, 37.1)# 0.031

PA, mm 23.6 (22.5, 24.8) 23.3 (22.8, 23.8) 0.618 22.1 (21.3, 22.9) 23.6 (22.9, 24.2)* 24.8 (23.8, 25.8)* <0.001

Tricuspid valve

E/A 1.2 (1.1, 1.4) 1.0 (1.0, 1.1) 0.011 1.0 (0.9, 1.1) 1.0 (1.0, 1.1) 0.9 (0.8, 1.1) 0.371

E/e’ 5.2 (4.4, 6.0) 5.2 (4.8, 5.6) 0.906 5.3 (4.6, 5.9) 4.9 (4.4, 5.4) 5.7 (5.0, 6.4) 0.199

TAPSE, mm 23.6 (22.1, 25.1) 23.0 (22.3, 23.6) 0.467 23.0 (21.8, 24.2) 23.1 (22.1,24.1) 22.1 (20.7, 23.6) 0.544

S′, cm/s 13.4 (12.2, 14.5) 13.9 (13.4, 14.4) 0.438 13.1 (12.2, 14.0) 14.2 (13.5,15.0) 15.1 (14.0, 16.2)* 0.019

RVFAC, % 50.1 (47.9, 52.3) 46.7 (45.7, 47.7) 0.010 48.2 (46.5, 49.9) 46.9 (45.5,48.3) 43.0 (40.9, 45.0)*# 0.001

PASP, mmHg / 33.3 (30.1, 36.4) / 27.0 (22.3, 31.8) 31.1 (27.2,35.0) 43.6 (38.5, 48.7)*# <0.001

PH, n (%) / 18 (14.1) / 1 (2.4) 4 (6.9) 13 (44.8)*# <0.001

2D-STE parameter

RVFWLS, % −26.0 (−24.0, −28.0) −23.2 (−22.4, −24.1) 0.021 −23.9 (−22.5, −25.2) −24.2 (−23.1, −25.4) −19.1 (−17.4, −20.8)*# <0.001

3DE parameters

RVEDVI, mL/m2 57.6 (53.7, 62.5) 62.5 (60.4, 64.6) 0.092 59.6 (56.1, 63.0) 60.7 (57.9, 63.6) 67.1 (62.9, 71.3)*# 0.019

RVESVI, mL/m2 27.1 (23.9,30.2) 32.2 (30.9, 33.6) 0.006 29.2 (27.1, 31.3) 31.0 (29.3, 32.8) 37.9 (35.3, 40.5)*# <0.001

RVEF, % 52.7 (50.3, 55.0) 48.7 (47.7, 49.7) 0.004 51.2 (49.7, 52.8) 48.9 (47.6, 50.2) 43.6 (41.7, 45.5)*# <0.001

Data were mean (95% CI). *P < 0.05, vs. general group; #P < 0.05, vs. severe group. FAC, right ventricular fractional area change; IVST, interventricular septum thickness; LA, left atrial

diameter; LAVI, left atrial volume index; LV, left ventricular anteroposterior diameter; LVEDVI, left ventricular end-diastolic volume index; LVESVI, left ventricular end-systolic volume index;

EF, ejection fraction; PA, pulmonary artery diameter; PASP, pulmonary artery systolic pressure; PH, pulmonary hypertension; RA, right atrial diameter; RV, right ventricular diameter;

RVEDVI, right ventricular end-diastolic volume index; RVESVI, right ventricular end-systolic volume index; RVFWLS, right ventricular free wall longitudinal strain; S′, pulsed doppler

peak velocity at the tricuspid lateral annulus; STE, speckle tracking echocardiography; TAPSE, tricuspid annular plane systolic excursion; 2D, two-dimensional; 3DE, three-dimensional

echocardiography. Comparison of COVID-19 patients and controls adjusted for age, heart rate and systolic blood pressure. Comparison of COVID-19 patients with different severity of

illness adjusted for sex and body surface area.

non-survivors in left heart chamber size and LV function
parameters. However, the non-survivors showed larger RA, RV
and PA diameters, lower tricuspid E/A, RVFAC, 2D-RVFWLS
and 3D-RVEF than survivors. Moreover, a higher proportion of
non-survivors presented PH than survivors (Table 4).

Prediction of the Death
Conventional RV function parameters including RVFAC, TAPSE
and S′, 2D-RVFWLS and 3D-RVEF were analyzed by ROC
for predicting mortality in COVID-19 patients. The ROC
analyses showed only RVFAC, 2D-RVFWLS, and 3D-RVEF were
associated with mortality (Figure 2). Moreover, the AUC of 3D-
RVEF was greater than that of RVFAC (0.93 vs. 0.79, P =

0.039) and RVFWLS (0.93 vs. 0.83, P = 0.032). The best cutoff

value to predict mortality was 42.7% for RVFAC (AUC, 0.79,
P < 0.001; sensitivity, 72%; specificity, 78%), −18.9% for 2D-
FWLS (AUC, 0.83, P < 0.001; sensitivity, 72%; specificity, 85%),
and 42.5% for 3D-RVEF (AUC, 0.93, P < 0.001; sensitivity, 83%;
specificity, 96%).

Kaplan–Meier survival curves showed lower survival rates
for the groups with decreased RVFAC (≤42.7%), 2D-RVFWLS
(> −18.9%), and 3D-RVEF (≤42.5%) that was classified by cutoff
values of the above RV functional parameters (Figures 3A–C).
In addition, decreased RVFAC, 2D-RVFWLS, and 3D-RVEF
occurred in 37 (28.9%) patients, 29 (22.7%) patients and 19
(14.8%) patients, respectively. The incidence rate of mortality in
these patients was significantly higher than in patients whose
RVFAC (>42.7%), 2D-RVFWLS (≤−18.9%), and 3D-RVEF
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TABLE 4 | Clinical and echocardiographic characteristics in COVID-19 survivors

and non-survivors.

Variables Survivors

(n = 110)

Non-survivors

(n = 18)

P-value

Clinical characteristics

Age (years) 61 ± 13 66 ± 12 0.106

Male, n (%) 48 (43.6) 13 (72.2) 0.024

Heart rate, beats/min 86 (80, 99) 90 (79, 114) 0.541

Respiratory rate, times/min 22 (20, 30) 30 (22, 36) 0.009

SBP, mmHg 130 (120, 140) 131 (119, 151) 0.790

DBP, mmHg 80 (73, 89) 79 (72, 81) 0.296

OI, mmHg 300.0 (217.4,

340.0)

195.1 (160.6,

240.2)

<0.001

Comorbidities

Hypertension, n (%) 42 (38.2) 10 (55.6) 0.164

Diabetes, n (%) 16 (14.5) 2 (11.1) 1.000

Cardiac disease, n (%) 13 (11.8) 5 (27.8) 0.134

COPD, n (%) 5 (4.5) 2 (11.1) 0.255

Chronic liver diseases, n (%) 4 (3.6) 0 (0.0) 1.000

Chronic kidney disease, n (%) 1 (0.9) 0 (0.0) 1.000

Malignancy, n (%) 7 (6.4) 2 (11.1) 0.613

Smoker, n (%) 6 (5.5) 1 (5.6) 1.000

Laboratory findings

White blood cell × 109/L 6.2 (4.8, 8.9) 10.1 (7.2, 11.2) 0.001

Lymphocyte count × 109/L 1.07 (0.70, 1.47) 0.45 (0.25, 0.69) <0.001

CRP, mg/L 20.9 (2.9, 53.1) 79.1 (49.0,

129.9)

<0.001

PCT, ng/ml 0.07 (0.04, 0.16) 0.22 (0.09, 0.44) 0.001

D-dimer, mg/L 1.4 (0.5, 5.6) 2.2 (0.9, 8.0) 0.067

hs-TNI, ng/mL 3.3 (1.6, 8.7) 40.2 (17.4,

464.2)

<0.001

CK-MB, U/L 11.0 (8.0, 18.0) 21.0 (11.8, 35.3) 0.005

BNP, pg/ml 35.0 (10.0,

107.2)

207.4 (110.4,

525.2)

<0.001

Serum creatinine (µmol/L) 63.8 (53.5, 79.9) 72.7 (52.9, 87.0) 0.196

Echocardiographic characteristics

Left chamber

LA, mm 34.2 ± 4.5 35.1 ± 5.9 0.536

LV, mm 45.9 ± 4.3 45.0 ± 4.0 0.399

IVST, mm 9.7 ± 1.2 9.5 ± 1.1 0.592

Mitral valve

E/A 0.9 ± 0.3 1.0 ± 0.4 0.663

E/e’ 8.9 ± 3.0 9.6 ± 2.8 0.198

LAVI, mL/m2 34.3 ± 10.2 33.5 ± 11.7 0.696

LVEDVI, mL/m2 54.9 ± 16.4 51.6 ± 11.9 0.500

LVESVI, mL/m2 20.3 ± 7.4 18.3 ± 6.2 0.349

LVEF, % 63.1 ± 6.1 64.9 ± 6.8 0.280

Right chamber

RA, mm 34.8 ± 3.6 38.2 ± 6.3 0.039

RV, mm 33.6 ± 3.7 36.3 ± 4.8 0.022

PA, mm 23.1 ± 2.6 25.0 ± 2.9 0.010

Tricuspid valve

E/A 1.0 ± 0.3 0.9 ± 0.3 0.039

E/e’ 5.2 ± 1.8 5.5 ± 1.5 0.173

(Continued)

TABLE 4 | Continued

Variables Survivors

(n = 110)

Non-survivors

(n = 18)

P-value

TAPSE, mm 22.9 ± 3.8 22.3 ± 3.8 0.534

S′, cm/s 13.9 ± 2.6 15.1 ± 4.3 0.394

RVFAC, % 47.2 ± 5.2 41.6 ± 5.3 <0.001

PASP, mmHg 30.3 ± 9.6 45.7 ± 16.7 0.003

PH, n (%) 9 (8.2) 9 (50.0) <0.001

RVFWLS, % −23.7 ± 4.6 −18.3 ± 3.5 <0.001

RVEDVI, mL/m2 61.1 ± 11.3 66.4 ± 12.2 0.070

RVESVI, mL/m2 30.7 ± 6.6 39.8 ± 8.9 <0.001

RVEF, % 49.8 ± 4.8 40.4 ± 4.7 <0.001

Data were mean ± SD, or n (%). BNP, B-type natriuretic peptide; CK-MB, creatine kinase

muscle-brain; COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus

disease 2019; CRP, C-reactive protein; DBP, diastolic blood pressure; FAC, right

ventricular fractional area change; hs-TNI, high-sensitivity troponin I; IVST, interventricular

septum thickness; LA, left atrial diameter; LAVI, left atrial volume index; LV, left ventricular

anteroposterior diameter; LVEDVI, left ventricular end-diastolic volume index; LVESVI, left

ventricular end-systolic volume index; EF, ejection fraction; PA, pulmonary artery diameter;

OI, oxygenation index; PASP, pulmonary artery systolic pressure; PCT, procalcitonin;

PH, pulmonary hypertension; RA, right atrial diameter; RV, right ventricular diameter;

RVEDVI, right ventricular end-diastolic volume index; RVESVI, right ventricular end-

systolic volume index; RVFWLS, right ventricular free wall longitudinal strain; S′, pulsed

doppler peak velocity at the tricuspid lateral annulus; SBP, systolic blood pressure; STE,

speckle tracking echocardiography; TAPSE, tricuspid annular plane systolic excursion;

2D, two-dimensional; 3DE, three-dimensional echocardiography.

(>42.5%) were not decreased (Figures 3D–F; P < 0.001 for
all). In addition, we further divided the COVID-19 patients
into three subgroups: 3DRVEF > 45% (n = 107), 40% <

3DRVEF ≤ 45% (n = 15), 30% < 3DRVEF ≤ 40% (n = 6).
The Kaplan–Meier survival curves showed that the three groups
had significantly different survival rates (P < 0.001), with the
group of 30% < 3DRVEF ≤ 40% having the lowest survival rate
(Supplementary Figure 1).

In univariate analysis (Table 5), sex, acute cardiac injury,
ARDS, RVFAC, 2D-RVFWLS, and 3D-RVEF were significantly
associated with higher mortality in COVID-19 patients. In
stepwise multivariate analysis, acute cardiac injury and ARDS
were used to construct the baseline model for predicting
death in COVID-19 patients. Separated models using RVFAC,
2D-RVFWLS, and 3D-RVEF were found to have significant
additional prognostic value for mortality over the baseline model
(Table 4, Figure 4). Notably, the incremental predictive value
of 3D-RVEF (chi-square to improve 18.3; P < 0.001) was
significantly higher (P < 0.05) than RVFAC (chi-square to
improve 4.5; P= 0.034) and 2D-RVFWLS (chi-square to improve
5.1; P = 0.024).

Variability of 2D-STE and 3DE
Measurements
The intraobserver and interobserver variability for RVFWLS
were 0.3 ± 4.3% and 0.6 ± 5.8%, 3D-RVEF were 0.3 ± 3.1%
and 0.5 ± 3.9%. The intraobserver and interobserver ICC for
RVFWLS were 0.95 and 0.90, 3D-RVEF were 0.95 and 0.91.
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DISCUSSION

To our knowledge, this is the first study to comprehensively
depict the conventional, 2D strain and 3DE characteristics of
RV in COVID-19 patients with different severity of illness and
to explore the prognostic value of 3D-RVEF in COVID-19

FIGURE 2 | Receiver operating characteristic curves in predicting the death of

COVIID-19 patients. COVID-19, coronavirus disease 2019.

patients by directly comparing its utility with that derived
from conventional echocardiography and 2D-STE. The major
findings were as follows: (1) critical COVID-19 patients
were more prone to have larger right heart chamber size,
more impaired RV function and a higher prevalence of PH;
(2) RVFAC, 2D-RVFWLS, and 3D-RVEF were all significant
predictors for mortality in COVID-19 patients; and (3) 3D-
RVEF could provide incremental value over 2D-RVFWLS
and conventional echocardiographic parameters for predicting
mortality in COVID-19 patients.

RV Size and Function in COVID-19 Patients
Accumulating studies revealed that acute cardiac injury was a
common complication and was associated with fatal outcomes
in COVID-19 patients (1, 2, 5). We found 27 (21.1%) patients
in this cohort had acute cardiac injury as determined by
plasma hs-TNI levels. The increased cardiac stress due to
respiratory failure and hypoxemia may contribute to cardiac
injury and the RV may bear the brunt of its impact (3, 25).
Therefore, assessment of RV structure and function could be
imperative and significant for COVID-19 patients. There are
certain limitations for the assessment of RV size and function by
2D echocardiography due to its complex geometrical anatomy.
3D analysis has the advantage of full-volume acquisition of the
entire RV, which may overcome the limitations of 2D analysis.
In this study, we assessed RV size and function by the novel,

FIGURE 3 | Kaplan–Meier survival curves and percent bar graph of mortality rate in COVID-19 patients. Top, cumulative percentage survival free from death according

to FAC (A), 2D-RVFWLS (B), and 3D-RVEF (C). Bottom, mortality rates of different groups dividing by the cut-off value of FAC (D), 2D-RVFWLS (E), and 3D-RVEF (F).

COVID-19, coronavirus disease 2019; 2D-RVFWLS, two-dimensional right ventricular free wall longitudinal strain; 3D-RVEF, three-dimensional right ventricular ejection

fraction; FAC, fractional area change.
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TABLE 5 | Univariate and multivariate COX proportional hazard models for predicting death of COVID-19 patients.

Univariate analysis Multivariate analysis

Baseline model 1 Model 2 with RVFAC Model 3 with RVFWLS Model 4 with 3DRVEF

HR

(95% CI)

P-value HR

(95% CI)

P-value HR

(95% CI)

P-value HR

(95% CI)

P-value HR

(95% CI)

P-value

Age > 65 years 1.862

(0.735, 4.719)

0.190

Male 3.164

(1.128, 8.877)

0.029

Hypertension 1.883

(0.743, 4.771)

0.182

Diabetes mellitus 0.722

(0.166, 3.142

0.665

Cardiac disease 2.578

(0.919, 7.234)

0.072

COPD 2.573

(0.591, 11.199)

0.208

Malignancy 1.789

(0.411, 7.786)

0.438

D-dimer, mg/L 1.106

(0.961, 1.272)

0.159

Acute cardiac injury 7.119

(2.756, 18.387)

<0.001 5.410

(2.084, 14.047)

0.001 3.981

(1.472, 10.765)

0.006 3.209

(1.129, 9.120)

0.029 3.223

(1.230, 8.446)

0.017

ARDS 33.437

(4.446, 251.447)

<0.001 28.102

(3.721, 212.250)

0.001 17.994

(2.302, 140.660)

0.006 17.550

(2.229, 138.179)

0.007 9.404

(1.119, 79.064)

0.039

LVEF, %* 1.045

(0.964, 1.133)

0.288

TAPSE, mm* 0.959

(0.849, 1.083)

0.498

S’, cm/s* 1.130

(0.973, 1.313)

0.108

PH 7.564

(2.990, 19.136)

<0.001

RVFAC, %* 0.794

(0.710, 0.889)

<0.001 0.874

(0.768, 0.996)

0.043

RVFWLS, %* 1.401

(1.202, 1.633)

<0.001 1.180

(1.008, 1.381)

0.039

RVEF, %* 0.761

(0.705, 0.822)

<0.001 0.809

(0.735, 0.889)

<0.001

*Per 1 unit increase. ARDS, acute respiratory distress syndrome; CI, confidence interval; COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus disease 2019; LVEF, left ventricular ejection fraction; HR, hazard ratio; PH,

pulmonary hypertension; TAPSE, tricuspid annular plane systolic excursion; RVFAC, right ventricular fractional area change; RVFWLS, right ventricular free wall longitudinal strain; RVEF, right ventricular ejection fraction.
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FIGURE 4 | Chi-Square Statistic of Models. Chi-square statistic of the

baseline model and different RV functional tests value to predict mortality over

the baseline model. Values indicate the additional chi-square value of the

different models. *P < 0.05 vs. FAC and #P < 0.001 vs. 2D-RVFWLS.

Statistical comparisons by likelihood ratio tests. 2D-RVFWLS, two-dimensional

right ventricular free wall longitudinal strain; 3D-RVEF, three-dimensional right

ventricular ejection fraction; FAC, fractional area change; RV, right ventricular.

fully automated 3D RV quantification software based on new
machine learning algorithm, which provided reasonably accurate
RV function measurements are available for clinical use with
excellent reproducibility and reliability, as well as less analysis
time (10).

Our study showed that COVID-19 patients and the controls
had similar size of right heart chambers, which was consistent
with a previous study (9). We further depicted the right heart
chamber size in COVID-19 patients with different severity
of illness and found that the critical groups had larger right
heart chambers than general and severe groups. Worse RVFAC,
RVFWLS, and 3D-RVEF were also noted in COVID-19 patients
than in controls. Moreover, decreased RV systolic function was
more marked in critical patients and less pronounced in general
and severe groups. A previous study has pointed out that severe
COVID-19 patients might progress to ARDS more quickly (26).
ARDS might cause a rise in RV afterload by increased vascular
resistance and hypoxemia (3). The proportion of ARDS in critical
groups was significantly higher than general and severe groups
in our study, which may explain why critical groups were more
likely to had the larger right heart chambers and RV dysfunction.
It is suggested that clinicians should be alert to RV dysfunction
in critically ill patients and take prompt treatments to improve
patient outcomes.

Prognosis of RV Function in COVID-19
Patients
Previously, the prognostic value of RVFWLS and conventional
RV function parameters in COVID-19 patients have been
reported (9). 3D-RVEF also has been demonstrated as a strong
prognostic value in other various cardiovascular diseases (11, 12,
27, 28), while its prognostic value in COVID-19 patients has
not been validated yet. In our study, univariate and multivariate

regression models revealed 3D-RVEF, RVFWLS, and FAC all
were independent predictors for mortality after adjustment for
gender, ARDS, and acute cardiac injury. The S′ and TAPSE were
not predictors of mortality in our patients, possibly because they
are angle-dependent and only reflect the longitudinal function of
the basal portion of the RV free wall. RVFAC [cut-off value of
39% by Houard et al. (29) 40% by Amano et al. (30)], RVFWLS
[cut-off value of −19% by Houard et al. (29) 22% by Gavazzoni
et al. (31)] and 3D-RVEF [cut-off value of 43% by Jone et al.
(28)] have been proven to be independent predictors of adverse
outcomes in other various cardiovascular diseases. Moreover, a
recent study suggested that a 43.5% threshold of RVFAC could
help identify COVID-19 patients at higher risks of mortality (9).
The prognostic value of RVFAC, RVFWLS, and 3D-RVEF to
predict mortality was also noted in our study, with the best cut-off
value of 42.7% for RVFAC, −18.9% for RVFWLS, and 42.5% for
3D-RVEF. More notably, we found the multivariate regression
model with 3D-RVEF showed an incremental prognostic value of
higher mortality over that with RVFWLS and FAC, which was in
line with the previous study that reported 3D-RVEF was superior
to RVFWLS and conventional echocardiographic parameters in
predicting adverse clinical events in PH (28). Additionally, the
COVID-19 patients were divided into three subgroups based on
the published reference: (16) 3DRVEF > 45%, 40% < 3DRVEF
≤ 45%, and 30% < 3DRVEF ≤ 40%. The Kaplan–Meier
survival curves showed that the three groups had significantly
different prognosis (P < 0.001), with the group of 30% <

3DRVEF ≤ 40% having the lowest survival rate. RVFAC was
measured by planimetry of the RV cavity and its measurement
variability was limited by the accurate identification of the RV
endocardial border. RVFWLS is mainly based on longitudinal
myocardium deformation of RV outflow portions, neglecting the
contributions of myocardium deformation in other directions
(32). The study by Bleakley et al. reported that RVFWLS was
not sensitive in identifying RV dysfunction, because severe
COVID-19 is associated with a specific phenotype of RV radial
impairment with sparing of longitudinal function (33). However,
3D-RVEF can comprehensively evaluate the different parts of
the RV (including the inflow, apical, and outflow) and is
not limited to longitudinal myocardial function (34, 35). Our
study demonstrated that 3D-RVEF as a more robust prognostic
indicator for mortality and could provide incremental prognostic
value over RVFWLS and conventional echocardiography in
COVID-19 patients.

Clinical Implications
Our findings emphasized that the significance of evaluating
RV function and validated its predictive value in COVID-19
patients. Critical COVID-19 patients were more likely to suffer
from RV dysfunction. This study offered the first evidence about
the prognostic value of RVEF measured by 3DE in COVID-
19 patients. 3D-RVEF is theoretically superior to conventional
echocardiographic parameters and RVFWLS derived from 2D-
STE in assessing RV function due to the complex anatomy of
RV. Therefore, we demonstrated that 3D-RVEF could provide
an incremental predictive value of death over the RVFWLS
and conventional echocardiographic parameters in COVID-19
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patients, which may help identify COVID-19 patients at higher
risks of adverse outcomes.

Limitation
Our study did have some limitations. First, as both 3DE and 2D-
STE analyses were dependent on good image quality, we excluded
38 (22.1%) patients with insufficient image quality or arrhythmia
during examination, which may cause some selection bias. As a
result, our findings were not applicable to COVID-19 patients
with arrhythmia or unsatisfactory image quality. Moreover, part
of subjects (78/128) in our study were included in the previous
work (9), which was focus on the prognostic value of RV free wall
longitudinal strain (RVFWLS) in COVID-19 patients. Second,
this was a single-center study with a relatively small sample
of hospitalized COVID-19 patients at different disease status,
further studies with multi-center and larger sample size should
be performed to validate our findings. Third, the cutoff values
reported in this studymay not be applicable to other software due
to inter-vendor variability. Finally, the current fully automated
3D RV software does not provide 3D RV strain values yet, and
hence the evidence of the prognostic value of 3D RV strain in
COVID-19 patients was lacking in our study. Future studies
should be performed to determine the prognostic superiority of
3D RV strain.

Conclusions
Our study emphasized that 3D-RVEF was an independent
predictor of mortality in COVID-19 patients and provided
an incremental prognostic value superior to RVFWLS and
conventional echocardiographic parameters.
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Since its first appearance in December 2019, the novel Coronavirus SARS-CoV-2 (Severe

acute respiratory syndrome coronavirus 2) has spread throughout the world at rapid

pace causing the coronavirus disease 2019 (Covid-19). Originating in the Chinese

province Hubei, more than 91.8 million people globally have now been infected with

the coronavirus and more than 1.966.000 patients have died thus far from Covid-19

(as of January 13th 2021). The virus spreads primarily by droplet infection as well as

via aerosols during close physical contact. Particularly in medical examinations with

close physical contact between examiner and patient, like echocardiography, the risk of

contracting the virus is increased. Therefore, the use of personal protective equipment is

recommended for the protection of patients and medical personnel alike. In this article,

the current recommendations of international professional associations on the use of

personal protective equipment and their local implementation are presented.

Keywords: COVID-19, echocardiography, protective gear, cardiovascular imaging, SARS–CoV−2

INTRODUCTION

Close physical contact with patients suffering from coronavirus disease 19 (Covid-19), may
result in a significantly increased risk of transmission by droplet infection or via aerosols (1–
3). Transthoracic echocardiography (TTE) examinations involve close patient contact over a
long period of time (i.e., estimated 15–30min). In addition to the exam length, transesophageal
echocardiography (TEE) examinations in particular can result in aerosol formation. Although hard
data on the extent of aerosol formation in TEE are lacking (4), some mathematical models have
been proposed to explain virus transmission by aerosols even in patients withmild or asymptomatic
Covid-19 (5). Special protection of patients and especially of medical staff is therefore necessary
during TEE and TTE examinations. The procedure described here is based on current guidelines
of the American Society of Echocardiography (6), the British Society of Echocardiography (7),
the Italian Society of Echocardiography (8), the Japanese Society of Echocardiography (9), the
Cardiological Society of India (10), collection of experience reports and recommendations of the
European Society of Cardiology (ESC) (11, 12), as well as the recommendations of the local crisis
management team of the Salzburg State hospitals.
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First, the different collectives of patients must be
distinguished, defined as patients with proven Covid-19
disease, patients with negative testing for SARS-CoV-2 infection,
patients suspected with infection or those in which SARS-
CoV-2 infection has not been excluded, as this has a decisive
influence on the indication for imaging studies and on respective
protective measures.

INDICATIONS

A strict indication is of primary importance within the context of
a pandemic. This applies to standard cardiological examinations
in cardiac patients infected with Covid-19 as well as in non-
cardiac patients with Covid-19 to evaluate possible Covid-19-
associated cardiac involvement (13). Only examinations that are
clearly necessary for diagnosis and that have a further therapeutic
consequence should be performed in patients with suspected or
confirmed Covid-19 infection, this is also of utmost importance
in TEE studies with increased risk of aerosol generation (10, 14).
Instead of stress echocardiography, alternative forms for testing
should be considered (9).

IMPLEMENTATION

Prior to performing an echocardiography examination during a
pandemic, the patient’s infection status should be determined in
order to assess examination risk constellation. Depending on the
status, appropriate protective equipment should be selected [see
Section Use of Personal Protective Equipment (PPEs), Table 1,
Figure 1]. Testing for SARS-CoV-2 would be desirable, especially
before a TEE examination, however, in an outpatient setting this
is not always feasible (no test available, or test result pending),
therefore use of extensive personal protective equipment is
recommended in this situation (seeTable 1, “Suspected Covid-19
infection”) (15). Patients with suspected or confirmed Covid-19
infection should be examined with a mobile echocardiography
device if possible to avoid virus spread by transport. This
is recommended especially in designated local Covid-19
wards and Covid-19 intensive care units. The examinations
should only be performed by experienced personnel to keep
examination time to a minimum. Examiners > age 60, pregnant
women, persons with chronic conditions (i.e., hypertension,
diabetes mellitus, adipositas, COPD, and pulmonary diseases)
or immunosuppressed/immunocompromised individuals should
avoid contact with patients with suspected Covid-19 and those
with confirmed infections. Teaching or device training should
not take place when examining patients with Covid-19. Authors
also recommend to use limited echocardiography protocols
focusing only on the most important cardiac views in order to
further reduce scan time (16). During the current pandemic, it
is recommend that internet-based training and education (online
lectures, webinars, and use of simulators) should replace bedside
training (17, 18). In the case of suspected Covid-19 infection and
where test results are pending, examinations should be delayed
with the exception of urgent cases. If possible, only one examiner
should perform the echocardiography on one patient per room;

several examiners in the same space should be avoided (11). It is
also recommended that the patient should be ideally positioned,
lying on their left side facing away from the examiner. A drape
covering the patient should be used to reduce physical contact if
only standard protective equipment for the examiner is available.
Where available, transparent drapes should be used to cover
the echocardiography machine (16). The preferred examination
position by the individual examiner should be maintained to
ensure that the quality of the test is not compromised, as this
would potentially result in re-imaging and longer examination
time. The advantages and disadvantages of performing an exam
must be weighed carefully. If possible, only loop recordings
should be captured directly on the device and measurements and
findings should be made subsequently on the computer.

Where available, handheld echocardiography devices, such
as tablet-based systems, to further reduce scan time and
limit the risk of exposure of personnel could be used as
alternatives to conventional echocardiography, at least for
screening examinations (19, 20).

After use, the device, probes and examination table should
be thoroughly cleansed using disinfection towels. TEE probes
should be cleaned, disinfected and sterilized according to the
manufacturer’s instructions. Additionally, the use of virucidal
disinfectants for probe reprocessing and the use of a disposable
protective covering for the TEE probe are recommended
for hygienic reasons [see recommendations proposed by
Jain (21)]. As a substitute to intraoperative TEE, epicardial
echocardiography using a sterile sleeve has been proposed
by Senniappan et al. (22). Also during cleaning procedures,
personnel should wear PPE (8).

USE OF PERSONAL PROTECTIVE
EQUIPMENT (PPEs)

When performing TTE or TEE in patients with suspected Covid-
19 or confirmed infection, comprehensive protective equipment
should be used by the examiner, consisting of examination
gloves, a protective coat, a FFP-2/3 mask, safety glasses/goggles
or face shield, and a surgical cap (17, 23). Local hospital
recommendations and SOPs regarding correct use of personal
protective equipment should be followed.

Use of comprehensive personal protection equipment (PPE)
is also recommended when testing patients without proven
SARS-CoV-2 infection but who have not been tested. After
thorough hand disinfection, this includes use of examination
gloves and a surgical mask; see Table 1, Figure 1). A new
standard requirement is for patients to also wear a facemask in
order to reduce patient-physician transmission risk. In addition,
regular and thorough hand disinfection is recommended for both
the examiner and the patient, as this is an essential element to
prevent spread of the disease (24).

Special care with respect to PPEs should also be given
during TEE examinations, as higher aerosol formation is to
be expected (3). In the case of positive Covid-19 detection,
the use of examination gloves, a protective coat, an FFP-3
mask, safety glasses/goggles or face shield and a surgical cap
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TABLE 1 | Personal protective equipment for echocardiography in Covid-19.

Hand

disinfection

Gloves Protective

coat

Surgical

mask

FFP 2/3

mask

Protective

glasses/face shield

Surgical cap

TTE X X * X FFP 2 mask,

if available

Standard procedure Non-Covid

19 patients

TTE X X X X X X

Covid 19 patients

General ward,

Intensive care unit

(suspected and

diagnosed infection)

(FFP-3 in

Intensive Care

Unit)

TEE X X X X X X

Covid 19 patients

General ward,

Intensive care unit

(suspected and

diagnosed infection)

(FFP-3)

TEE X X X X X X

No suspicion of Covid 19 but

test result

not available or inconclusive

(delay TEE preferable)

(FFP-2)

TEE X X If needed X

FFP 2 mask,

if available

If needed If needed If needed

Negative Covid 19 test result

(increase protective measures if

indicated)

Personal protection recommendations during echocardiographic examinations [adapted from the American Society of Echocardiography, the British Society of Echocardiography, the

European Association of Cardiovascular Imaging recommendations and the Japanese Society of Echocardiography (6, 7, 9, 12)].

*Use a protective drape to cover the patient if the examination position is to the right of the patient.

are recommended. If the Covid-19 test results are inconclusive,
a swab PCR test should be taken before TEE examination if
possible, with the exception of urgent indications. It is generally
preferable to obtain results of Covid-19 tests prior to examination
to save personal protective equipment resources. In the case of
negative Covid-19 results or in those patients hospitalized for
longer period of time without proven infection or symptoms,
then standard protective measures, such as face mask and gloves
may be applied (see Table and Figure). However, if a patient
shows any clinical signs or laboratory signs of florid infection
(i.e., fever, elevated CRP, coughing, and loss of taste), extensive
personal protective equipment is recommended due to increased
aerosol exposure during TEE examinations and possible false
negative results. In case of unclear Covid-19 findings and urgent
indication for TEE, extensive protective equipment should also
be used (Table 1).

USE OF PPEs IN A PEDIATRIC SETTING

The American Society of Echocardiography and the Working
Group on Congenital Heart Disease of the Italian Society
of Cardiology have offered specific Covid-19 examination
recommendations for children and infants (25, 26). While
children as an entire group appear to be at lower risk
of severe infection when compared to adults, certain sub-
groups of children may be more susceptible to severe disease
courses and have the need for frequent examinations by

means of echocardiography, e.g., children with congenital heart
disease. Even though higher case-fatality rates in patients with
cardiovascular diseases were initially assumed, most patients with
congenital heart disease experience mild COVID-19 symptoms,
though data on children remain scarce (27). Most children
who are infected with SARs-CoV-2 have mild symptoms or
are asymptomatic, which creates a special challenge to protect
healthcare staff from exposure. TTE and TEE should only be
performed if they are expected to provide clinical benefit. Given
the higher risk of transmission in asymptomatic children, most
centers are performing SARs-CoV-2 testing in all new pediatric
admissions. If possible, imaging should be performed and images
saved by a single experienced staff member and retrieved at a
later time for evaluation. Prolonged scanning should be avoided.
In infants and children in whom Covid-19 has not been ruled
out, infection should be assumed and appropriate PPEs as well
as meticulous and frequent handwashing are required. One
single caregiver should accompany the child during the exam
to facilitate the cooperation of an active child and should be
fitted with a mask as well. Protective coverings on devices and
disinfection should be done per standard protocols.

In patients with documented negative Covid-19 testing within
72 h arriving for examination risk of infection is low and
standard gloves, face mask and eye protection is recommended.
In patients with known Covid-19 infection or in which infection
with SARS-CoV-2 cannot be ruled out, strict protocols for
PPE use must be followed. If possible, staff members with risk
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FIGURE 1 | Recommended local procedure for Echocardiographic examinations during the SARS-CoV-2 pandemic [adapted from the recommendations of the

American Society of Echocardiography (6)]].

factors (> 60 years, chronic illness, immunocompromised and
pregnancy) should not perform echocardiography exams. As a
general rule, children below the age of six are exempt of wearing
a face mask, whereas wearing a mask in older children should be
mandatory during examinations.

CONCLUSION

In summary, in the context of the SARS-CoV-2 pandemic, a
concise indication warranting echocardiography examination is
essential to minimize transmission risk and limit use of personal
protective equipment resources. It is important to emphasize
that necessary echocardiographic examinations should not be
postponed to the detriment of the cardiac patient collective
due to heightened protection requirements during the current
pandemic. In the case of proven and not explicitly excluded
SARS-CoV-2 infections, personal protective equipment should
be used during the examination to protect the medical staff and
other patients.

This pandemic represents a very challenging situation
for healthcare workers and hospitals. Apart from adapting
daily clinical routines to adequately meet patient needs
while protecting healthcare workers, also concepts for
echocardiography teaching and education require customization
for patient and staff protection alike (18). As the status of this
worldwide pandemic represents an ever-changing situation
and knowledge regarding protective measures is expanding
on a monthly basis we sought to provide a state of the art
overview on current recommendations and novel concepts for
cardiovascular imaging.
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COVID-19 Lockdown
Grigorios Tsigkas 1*, Eleni-Evangelia Koufou 1, Konstantinos Katsanos 2,

Panagiotis Patrinos 1, Athanasios Moulias 1, Ioannis Miliordos 1, Georgios Almpanis 3,

Ioannis Christodoulou 4, Fotini Papanikolaou 4, Theodora Dimitroula 5, Andreas Kivetos 5,

Panagiotis Vardas 6 and Periklis Davlouros 1

1Department of Cardiology, Patras University Hospital, Patras, Greece, 2Department of Radiology, Patras University Hospital,

Patras, Greece, 3Department of Cardiology, General Hospital of Agrinio, Agrinio, Greece, 4Department of Cardiology,

General Hospital of Patras, Patras, Greece, 5Department of Cardiology, General Hospital of Pyrgos, Pyrgos, Greece,
6Department of Cardiology, University Hospital of Heraklion, Heraklion, Greece

Aims: To evaluate the impact of lockdown during the COVID-19 pandemic on

lifestyle changes of the general population, and on admissions for acute coronary

syndrome (ACS).

Methods and Results: All ACS admissions during the COVID-19 lockdown (10 March

to 4May, 2020), in 3 municipalities (3 spoke, and 1 hub hospital), in Southwestern Greece

(411,576 inhabitants), were prospectively recorded and compared to the equivalent

periods during 2018, and 2019. A telephone survey of 1014 participants was conducted

to explore the lifestyle habits of citizens aged≥35-years-old before and during lockdown.

The median ACS incidence rate decreased from 19.0 cases per week in 2018 and

21.5 in 2019 down to 13.0 in 2020 (RR: 0.66 during the Covid-19 lockdown; 95%CI:

0.53–0.82; P = 0.0002). This was driven by a significant reduction of admissions for

Non-ST elevation myocardial infarction (NSTEMI) (RR: 0.68; 95%CI: 0.52–0.88; P =

0.0037), mainly in patients with a lower burden of cardiovascular risk factors, as we

noticed an inverse association between the reduction of the incidence of ACS during

the Covid-19 lockdown period and the number of registered patient risk factors. There

was no difference in the rates of STEMI and population-based all-cause mortality across

the examined time periods. The telephone survey demonstrated reduction of passive

smoking, working hours, alcohol, junk food and salt consumption, and an increase in

sleeping hours, mainly in participants with a lower burden of cardiovascular risk factors.

Conclusions: A significant decline in ACS admissions during the COVID-19 lockdown

was noted, affecting mainly NSTEMI patients with a lower burden of cardiovascular risk

factors. This was accompanied by significant lifestyle changes. Thus, it is tempting to

speculate that to some extend the latter might be associated with the observed decline

in ACS admissions.

Keywords: ACS, COVID-19, lifestyle—related disease, way of life, stabilization of atherosclerotic plaque
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INTRODUCTION

The coronavirus disease (Covid-19) pandemic has become a
major cause of mortality worldwide. This has led to the adoption
of social distancing measures, or even a complete lockdown
policy over various timeframes, which have been ordered by
many administrations in Europe, and the USA in an effort
to restrict virus transmission. The impact of this extremely
unique situation on a population’s lifestyle habits has not been
studied. During the above lockdown periods a decrease in
hospital admissions for acute coronary syndrome (ACS) has
been observed (1–6). The prevailing explanatory theory on this
observation is that patients may have avoided seeking medical
help through fear of the pandemic, thus causing a false decrease
in the rate of ACS. However, we cannot exclude a real decrease
in ACS incidence due to lifestyle changes associated with the
enforced quarantine, especially in countries where the cases of
COVID-19, and the resulting number of deaths were kept quite
low, without significantly stressing of the health system. Greece
is such a country, where strict quarantine and major lockdown
measures were instituted at the very beginning of the outbreak.

The aim of the present study was (1) to compare the
prospectively recorded rates of hospital admissions for ACS
during the lockdown time interval (Covid-19 era, 10 March to 4
May 2020) with those during the same interval in the years 2018
and 2019 (pre-Covid-19 era, over a large network consisting of
1 hub, and 3 spoke hospitals in southwestern Greece (411,576
inhabitants); and, (2) to determine via a telephone interview
survey any changes in citizens’ basic lifestyle habits (exercise,
sleep, smoking, diet, etc.), during and before the lockdown, that
may have contributed to cardiovascular risk modification and a
potential reduction in ACS incidence.

METHODS

The first CoVid-19 case in Greece was reported on 20 February
2020; strict social distancing was instituted by 10 March 2020;
on 11 March 2020 the World Health Organization declared the
outbreak a pandemic; and lockdown was imposed in Greece
on 13 March 2020 lasting until 4 May 2020. This research
was confined to southwestern Greece, and included 3 large
municipalities with 411,576 inhabitants according to the last
national census of 2011. Our hospital is the only hospital with
a hemodynamic laboratory in southwestern Greece, and offers
a primary percutaneous intervention (PCI) service on a 24/7
basis, being the hub hospital for 3 large general district hospitals
(spoke hospitals). We prospectively recorded admissions for ACS
in all hospitals during the period of strict social distancing

Abbreviations: ACS, acute coronary syndromes; COVID-19, coronavirus disease;
USA, United States of America; DATA RC SA, Data Research and Consulting
Société Anonyme; ISO, International Organization for Standardization; STEMI,
ST elevation myocardial infarction; NSTEMI, Non-ST elevation myocardial
infarction; PCI, Percutaneous Coronary Intervention; CABG, Coronary Artery
Bypass Grafting; CATI, Computer Assisted Telephone Interviewing; GDPR,
General Data Protection Regulation; ANOVA, Analysis of Variance; SPSS,
Statistical Package for the Social Sciences; CAD, coronary artery disease; FMC,
First Medical Contact.

and lockdown in Greece (10 March to 4 May, 2020), and
searched all hospitals’ databases for admissions with ACS [ST-
elevation myocardial infarction (STEMI) and Non-ST-elevation
MI (NSTEMI)], during the corresponding period in 2018 and
2019. Total population all-cause death rate was collected by the
three large municipalities for the corresponding period over the
last 3 years (2018–2020).

A telephone survey was conducted between 13 and 30
April, 2020, by a certified to implement a Quality Management
System company (DATA RC SA, ISO 9001:2015 & Information
Security ISO 27001:2013), to explore the lifestyle habits of
citizens during and before quarantine. The survey sample was
designed to represent the general population of the region
of southwestern Greece aged ≥35 years old, in terms of
geographical criteria (3 regional units). Data were collected
via telephone interviews using CATI (Computer Assisted
Telephone Interviewing) technology, conducted by experienced
interviewers who read and completed the survey questionnaire
remotely. Each respondent was asked to give his/ hers explicit
consent in order to participate in the survey, in accordance with
General Data Protection Regulation (GDPR) rules. Additionally,
20% of the questionnaires were cross-checked by the field
manager who monitored the call. The duration of the interview
was about 8min and it was based on a strictly structured
questionnaire that included a brief medical history, lifestyle data
(smoking, alcohol consumption, hours of sleep, and work, type
of diet, exercise), as well as self-evaluation of anxiety related
to the pandemic, and depressive feelings during and before the
application of lockdown.

Statistical Analysis
Patient characteristics were extracted from electronic medical
records and defined according to international guidelines and
standards of good practice. We calculated weekly counts of ACS
admissions and ensuing urgent coronary revascularization across
the regional hub-and-spoke referral network. We also looked
separately into weekly counts of the types of ascertained ACS
sub-diagnosis (NSTEMI vs. STEMI) and type of revascularization
[percutaneous coronary intervention (PCI) vs. coronary artery
bypass grafting (CABG)]. Population-based mortality rates were
obtained from local municipal archives. Counts of events were
stratified by year and by pre-CoVid-19 (years, 2018 and 2019)
and Covid-19 period (year 2020). The same time interval (10
March to 04 May) was examined in each year to account
for seasonal variations. Missing data (<0.5%) were filled by
multivariate imputation with chained equations (Missing-At-
Random principle). To compare patient covariates during the
3 years (2018, 2019, and 2020), one-way ANOVA was used
for continuous variables and the chi square test was used
for explanatory categorical variables. Stratified analyses were
also performed for various patient risk factors as reported in
the results section and respective tables. Generalized linear
models were applied to investigate the associations between
response and explanatory variables. A Poisson log-likelihood
function was fitted to regress weekly counts of ACS admissions.
Overdispersion was excluded by comparing residual deviance to
degrees of freedom.Multicollinearity was excluded by calculation
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of variance inflation factors. We generated plots of the weekly
incidence of ACS and studied subgroups, as well as of different
patient strata to demonstrate the observed effect of the pandemic
lockdown. All variables recorded in the telephone survey were
classified as categorical and tested with the chi-square test.
Logistic regression models were fitted to regress lifestyle habit
changes collected by the telephone survey. To address the
familywise error rate arising frommultiple testing, we generously
adjusted the level of type I error to α = 0.1% by the stringent
Bonferroni method (i.e., statistical significance was assumed for p
< 0.001). All statistical analyses were performed in the R language
environment (version 3.6.3).

RESULTS

During the period of interest, a total of 160 ACS (34.4% STEMI)
admissions were recorded in 2018, 175 (33.7% STEMI) in 2019,
and 111(32.4%STEMI) in 2020. Age, gender, and all other CAD
risk factors (smoking, diabetes, hypertension, hyperlipidemia),
with the exception of familial history of CAD, did not differ
among the admitted ACS patients (Table 1). The Median ACS
incidence rate decreased from 19.0 cases per week in 2018
and 21.5 in 2019 down to 13.0 in 2020 (RR:0.66 during the
lockdown; 95%CI: 0.53–0.82; P = 0.0002). The Median rates of
coronary artery revascularizations decreased significantly from
12.5 per week in 2018 and 15.0 in 2019 down to 8.0 in
2020 (RR: 0.59 during the lockdown; 95%CI: 0.45–0.77; P =

0.0001). The observed decline in ACS admissions was driven
by a significant reduction in patients with NSTEMI (RR: 0.68;
95%CI: 0.52–0.88; P = 0.0037); and correspondingly the decline
in revascularizations was driven by a significant reduction in PCI
procedures (RR: 0.58; 95%CI: 0.43–0.80; P = 0.0007; Figure 1).
Conservative treatment for ACS management was largely stable
across 2018, 2019, and 2020 time-intervals (RR: 0.83, 95%CI:
0.58–1.18, P = 0.299). Although there was a decline in the rates
of STEMI across the examined time periods, this did not reach
statistical significance probably due the small number of events.
In the STEMI subgroup analyses, a numerical trend toward later
(>24 h) admissions (P = 0.014) and increased patient mortality
were noted (P = 0.03), whereas the rates of thrombolysis did
not differ across the 3 time periods examined (Table 2). A
numerical trend toward lower incident coronary angiograms
without significant findings or ensuing treatment (thrombolysis,
PCI or CABG) was also noted (RR: 0.73; 95%CI: 0.53–1.01; P
= 0.055) in line with the rest of the aforementioned findings on
the incidence of overall ACS events (Table 2). Stratified analyses
of individual risk factors identified a significant reduction in
ACS incidence in most cases in the absence of the known
CAD risk factors (i.e., family history of coronary artery disease,
smoking, diabetes, dyslipidemia, renal dysfunction, peripheral
arterial disease, renal dysfunction, atrial fibrillation; P < 0.001 in
all cases; Figure 2). There was an inverse association between the
reduction in the incidence of ACS during the Covid-19 lockdown
period and the burden of registered cardiovascular risk factors
(Figure 3).

TABLE 1 | Acute coronary syndrome (ACS), events and patient characteristics.

2018 2019 2020 P value

ACS cases n = 160 n = 175 n = 111 Chi2

Male gender 127 (79.4%) 132 (75.4%) 81 (73.0%) 0.45

Age (years) 64.3 ± 13.6 65.3 ± 13.7 65.3 ± 12.3 0.49

Smoking 70 (43.8%) 74 (42.2%) 54 (48.6) 0.56

Hypertension 74 (46.3%) 95 (54.2%) 55 (49.5%) 0.34

Diabetes 34 (21.3%) 39 (22.2%) 28 (25.2%) 0.74

Dyslipidemia 48 (30.0%) 64 (36.6%) 47 (42.3%) 0.11

Renal disease 7 (4.4%) 3 (1.7%) 7 (6.3%) 0.13

Peripheral arterial disease 9 (5.6%) 15 (8.6%) 6 (5.4%) 0.46

Familial history 12 (7.5%) 32 (18.2%) 15 (13.5%) 0.01

CAD history 39 (24.4%) 36 (20.6%) 23 (20.7%) 0.66

Atrial fibrillation 12 (7.5%) 6 (3.4%) 2 (1.8%) 0.06

ACS, Acute Coronary Syndrome; CAD, coronary artery disease.

The number of all-cause deaths registered across the
municipal regions (population, n = 411,576) was largely stable
across the examined years (2018, n = 604; 2019, n = 672,
and 2020, n = 604). All-cause mortality per 100,000 population
during the examined time period, in the years 2018, 2019, and
2020 was 146.7, 163.7, and 146.7, in the years 2018, 2019, and
2020, respectively, with no differences among the examined
3 municipalities.

For the telephone survey, a total of 10,917 contacts weremade,
but 7,777 refused to answer. In 2,126 cases the interview was not
conducted because the specifications were not met (e.g., age <35
years, etc.). Hence, the sample size for the telephone survey was
1,014, of whom 48.7% were women. These included 509, 302, and
203, inhabitants of the 3municipalities. The sample was weighted
by using external data on age and sex from the 2011 census in
order to prevent the bias due to sample design and distribution,
as well as non-response variance while making estimations. The
most important results regarding lifestyle habit changes during
quarantine are presented in Figure 4.

There were significant changes in most of the lifestyle
variables reported with the exception of active smoking. Briefly,
passive smoking (13.5% of the sample), was reduced in 44.0%
of non-smokers, mainly men, and the younger (P < 0.001).
Regular smoking (31% of the sample), was not affected during
the lockdown. However, a proportion of 34.5% of occasional
smokers (9% of smokers) reported a reduction in smoking during
quarantine. Amongst people who reported alcohol consumption,
the latter was reduced in 34.3%. This was more evident in men,
younger people, the unemployed, and more highly educated
individuals (P < 0.001). Most participants (61.1%), reported
reduced working hours during the lockdown period compared
to the pre-lockdown time. This was more evident in women,
those aged <75 years, those with higher education status, and
people with a lower family income (P < 0.001). The proportion
of people sleeping >7 h during the lockdown was significantly
greater compared to previous habits (P < 0.001), mainly in the
younger people and those with higher income (P < 0.001). The
increase in sleeping time and the reduction in working hours,
smoking, and junk food consumption were more pronounced in
participants with fewer risk factors (P < 0.01 for all).
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FIGURE 1 | Weekly counts of incident cases of acute coronary syndrome (ACS) between 10 March and 04 May (period of 8 weeks) during 2018, 2019, and 2020.

(Top) Overall ACS incidence stratified by type of ACS (STEMI vs. NSTEMI). (Bottom) Total counts of ACS cases that underwent revascularization (REVASC) stratified

by mode (PCI vs. CABG). Relative risks (RR) were calculated by Poisson regression adjusting for Covid-19 epidemic.

There was no difference in self-reported compliance with
medications for chronic diseases. People who did not exercise
regularly (<3–4 times per week), reported an increase in exercise
time. Among people who did not previously exercise at all,
15% reported exercising during the lockdown. Junk food, snack,
and salt consumption were reduced in 25.5, 18.8, and 10.3%,
respectively, in this poll. Anxiety related to the pandemic was
reported by 45.1% and lack of motivation and satisfaction by
the 38.4% of the participants. A proportion of 76.9% of the
participants reported that if they experienced chest pain they
would seek the assistance of their personal doctor.

An inverse association (negative coefficients) between some
of the observed lifestyle changes and the number of registered
patient risk factors, was noted in the survey (Figure 5). In
particular, reduced work hours, less smoking, less junk food
intake, and more sleeping time were reported more frequently

in patients with a lower number of modifiable cardiovascular
risk factors. Finally, survey participants aged <65 years reported
more exercise, reduced alcohol consumption, less junk food
consumption (P < 0.001), and more sleeping hours compared to
older people (>65 years) during the lockdown period.

DISCUSSION

This study shows that during the lockdown period imposed by
the Hellenic Republic Greek government because of the COVID-
19 pandemic, there was a significant reduction in the incidence
of ACS admissions in 3 spoke, and 1 hub university hospital
covering 3 neighboring municipalities in southwestern Greece.
This observation is in accord with worldwide experience from
the USA, Europe, and other continents (1–7). The prevailing
hypothetical explanations for this phenomenon include fear of
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TABLE 2 | Clinical events and outcomes in patients with ACS.

2018 2019 2020 p-value

Late presentation (>24 h) 2/53

(3.6%)

3/59

(5.0%)

7/29

(19.4%)

0.014

Thrombolysis 8/53

(15.1%)

7/59

(11.9%)

7/29

(24.1%)

0.33

STEMI 55/160

(34.4%)

59/175

(33.7%)

36/111

(32.4%)

0.09

NSTEMI 105/160

(65.6%)

116/175

(66.3%)

75/111

(67.6%)

0.0037

Conservative treatment* 70/160

(43.8%)

65/175

(37.1%)

49/111

(44.1%)

0.055

Mortality 2/160

(1.3%)

6/175

(3.4%)

8/111

(7.2%)

0.03

P-values have been calculated with a Poisson regression model of weekly counts

of events.

*Conservative treatment group includes all the patients who have received only

medical treatment after coronary angiography, without further interventional (PCI or

CABG) procedures.

contagion at the hospital, reassignment of medical services to
care of COVID-19 patients, use of thrombolysis for STEMI
in district hospitals, and STEMI misdiagnosis (1–7). All the
above imply a false decrease in the incidence of ACS (8–10),
which could potentially lead to a corresponding increase in
cardiovascular and possibly all-cause morbidity and mortality
(6, 11). Indeed an alarming four times higher rate of out-of-
hospital cardiac arrest was reported in New York City from 30
March to 5 April 2020, associated with an eight times higher
mortality compared to the same period of the previous year (12).
Very recently Nef et al. reported an 11.8% increase of cardiac
mortality in 2020 compared to 2019 (IRR: 1.12, 95% CI: 1.05–
1.19; p < 0.001), in central Germany (Hesse), suggesting that
patients probably presented, or were referred too late to the
hospitals (6).

In our study the observed incidence of STEMI and all-
cause regional mortality was largely stable and the significant

FIGURE 2 | Forest plot showing the results (Risk Ratios) of regression analysis of the weekly incidence of ACS across different strata of registered patient

characteristics. Age was dichotomized at its median value (65 years)—rest of the remaining categorical explanatory variables were stratified by factor (GLM with a

Poisson log-likelihood function). Statistical significance was assumed for P < 0.001 to account for multiple testing.
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FIGURE 3 | Interaction plot of Poisson regression model showing an inverse association between the reduction of the incidence of Acute Coronary Syndrome during

the Covid-19 lockdown period and the number of registered patient risk factors. Cumulative modifiable risk factors (n) included smoking, hypertension, diabetes,

dyslipidemia, renal disease, peripheral arterial disease, atrial fibrillation, familial history, and previous history of coronary artery disease. The log coefficients for the

Covid-19 disease and for each added individual risk factor are noted (R package sjPlot) (0, Non-covid-19 era 2019 and 2020; 1, Covid-19 era 2020).

cumulative decline in ACS admissions was mainly driven
by a reduced incidence of NSTEMI observed primarily in
patients with low cardiovascular risk. In the STEMI subgroup
analyses, a numerical trend toward later (>24 h) admissions,
and increased patient mortality were noted. We cannot exclude
that the reduction in STEMI admissions and higher in-hospital
mortality did not reach statistical significance due to the small
number of events. This would be in accord with the observed
higher in-hospital mortality in patients admitted for cardiac
catheterization during the COVID-19 pandemic compared with
2019 (58/1,801 vs. 55/3,030, p = 0.002), reported by Nef et al.
(6) This would support the theory of a phenomenal reduction
in ACS incidence due to patients’ denial to seek medical care
under the fear of the pandemic. Nevertheless, an alternative
scenario of “Life in a Standstill” where a real reduction of ACS
incidence (mainly NSTEMI) could be related to lifestyle changes
induced by lockdown measures also cannot be excluded. This
hypothesis has also been proposed by others, however without
any data regarding lifestyle changes during quarantine/ lockdown
(13). Indeed, our survey of 1,014 citizens in our area during
the lockdown revealed a significant reduction in the rate of
occasional and passive smoking, working hours, and alcohol, salt
and junk food consumption, along with a significant increase in

sleeping hours and light to moderate exercise (in people who did
not exercise before the lockdown). Many of these lifestyle habits
that were changed favorably during quarantine are well-known
risk factors for ACS (14–18). Hence, modification of such factors
in the setting of quarantine could reduce the chance of stable
coronary plaque destabilization and rupture. Most interestingly,
these lifestyle changes were reported significantly more often by
people with less risk factors for CAD and by relatively younger
people. This parallels with the observation that the decline in
ACS admissions was more pronounced in lower risk patients. It
may be that the latter experienced a significant lifestyle change,
thus reducing the chance for an acute plaque rupture and
myocardial infarction.

It is important to stress that in contrast to other countries
in Europe and the USA, Greece did not experience a severe
outbreak of COVID-19 thanks to the very early institution of
lockdown measures before the infection could spread in the
community. Therefore, the dramatic scenes seen in hospitals of
other countries such as Italy, Spain, or theUSAwere not observed
in our country, potentially inducing less fear and hesitation in
citizens to seek medical assistance if needed. Indeed, 54.9% of the
participants in the survey did not report any anxiety related to the
pandemic, while 61.6% did not report any depressive feelings. It
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FIGURE 4 | Tornado chart demonstrates the reported changes in various lifestyle variables (P: 0.000 in all cases except active smoking). Blue bars extending to the

left-hand side refer to a decrease, whereas red bars on the right-hand side refer to an increase in the reported frequency of the lifestyle habit.

should also be emphasized that the medical system in Greece is
largely based on private general, and specialized medical services,
largely affordable for the vast majority of citizens. Most private
cardiology medical offices remained active during this period,
and cardiologists were easily accessible to their private patients.
Furthermore, at least 70% of the participants in our poll answered
that they would seek medical care from their private physician
without delay in case of chest pain, or dyspnoea. The decline in
ACS admissions during the lockdown was not associated with
any increase in total mortality per 100,000 population in the area
covered in this study. Additionally, the rates of thrombolysis for
STEMI did not increase in 2020 compared to 2018, and 2019, and
our hub hospital did not discourage referral of ACS patients for
catheterization. The lower proportional reduction of ACS during
lockdown in patients with a higher burden of cardiovascular
risk factors implies that high-risk patients with established
atherosclerosis continued to suffer ACS and presented to the
hospital during lockdown, whereas lower-risk patients may have
actually experienced a real decrease in ACS incidence. The latter
could be explained by lifestyle changes during the lockdown
period, as it is an established knowledge that biological pathways,
correlated with daily activities and the circadian rhythm could
play an important role on the onset of ACS.

Conclusion
A significant decline in ACS admissions during the COVID-
19 lockdown was noted, affecting mainly NSTEMI patients
with a lower burden of cardiovascular risk factors. This was

accompanied by significant lifestyle changes. Thus, it is tempting
to speculate that to some extend the latter might be associated
with the observed decline in ACS admissions.

Limitations

The exact number of the population in the area examined
was based on the last nationwide census of 2011. Since then,
according to the Greek Statistical Agency (ELSTAT), there is
a stable decline of the country population of 25,000–30,000.
Thus, we do not expect major population changes during the
years 2018–2020 in the above area. The actual causes of death
in the 3 municipalities during the period of lockdown and the
corresponding period in 2018, and 2019 were not available.
However, there was no difference in the number of total deaths
over time. Because of the study design, no direct correlation
can be demonstrated between the decrease in ACS admissions
and lifestyle changes by the design of the study. Thus, our
results are mainly hypothesis generating, and certainly apply to
the very specific scenario of countries that did not experience
the devastating effects from the pandemic thanks to the early
institution of preventive measures. The number of observations
for both STEMI and NSTEMI were small, as the study was
not nationwide; nevertheless, they were statistically significant.
Furthermore, we cannot also exclude that the observed reduced
incidence of ACS admissions could be partially driven by reduced
rates of type II NSTEMI events that presented with negative
angiograms. However, our analysis is most likely underpowered
to discern between STEMI and NSTEMI subtypes. Finally,
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FIGURE 5 | Interaction plot of a logistic regression model denotes an inverse association (negative coefficients) between the observed change in the frequency of the

lifestyle habit and the number of registered patient risk factors. Cumulative modifiable risk factors (n) registered in the survey and introduced in the logistic regression

analysis included smoking, hypertension, diabetes, dyslipidemia, and previous history of coronary artery disease. Reduced working hours, less smoking, less junk

food intake, and more sleeping time were reported more frequently in patients with a lower number of modifiable cardiovascular risk factors.

regardless of the aforementioned study limitations, in a purely
observational cohort, the Covid-19 lockdown circumstances
could hardly be reproduced under controlled experimental
conditions (e.g., a randomized study), to confirm or refute our
hypothesis and findings.
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Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome

coronavirus 2, is a global pandemic. It has resulted in considerable morbidity and

mortality around the world. The respiratory system is the main system invaded by

the virus involved in COVID-19. In addition to typical respiratory manifestations, a

certain proportion of severe COVID-19 cases present with evidence of myocardial

injury, which is associated with excessive mortality. With availability of an increasing

amount of imaging data, right ventricular (RV) damage is prevalent in patients with

COVID-19 and myocardial injury, while left ventricular damage is relatively rare and lacks

specificity. The mechanisms of RV damage may be due to increased RV afterload and

decreased RV contractility caused by various factors, such as acute respiratory distress

syndrome, pulmonary thrombosis, direct viral injury, hypoxia, inflammatory response and

autoimmune injury. RV dysfunction usually indicates a poor clinical outcome in patients

with COVID-19. Timely and effective treatment is of vital importance to save patients’

lives as well as improve prognosis. By use of echocardiography or cardiovascular

magnetic resonance, doctors can find RV dilatation and dysfunction early. By illustrating

the phenomenon of RV damage and its potential pathophysiological mechanisms, we

will guide doctors to give timely medical treatments (e.g., anticoagulants, diuretics,

cardiotonic), and device-assisted therapy (e.g., mechanical ventilation, extracorporeal

membrane oxygenation) when necessary for these patients. In the paper, we examined

the latest relevant studies to investigate the imaging features, potential mechanisms,

and treatments of myocardial damage caused by COVID-19. RV damage may be an

association between myocardial damage and lung injury in COVID-19. Early assessment

of RV geometry and function will be helpful in aetiological determination and adjustment

of treatment options.

Keywords: COVID-19, right ventricular damage, myocardial injury, cardiovascular magnetic resonance,

echocardiography, ARDS
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) has spread rapidly and
triggered a terrible global pandemic that involves more than 200
countries/regions. On 6 December 2020, there were more than
66.9million confirmed cases and 1,534,954 deaths internationally
(1). Although respiratory symptoms are usually predominant
in COVID-19, elevated troponin levels have been found at
the early stage in some cases, indicating that COVID-19 also
affects the heart. In particular, there is an increased prevalence
of cardiovascular complications, including new or worsening
heart failure, arrhythmia, acute myocarditis, and myocardial
infarction, in severe and critically ill patients with COVID-
19. Recent studies have shown that the incidence of acute
myocardial injury in hospitalized patients with COVID-19 is
∼20–28% (2–4). With an increase in imaging evidence, such
as echocardiography and magnetic resonance imaging (MRI),
right ventricular (RV) involvement has been observed more
commonly than left ventricular (LV) involvement in patients with
COVID-19, with ∼40% of patients experiencing RV dilatation
and RV dysfunction (5, 6). RV damage is associated with a higher
incidence of myocardial damage in COVID-19 and generally
predicts a worse prognosis (7). This review aims to describe
involvement of RV damage in patients with COVID-19, to
determine the association of RV damage with COVID-19 and its
plausiblemechanisms, and to summarize the existing appropriate
treatment strategies to improve patients’ prognosis.

MYOCARDIAL INJURY IN COVID-19 IS
COMMON

Previous influenza-related studies have shown that elevated
cardiac enzymes are relatively uncommon (8). Cardiac
abnormalities associated with influenza are usually subclinical
and/or transient (9). However, COVID-9-related cardiac injury
is significantly different from influenza. In a review of 26
studies that included 11,685 patients, the overall prevalence
of COVID-19-related acute myocardial injury ranged from
5 to 38% (10). N-terminal pro-brain natriuretic peptide and
cardiac troponin-I levels were shown to be significantly higher
in critically ill patients with COVID-19 than in non-critically
ill patients (2). These findings suggest that the magnitude of
elevated cardiac troponin levels may be related to the severity
and prognosis of the disease (11). Monitoring cardiac troponin-I
levels is important for judging the status of COVID-19, while
understanding myocardial injury in patients with COVID-19.
Chinese guidelines recommend myocardial enzyme monitoring
in patients who are admitted for COVID-19 (12). Troponins
are often associated with LV ischaemia and infarction. However,
previous studies have shown that the most common mechanism
of elevated troponin levels in patients with COVID-19 is

Abbreviations: ARDS, acute respiratory distress syndrome; COVID-19,
coronavirus disease 2019; ECMO, extracorporeal membrane oxygenation;
LV, left ventricular; LVEF, left ventricular ejection fraction; LGE, late gadolinium
enhancement; MRI, magnetic resonance imaging; PEEP, positive end-expiratory
pressure; RV, right ventricular; RVLS, right ventricular longitudinal strain.

acute RV damage rather than LV functional impairment (5).
Specific manifestations of myocardial structural damage require
assessment of cardiac imaging. Early retrospective analysis
did not show any specificity between electrocardiography
and echocardiography (13). However, with publication of
more imaging study results, there are particularities in cardiac
structural changes. Therefore, imaging assessment of cardiac
injury in COVID-19 is important and helpful for differential
diagnosis of cardiac events.

RV INVOLVEMENT FROM CARDIAC
IMAGES IN PATIENTS WITH COVID-19

With the discovery of COVID-19-related myocardial damage,
cardiac imaging is becoming more common, and it can help to
better understand the structural characteristics of COVID-19-
related myocardial damage. Imaging studies can not only detect
lesions, but also guide further treatment. We searched PubMed,
EMBASE, and Web of Science until August 2020 for RV clinical
research. “Snowball sampling” by searching reference lists and
citation tracking was performed in each retrieved article. No
language restrictions were applied. Following search terms were
used: (“magnetic resonance imaging” OR “echocardiography”
OR “myocardial injury” OR “cardiacmanifestations” OR “cardiac
function” OR “right ventricular damage/injury” OR “right
ventricular dysfunction” OR “right ventricular dilatation”) AND
(“coronavirus” OR “SARS-COV-2” OR “COVID-19”). Recent
findings on imaging assessment of cardiac injury in COVID-19
were summarized in Tables 1, 2.

MRI Findings
MRI can be used to quantitatively assess myocardial fibrosis
and oedema (28, 29). This technique is currently the gold
standard for evaluating cardiac morphology and function (30).
MRI analysis includes conventional sequences and quantitative
mapping sequences. Conventional sequences include short-axis
and long-axis cine, T2-weighted imaging (T2WI), and late
gadolinium-enhanced scanning (LGE). Quantitative mapping
sequences include native T1/T2 mapping and post-contrast T1
mapping. T1 mapping is mainly applied to quantitatively assess
diffuse fibrosis, while T2 mapping enables the quantification of
edema. Post-contrast T1 mapping can better obtain extracellular
volume fraction, which can be used as the most sensitive
biomarker of myocardial fibrosis and is highly consistent with
histopathological findings (31). Myocardial oedema is assessed
on T2WI images, and LV and RV functional parameters are
calculated by changes in endocardial and epicardial contours
(14). A study of competitive athletes recovered from COVID-19
found that cardiac MRI (CMR) was more sensitive to identify
myocarditis, helping to identify the high-risk population. CMR
has a negative predictive value for exclusion of myocarditis
(16). Two other studies, analyzing of patients who had already
recovered from COVID-19 when undergoing MRI, showed
increased T1 and T2 signals, positive LGE and/or pericardial
enhancement in 58–78% of the population (14, 15). In Huang’s
study, 26 patients without previous cardiac diseases were all
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TABLE 1 | Studies of CMR imaging assessments in patients with COVID-19 and cardiac injury.

Study, publish

date

Study type Location Study period Patients Image type Mean age &

gender

Main test items Main findings

Huang et al., May

4, 2020 (14)

Retrospective

study

Tongji Hospital,

Tongji Medical

College, Wuhan,

China

Since March, 2020 26 hospitalized patients,

recovered from COVID-19

with cardiac symptoms, no

previous cardiac disease or

COPD

CMR 32–45 26% male ♦ Conventional sequences

(cine, T2WI, LGE)

♦ Quantitative mapping

sequences (T1, T2,

T1/T2, ECV mapping)

♦ Oedema ratio

♦ Cardiac function

♦ 15 (58%) T2 signal ↑ and/or positive

LGE

♦ 14 (54%) myocardial oedema

♦ Global native T1, T2, ECV values ↑

in COVID-19 patients with positive

cardiac MRI findings

♦ RVEF, CO, CI, SV, SV/BSA ↓ in

COVID-19 patients with positive

cardiac MRI findings

♦ No significant differences of LV

function among controls

and patients

Puntmann et al.,

July 27, 2020 (15)

Prospective

observational

cohort study

University Hospital

Frankfurt

COVID-19

Registry, Germany

April to June, 2020 100, recovered from

COVID-19 including mostly

home-based recovery and

hospitalized patients, 13%

prior CAD, 21% prior COPD

or asthma

CMR 45–53 53% male ♦ LVEF

♦ LVEDV index

♦ LV mass index

♦ RVEF

♦ Native T1 and T2

♦ LGE

♦ Pericardial effusion

♦ LVEF ↓

♦ RVEF ↓

♦ 78% abnormal CMR: 73% native

T1 ↑, 60% native T2 ↑, 32%

myocardial LGE, 22% pericardial

LGE

♦ LV volume and mass ↑

♦ High-sensitivity troponin T was

significantly correlated with native

T1, native T2 and LV mass

♦ Native T1 and T2 were the best

measures to detect

COVID-19-related

myocardial pathology

Rajpal et al., Sep

11, 2020 (16)

Prospective study Ohio State, USA June 2020 to

August 2020

26 competitive college

athletes, recovered from

COVID-19 without

hospitalization, no previous

cardiac disease or COPD

CMR 19.5 ± 1.5 57.7%

male

♦ LGE

♦ LVEF and RVEF

♦ T1 and T2 mapping

♦ LVEDV and RVEDV

♦ 4 athletes had CMR findings

consistent with myocarditis

♦ 12 (46%) had LGE, of whom

8 (30.8%) had LGE without

concomitant T2 elevation

♦ Mean (SD) T2 in those with

suspected myocarditis was 59ms

compared with 51ms in those

without myocarditis.

♦ CMR may provide an excellent

riskstratification assessment for

myocarditis in athletes who have

recovered from COVID-19.

BSA, body surface area; CI, cardiac index; CMR, cardiovascular magnetic resonance; CO, cardiac output; COVID-19, coronavirus disease 2019; ECV, extracellular volume; LV, left ventricular; LVEDV, left ventricular end-diastolic volume;

LVEF, left ventricular ejection fraction; LGE, late gadolinium enhancement; RVEF, right ventricular ejection fraction; SV, stroke volume; T2WI, T2-weighted imaging.
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TABLE 2 | Studies of echocardiography assessments in patients with COVID-19 and cardiac injury.

Study, publish date Study type Location Study period Patients Image type Mean age &

gender

Main test items Main findings

Argulian et al., May

7, 2020 (17)

Retrospective study Mount Sinai

Morningside

Hospital, New York,

USA

March 26, 2020 to

April 22, 2020

105 hospitalized patients, 31 of

whom were intubated and

mechanically ventilated during

examination

TTE 66 ± 14.6 64% male ♦ RV and LV sizes and function ♦ 32 (31%) RV dilatation

♦ Renal dysfunction is more common in

patients with RVD than those without

♦ No differences in LV size and function

♦ 21 (20%) patients died: 13 (41%) deaths

were observed in patients with RV

dilatation and 8 (11%) in patients without

RV dilatation

♦ RV enlargement was significantly

associated with mortality

Li et al., April 24,

2020 (7)

Retrospective study The west branch of

Union Hospital,

Tongji Medical

College, Wuhan,

China

February 12, 2020 to

March 15, 2020

120 hospitalized patients

(Survivors 102 and

non-survivors 18), 9.2% prior

CVD, 5% prior COPD

TTE, examed in 3–10

days

61 ± 14 58% male ♦ RVFAC

♦ TAPSE

♦ Tricuspid tissue Doppler

annular velocities (S’)

♦ RVLS

♦ LV volume and function

♦ Male, ARDS, RVLS, RVFAC and TAPSE

were significant univariate predictors of

higher risk for mortality

♦ RVLS was found to predict higher

mortality more accurately

♦ The best cut-off value of RVLS for

prediction of outcome was −23%

Szekely et al., May

29, 2020 (5)

Prospective study Tel Aviv Medical

Center, Israel

March 21, 2020 to

April 16, 2020

100 hospitalized patients, 16%

prior IHD

TTE, examed within

24 h

66.1 ± 17.3 63%

male

♦ LV systolic and diastolic

function

♦ Valve hemodynamics

♦ RV assessment (TAPSE,

RV-S’, RVFAC, Tei index,

pulmonary acceleration time)

♦ Lung ultrasound

♦ 32% normal echocardiography

♦ 39% RV dilatation with or without

dysfunction

♦ 16% LV diastolic dysfunction

♦ 10% LV systolic dysfunction

♦ Patients with elevated troponin (20%) or

worse clinical condition had worse

RV function

Mahmoud-Elsayed

et al., May 24, 2020

(6)

Retrospective study Queen Elizabeth

Hospital

Birmingham,

United Kingdom

March 22, 2020 to

April 17, 2020

74 hospitalized patients,

referred for TTE with ≥ 1 clinical

indication(s), 9% prior CAD

TTE, examed in 3–10

days

59 ± 13 78% male ♦ Chamber sizes and function

♦ Valvular disease

♦ Pulmonary hypertension

♦ 41% RV dilatation

♦ 27% RVD

♦ 89% LV function was hyper-dynamic or

normal

♦ RV impairment was associated with

increased D-dimer and CRP levels

Jain et al., June 9,

2020 (18)

Retrospective study Columbia University

Irving Medical Center

and New

York-Presbyterian

Allen Hospital, New

York, USA

March 1, 2020 to

April 3, 2020

72 hospitalized patients,

referred for TTE when having

clinical indications, 18.1% prior

CAD

TTE, median time

was 3 days

50.8–70.3 72.2%

male

♦ LV Function

♦ Segmental LV Wall Motion

♦ RV size and systolic function

♦ 34.7% LVEF ≤ 50%

♦ 40.3% RV systolic function ↓

♦ RV systolic dysfunction was more

common than LV systolic dysfunction

♦ patients with elevated hs-cTnT and

elevated NT-proBNP were more likely to

exhibit reduced LV function

Dweck et al., June 2,

2020 (19)

Prospective

international survey

69 countries April 3 to 20, 2020 1,216, of whom 813 had

confirmed COVID-19, and 298

had a high probability when

scanning, 26% prior cardiac

disease

TTE 52–71 70% male Ventricular sizes and function ♦ 55% abnormal echocardiogram

♦ 39% LV abnormalities

♦ 33% RV abnormalities

♦ 3% new myocardial infarction

♦ 3% myocarditis

♦ 2% takotsubo cardiomyopathy 15%

severe cardiac disease (severe

ventricular dysfunction or tamponade)

Rath et al., May 28,

2020 (20)

Prospective study University Hospital of

Tübingen, Germany

February to March,

2020

123 hospitalized patients

(Non-survivors 16 and survivors

107), 22.8% prior CAD

TTE, examed in 24 h 68 ± 15 70% male ♦ LVEF

♦ RV function (TAPSE,

RV-FAC)

♦ Aortic stenosis/regurgitation

♦ Mitral regurgitation

♦ Tricuspid regurgitation

♦ Mean LV function 57%

♦ 48.9% RV dilatation

♦ 30.6% tricuspid regurgitation > 1

♦ RV-FAC ↓ in non-survivors

♦ Visually estimated impaired RV function

↑ in non-survivors

♦ Impaired LV and RV function, and

tricuspid regurgitation > grade 1 were

significantly associated with

higher mortality

(Continued)
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TABLE 2 | Continued

Pagnesi et al., July 1,

2020 (21)

Single-center,

observational,

cross-sectional study

San Raffaele

Scientific Institute in

Milan, Italy

March 24, 2020 to

April 29, 2020

200 non-ICU inpatients, 7.5%

prior CAD, 8.5% prior MI

TTE 55–74 65.5 male ♦ RVEDD

♦ RV length

♦ TAPSE

♦ S’TDI

♦ SPAP

♦ Tricuspid regurgitation

♦ 12% PH, 14.5% RVD

♦ PH (and not RVD) was associated with

signs of more severe COVID-19 and

with worse in-hospital clinical outcome

D’ Andrea et al.,

June 17, 2020 (22)

Prospective study 4 centers in Italy:

“Umberto I Hospital,

Monaldi Hospital, M.

Scarlato COVID

Hospital, Cardarelli

Hospital

February 20, 2020 to

April 20, 2020

115, 26 of whom suffering

cardiac injury

TTE 20–88 60% male ♦ RV tract diameter

♦ Tricuspid Peak E/A ratio

♦ TRV

♦ PASP

♦ MPAP

♦ TAPSE

♦ RV function and pulmonary pressures

as independent predictors of COVID

pneumonia mortality

♦ Patients with PH and RVD had more

frequently a history of prior cardiac

comorbidities

♦ Only patients with PH showed signs of

more severe SARS- CoV-2 infection

Vasudev et al., July

26, 2020 (23)

Retrospective study Three hospitals in

Northern New

Jersey, USA

March 15, 2020 to

April 15, 2020

45 hospitalized patients, 20%

prior ACS

TTE, during

hospitalization

61.4 ± 12.2 51%

male

♦ Ventricular size and function

♦ SPAP

♦ Pressure and

volume overload

♦ 31.1% LVEF ↓

♦ 11.1% RVEF ↓

♦ 13.3% RV dilatation

♦ 22.2% PH

♦ Echocardiography is essential for

assessment of COVID-19

Baycan et al., August

8, 2020 (24)

Prospective,

single-center study

Goztepe Training

and Research

Hospital, Istanbul,

Turkey

April 15, 2020 to

April 30, 2020

100 hospitalized patients, all of

whom having normal LVEF

(≥50%)

TTE, examed on the

first day

55.6 ± 14.4 50%

male

♦ LV-GLS

♦ RV-FAC

♦ RV-LS

♦ TAPSE

♦ SPAP

♦ LV-GLS and RV-LS were lower in the

severe group compared to the non-

severe group

♦ LV-GLS and RV-LS are independent

predictors of in-hospital mortality in

patients with COVID-19

♦ RVD is important in determining

circulation and respiratory

management strategies

Krishnamoorthy

et al., August 4,

2020 (25)

Single-center study The Zena & Michael

A Wiener

Cardiovascular

Institute, New York,

USA

– 12, 5 of whom required

intubation and/or died, 16.7%

prior CAD

TTE 29–60 41.7% male ♦ LVGLS

♦ RVGS

♦ RVFWS

♦ RVSP

♦ 41.7% RVD

♦ 58.3% LVD

♦ RVGS and RVFWS were significantly

decreased in the patients who had poor

outcomes compared with those who did

not

♦ LVGLS was decreased regardless

of outcome

Van den Heuvel

et al., July 8, 2020

(26)

Single center,

cross-sectional study

Radboud University

Medical Center,

Nijmegen, The

Netherlands

April 1, 2020 to May

12, 2020

51 hospitalized patients (ICU 19

and non-ICU 32), 22% prior

Cardiac history

TTE 51–68 80% male ♦ LV and RV dimensions

♦ LV function (LVEF, GLS)

♦ RV function (TAPSE, RV S’)

♦ Atrial dimensions

♦ 27% LVD

♦ 10% RVD

♦ No relation between elevated Troponin

T or NT-proBNP and ventricular

dysfunction

♦ Ventricular dysfunction by means of L

VEF, GLS, TAPSE and RV S’ were not

significantly different between ICU and

non-ICU patients

Zeng et al., July 28,

2020 (27)

Single-center

retrospective study

Shenzhen Third

People’s Hospital,

China

January 11, 2020 to

April 1, 2020

416 (ICU 35 and non-ICU 381),

3% prior CAD

TTE, only for severe

patients (ICU 31 and

non-ICU 26)

33–68 47.6% male ♦ LV and RV sizes

♦ LV and RV function

♦ PASP

♦ Ventricular wall thickness

♦ Ventricular wall thickening

♦ LVEF ↓ in 5 (16%) ICU patients

♦ PASP ↑ in 9 (29%) ICU patients

♦ RV dilatation and RVD in 3 (10%)

ICU patients

ARDS, acute respiratory distress syndrome; CAD, coronary atherosclerotic heart disease; COVID-19, coronavirus disease 2019; CVD, cardiovascular disease; ICU, intensive care unit; IHD, ischemic heart disease; LV, left ventricular;

LVD, left ventricular dysfunction; LVEF, left ventricular ejection fraction; LVGLS, left ventricular global longitudinal strain; MPAP, mean pulmonary artery pressure; PASP, pulmonary artery systolic pressure; PH, pulmonary hypertension;

RV, right ventricular; RVD, right ventricular dysfunction; RVEDD, right ventricular end-diastolic diameter; RVEF, right ventricular ejection fraction; RVFAC, right ventricular fractional area change; RVFWS, right ventricular free wall strain;

RVGS, right ventricular global strain; RVLS, right ventricular longitudinal strain; RV S’, right ventricular systolic excursion velocity; RVSP, right ventricular systolic pressure; SPAP, systolic pulmonary artery pressure; S’ TDI, tissue Doppler

imaging S wave; TAPSE, tricuspid annular plane systolic excursion; TRV, tricuspid regurgitation velocity; TTE, transthoracic echocardiography.
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recovered and isolated for 14 days, and myocardial edema was
found in 54% of patients (14). In Puntmann’s study, mostly
non-hospitalized patients recovered from COVID-19, 60% of
them found myocardial inflammation (16). While COVID-19
patients had cardiac injury, regardless of preexisting disease,
severity and overall course of COVID-19 manifestations, time
since initial diagnosis, or presence of cardiac symptoms (16).
Decreased RV functional parameters, including the RV ejection
fraction, cardiac output, the cardiac index, and stroke volume,
were found in patients with positive cardiac MRI findings
compared with healthy controls (P < 0.05). These findings
suggest that sustained cardiac involvement, including oedema,
fibrosis, and impaired RV contractile function, may remain in
patients who recover from COVID-19. Similarly, Puntmann
et al. showed that the RV ejection fraction was decreased in
patients with COVID-19 compared with healthy controls (15).
They also found a reduction in the LV ejection fraction in the
recovered COVID-19 cohort. However, Huang et al. showed that
LV function was hyperdynamic or normal in the same subgroup
(14). The outcomes were inconsistent between these two studies.
Regardless of the discrepancy, Puntmann et al. considered that
native T1 and T2 were the best indicators with the ability to
detect COVID-19-related myocardial pathology (15). Further
investigation on the long-term cardiovascular consequences of
COVID-19 is required (16).

Echocardiographic Findings
Echocardiography is commonly used for assessing cardiac
damage. This technique is easier to perform than cardiac MRI.
Conventional echocardiographic evaluation includes cardiac
structural assessment, myocardial systolic and diastolic function,
and valvular hemodynamics. According to the American Society
of Echocardiography, RV dysfunction is present when the
following parameters used to quantify RV function are less
than low values in the normal range: pulsed Doppler systolic
myocardial velocity < 9.5 cm/s, tricuspid annular plane systolic
excursion < 17mm, RV ejection fraction < 45%, and RV
fractional area change < 35% (32, 33). RV dilatation is
usually observed early in the pressure-overloaded right ventricle.
Typically, in the RV-focused view, a basal diameter > 41mm
and an intermediate horizontal diameter > 35mm indicate RV
dilatation (32).

Most inpatients with COVID-19 have RV dilatation or
dysfunction. However, LV dysfunction is less common. In a
study of 74 patients with COVID-19, 27% presented with RV
dysfunction, but LV function was hyperdynamic or normal in
89% (6). Szekely et al. (5) showed that RV dysfunction was
more common in patients with elevated troponin levels and
a poor clinical grade, whereas the total number of patients
with an impaired LV function was relatively smaller. Notably,
in several other studies, LV dysfunction was not rare in
patients with COVID-19 (18, 23, 25). This discrepancy among
studies may be due to differences in the study populations,
but RV damage is still universally found by echocardiography
in patients with COVID-19. We summarized the results of
recent cardiac imaging studies (Table 2). Among patients with
COVID-19-related myocardial injury, the proportion of RV

dilatation ranged from 13.3 to 48.9% (5, 6, 17, 20, 23). RV
dilatation associated with elevated D-dimer levels and C-reactive
protein levels was more common in patients with COVID-
19 (6, 17, 18, 20). There was no significant difference in
the incidence of major comorbidities (hypertension, diabetes
and known coronary artery disease), laboratory markers of
inflammation (white blood cell count, C-reactive protein) or
myocardial injury (troponin) in patients with right ventricular
dilatation (17).

Conventional echocardiographic parameters are not sensitive
to early RV systolic dysfunction, and therefore, cannot be
used for early diagnosis (34). Two-dimensional speckle tracking
echocardiography can more accurately evaluate myocardial
function and detect subclinical cardiac functional impairment
earlier than conventional echocardiography (35, 36), which can
measure LV global longitudinal strain (LVGLS), RV longitudinal
strain (RVLS), RV free wall strain (RVFWS), and RV global
strain (RVGS). In a retrospective study, RVLS was found to
predict mortality in patients with COVID-19 more accurately.
Therefore, there is potential value of RVLS for risk stratification
in COVID-19. The optimal cut-off values for prediction of
outcome were calculated to be −23% for RVLS, 43.5% for
RV fractional area change, and 23mm for tricuspid annular
systolic displacement (7). Baycan et al. (24) and Krishnamoorthy
et al. (25) also evaluated the prognostic value of strain indices.
RVGS and RVFWS were significantly reduced in patients with
poor clinical outcomes. RVLS is an independent predictor
of in-hospital mortality in patients with COVID, while the
predictive value of LVGLS formortality varies in different studies.
However, speckle-tracking echocardiography is demanding on
image quality. The structure of the chest wall in different patients
has a large effect on imaging, and critically ill patients are
unable to cooperate in adjusting positions, both of which affect
the results.

RV Dysfunction and Prognosis in COVID-19
Cardiac imaging findings have shown that RV damage is
common in patients with COVID-19. Concomitant RV damage
usually indicates a poor prognosis and affects the clinical
outcome of patients. In a study of 120 COVID-19 cases, non-
survivors showed elevated pulmonary artery systolic pressure,
dilated right heart chambers, and diminished RV function
compared with survivors (7). In another study where 28 patients
died of COVID-19, 14 had a RV abnormality, but only 2
had LV impairment (6). Indeed, these outcomes all indicate a
strong relation between RV dysfunction and poor prognosis.
One multivariate analysis revealed that RV enlargement was the
only factor significantly associated with mortality (17). Patients
with COVID-19 and RV dysfunction often have more severe
symptoms (19). Argulian et al. found that renal dysfunction was
more common in patients with RV dilatation than those without
(17). Therefore, RV dysfunction often predicts the presence of
some severe complications, and they may partly account for
the high mortality in this population. Additionally, Pagnesi
et al. (21) showed that pulmonary hypertension, instead of
RV dysfunction, was associated with worse in-hospital clinical
outcomes in patients with COVID-19. However, because their
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study population was non-intensive care unit patients without
mechanical ventilation, this may have eliminated the association
between COVID-19 and RV involvement.

Although CMR imaging is the gold standard for assessing
RV function (30), the high infectivity of COVID-19 and the
inability of patients to hold their breath for a long time
limit its application. Patients without pre-existing cardiovascular
diseases are more likely to have normal echocardiography
than those with pre-existing cardiovascular diseases (21).
RV dysfunction is more common than LV dysfunction in
COVID-19 (23). Patients with RV dysfunction had a higher
rate of cardiac comorbidities compared with patients without
RV dysfunction (37). The main reasons for performing
echocardiography in the previous study were suspected heart
failure and elevated cardiac biomarker concentrations (5, 21,
23). Independent predictors of RV abnormalities are suspected
RV failure and moderate or severe COVID-19 symptoms
(21). To minimize the risk of the spread of infection, at
least echocardiography should be performed in patients with
suspected heart failure, more cardiac comorbidities, elevated
cardiac biomarkers, and severe COVID-19 symptoms. Abnormal
transthoracic echocardiography ultimately affects decision-
making of clinicians in 16–33.3% of patients (18, 19). It also
showed that clinical management was altered in 24.2% of
patients because of acute cardiovascular events observed with
transthoracic echocardiography (18).

Male was an independent predictor of prognosis (7), while
age, weight, and ethnicity were not significantly different in
COVID-19 patients with cardiac injury. Patients with a history of
established cardiovascular disease or elevated cardiac biomarkers
have an increased susceptibility to infection and an increased
risk of severe disease progression and death (4, 37, 38).
These patients are more likely to have RV dysfunction and
pulmonary hypertension, which are independent risk factors for
poor prognosis (21, 22). The proportions of echocardiographic
abnormalities and serious heart disease are similar after excluding
patients with pre-existing heart disease (heart failure, valvular
disease, or ischemic heart disease), suggesting that cardiac
abnormalities are associated with COVID-19 infection in this
population (19).

AETIOLOGY OF COVID-19 WITH RV
FUNCTIONAL CHANGES MAY INVOLVE
MULTIPLE FACETS

The Right Ventricle Is More Susceptible to
Lung Injury Than the Left Ventricle
The transverse section of the right ventricle is crescent-shaped
compared with the thick wall of the left ventricle, and the
relative surface area of the right ventricle is higher and the
volume is lower. The thin RV free wall has greater compliance
than the left ventricle. These anatomical features allow acute
dilatation of the right ventricle when there is a sharp increase
in afterload. RV systolic function is sensitive to increased
pressure, and a slight rise in pulmonary circulation resistance
causes RV overload and impaired systolic function. The primary

target organ of severe acute respiratory syndrome coronavirus-
2 is the lungs. The right ventricle is vulnerable to a slight
increase in pulmonary vascular resistance (39), making it more
vulnerable to injury than the left ventricle. As the right ventricle
continues to expand, RV geometry changes, and the tricuspid
annulus dilates insufficiently, resulting in tricuspid regurgitation.
Tricuspid regurgitation leads to further RV dilatation and volume
overload, which shifts the interventricular septum to the left and
affects LV filling and contraction. RV pressure overload increases
wall tension, increases myocardial oxygen consumption, and
decreases RV oxygen supply during systole. This further leads to
myocardial ischaemia and reduces RV contractility. RV dilatation
may precede development of acute cor pulmonale (40).

Acute Respiratory Distress Syndrome and
RV Dysfunction
COVID-19 mainly affects the respiratory system and the
incidence of acute respiratory distress syndrome (ARDS)
reported in COVID-19 ranges from 19.6 to 31% (37, 38, 41).
ARDS is a severe form of COVID-19, which leads to a dramatic
increase in RV afterload and delayed contraction owing to its
own pathological effects and mechanical ventilation with a high
positive end-expiratory pressure (PEEP). This then reverses the
end-systolic transseptal pressure gradient. The incidence of RV
dysfunction in ARDS has been reported to be 22–50% (33). There
is no robust evidence to verify a definitive causal relationship
between RV dysfunction and mortality in ARDS. However, RV
dysfunction is undoubtedly associated with increased mortality
and poorer prognosis in patients with COVID-19-related ARDS
(42). In the setting of ARDS, numerous factors can destroy
the pulmonary circulation, including mechanical compression
by interstitial oedema, microvascular thrombosis, hypoxic or
mediator-induced pulmonary vasoconstriction, and pulmonary
vascular muscular remodeling. These factors raise pulmonary
arterial pressure and further rapidly increase RV afterload.
Pulmonary vascular resistance abates RV ejection and LV
pulmonary venous return, while RV dilatation results in LV
compression by a septal shift because of an inextensible
pericardium. Both of these mechanisms account for the decrease
in LV ejection and RV coronary blood flow. Therefore, ARDS-
derived pulmonary circulation injury in COVID-19 has a
deleterious effect on RV dysfunction (43, 44).

RV dilatation secondary to mechanical ventilation
during hospitalization for ARDS requires attention. In the
ARDS population, a lung protective ventilation strategy is
recommended and mainly refers to PEEP. High PEEP levels
cause overinflation of the normal alveoli and compression of
intra-alveolar vessels, which lead to high pulmonary vascular
resistance and increased RV afterload (43). Therefore, RV
dysfunction can be a haemodynamically significant and
deleterious consequence of COVID-19-related mechanical
ventilation. Notably, Sud et al. showed that there was no
meaningful correlation between PEEP and RV dilation on
echocardiography in their COVID-19 infection cohort (17).
However, they did not deny the possible contribution on RV
dilatation from mechanical ventilation.
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Pulmonary Embolism and RV Dysfunction
Owing to risk factors, such as virus-induced endothelial injury,
vascular inflammation, and hospitalization-related prolonged
immobilization, most patients with COVID-19 stay in a
hypercoagulable state, and they are vulnerable to venous
thrombosis. Poissy et al. studied 107 patients with COVID-19
who were admitted to the intensive care unit (45). They reported
a high incidence of pulmonary embolism (20.4%), which was
significantly higher than the contemporaneous average level in
patients with influenza and in in-hospital patients. An autopsy of
patients with COVID-19 showed a high incidence of deep venous
thrombosis (58%) and death-causing pulmonary embolism
(33%) (46). When thrombus enters pulmonary vessels, it
produces mechanical obstruction and stimulates endothelial cells
and platelets to release vasoactive mediators (e.g., thromboxane
A2, serotonin). This triggers obstruction-related vasoconstriction
and increases RV afterload and pulmonary arterial pressure in
patients. Oxygen demand from the right ventricle increases,
while embolism-associated hypoxemia and hypotension decrease
myocardial oxygen supply. This imbalance finally leads to RV
dysfunction (47).

Myocardial Injury and a Cytokine Storm
Myocardial injury was recognized early in patients with COVID-
19 in China, and it also partly accounts for RV dysfunction.
Myocarditis can occur before pulmonary symptoms of shock
(48). The possible mechanisms for myocardial injury are as
follows. Angiotensin-converting enzyme 2 (ACE2) is highly
expressed not only in the lungs, but also in the cardiovascular
system, thus possibly mediating viral entry into cardiomyocytes
to cause direct damage. Cardiac elevation of troponin-I levels
is accompanied by an increase in other inflammatory markers,
such as lactate dehydrogenase, ferritin, tumor necrosis factor-
α (TNF-α), interleukin-6 (IL-6) and interleukin-8 (IL-8). This
could represent a cytokine storm syndrome or secondary
haemophagocytic lymphohistiocytosis, which may result in
cardiac involvement (49). After viral invasion into the body, T
cells become activated, and they produce and release amounts of
antiviral cytokines. Because of an imbalanced response among
subtypes of T helper cells, a cytokine storm release is induced,
which attributes to hyperactivation of monocytes/macrophages.
This then leads to tissue damage to multiple organs and causes
complications, such as ARDS and cardiac insufficiency.

In ARDS, increased levels of cytokines, such as IL-6, IL-
8, TNF-α, can be tested. In particular, IL-6 is an important
marker. A previous study reported that elevated circulating IL-
6 levels were associated with increased mortality in COVID-19
(50). Targeted therapy against the IL-6 receptor with tocilizumab
can be effective in severe COVID-19 cases. A cytokine storm
is essentially a protective response to limit spread of the virus,
but its exact mechanism of myocardial injury remains unclear.
However, cardiomyocyte and endothelial cell death triggered
by inflammatory cytokines, such as TNF-α, has been well-
documented (51). Ventricular dilatation with a reduction in the
ejection fraction may be an adaptive response to myocardial
dysfunction. Myocardial depression results from the direct or
indirect action of one or more cardioinhibitory substances.

Besides, TNF-α and IL-1, which act as potent inducible nitric
oxide synthase inducers, are associated with inhibition of
cardiomyocyte function. For one thing, nitric oxide interferes
with calcium metabolism in cardiomyocytes, which in turn
impairs contractile function. For another, peroxynitrite generated
by interaction of nitric oxide with superoxide ions is directly
toxic to cardiomyocytes (52). Additionally, Hypoxemia caused
by COVID-19 can also induce intracellular calcium overload,
leading to apoptosis of cardiomyocytes (53). So, an inflammatory
storm, as well as autoimmune activation, can induce extensive
vascular and myocardial inflammation, while predisposing to
diffuse thrombosis (54).

In summary, the mechanism of myocardial injury varies at
different stages of COVID-19. Isolated RV dysfunction can be
found in the presence of severe ARDS or pulmonary embolism
(55), while diffuse myocardial damage caused by viral toxicity
and the host immune response also partly weaken RV function
(Figure 1). Because of ACE2 expression in the endothelium,
virus-induced endothelial shedding and microvascular damage
may lead to thrombosis and myocardial infarction (55). ACE2-
mediated direct injury may be a major mechanism in the early
stages of COVID-19.With aggravation of COVID-19, pulmonary
and cardiac injury caused by hypoxia is gradually aggravated.
Inflammatory reactions and autoimmune damage leading to
exacerbation of disease play a major role in the later stages
of COVID-19.

TREATMENT OF RV DYSFUNCTION WITH
COVID-19

Medical Treatment
Medical treatment of RV functional impairment includes
reducing volume load, enhancing RV contractility, and reducing
pulmonary arterial pressure. Diuretics can reduce intravascular
volume. The RV Starling curve is flat, and improvement in
RV function can only be observed with a large negative fluid
balance. Normally, the RV filling pressure needs to bemaintained
at a slightly increased level at ∼8–12 mmHg. The volume
status can be further adjusted on this basis to achieve optimal
RV function and cardiac output (56). RV pressure monitoring
is also important when circulating hypovolemia results in
decreased blood pressure and the requirement for appropriate
fluid replacement. Central venous pressure and mixed venous
oxygen saturation help determine RV filling and oxygen supply.
Echocardiography also helps determine the volume status. RV
dilatation with restriction of LV filling indicate excessive preload.

Levosimendan is a novel calcium sensitizer that stabilizes
the spatial configuration of myocardial fibrin and increases
myocardial contractility. This calcium sensitizer has the
advantages of no effect on diastolic function or arrhythmia,
and does not increase myocardial oxygen consumption.
Levosimendan improves RV myocardial contractility and
reduces RV afterload. Morelli et al. showed that levosimendan
was an effective treatment option for ARDS with acute
right heart dilatation, and it was believed to dilate the
pulmonary circulation and improve RV contractility (57).
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FIGURE 1 | Mechanism of RV damage caused by COVID-19.

Norepinephrine might improve RV function by restoring RV
perfusion pressure as suggested in an experimental model of
massive pulmonary embolism (58). Intravenous epoprostenol
can improve symptoms, hemodynamics, and the survival
rate, and enhance RV systolic function (59). Bosentan is a
specific endothelin receptor antagonist, which reduces mean
pulmonary arterial pressure and increases the cardiac index.
Inhaled nitric oxide can selectively dilate pulmonary vessels,
improve the ventilation-blood flow ratio, significantly reduce
pulmonary vascular resistance, and increase cardiac output,
while it has a slight effect on systemic vascular resistance. In
patients with pulmonary heart disease caused by ARDS, inhaled
nitric oxide reduces pulmonary arterial pressure and pulmonary
inflammatory responses (60). In patients with pulmonary
embolism and ARDS, prostacyclin is as effective as inhaled
nitric oxide in reducing pulmonary arterial pressure, improving
gas exchange and oxygenation, increasing cardiac output, and
improving RV function (61, 62).

To alleviate inflammation and fibrosis, corticosteroids are
considered as potential therapeutic agents for ARDS, which
reduce morbidity and mortality, but remain controversial.

High-dose corticosteroid therapy can accelerate improvement
of ARDS, reduce mortality, and shorten the duration of
invasive mechanical ventilation (63). However, theWorld Health
Organization recommends that systemic corticosteroids should
not be routinely used in patients with COVID-19 or COVID-19-
associated ARDS (64).

Severe COVID-19 is often associated with thrombosis,
and disseminated intravascular coagulation may be present in
the majority of fatal cases (65). Prolonged immobilization
and hormonal therapy increases the risk of venous
thromboembolism. Patients with right heart enlargement
are also prone to cardiac thrombosis. Coagulopathy due to
COVID-19 may be associated with bacterially-induced infectious
coagulopathy. Overproduction of inflammatory cytokines,
vascular endothelial injury, and increased levels of damage-
associated molecular patterns contribute to thrombosis. Patients
who meet the sepsis-induced coagulopathy score criteria or
have significantly elevated D-dimer levels may benefit from
anticoagulant therapy by mainly using low-molecular-weight
heparin (66). Among 449 patients with severe COVID-19,
99 received heparin (mainly low-molecular-weight heparin)
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FIGURE 2 | Treatment of RV dysfunction with COVID-19. ECCO2, extracorporeal carbon dioxide removal devices; IABP, intra-aortic balloon pump; LMWH, low

molecular weight heparin.

for 7 days or longer, and 28-day mortality was significantly
lower in patients with sepsis-induced coagulopathy scores
≥ 4 or D-dimer levels > six times the upper limit of
normal using heparin than in non-users (P = 0.029, P
= 0.017). Lin et al. (67) also recommended the use of
low-molecular-weight heparin in patients with D-dimer
values > four times the upper limit of normal. Thrombotic
coagulopathy is common in severe patients with COVID-19,
and D-dimer is more useful than other coagulation markers for
prediction of this disease. However, bleeding complications are
relatively uncommon in COVID-19. Therefore, anticoagulant
therapy is necessary.

Device-Assisted Therapy
Mechanical ventilation, sedation, and analgesia may lead to
increased afterload, increased transpulmonary pressure, and
decreased cardiac output. Therefore, mechanical ventilation
indications need to be strictly followed. For critically ill
patients requiring mechanical ventilation, appropriate
mechanical ventilation measures should be implemented to
avoid hypoxemia, hypercapnia, a low or high lung volume,
and high PEEP. Protective ventilation strategies should
also be used when necessary. The principle of mechanical
ventilation in patients with right heart failure is to limit plateau
pressure and offer PEEP, avoiding hypercapnia, hypoxemia, and
pulmonary vasoconstriction. Respiratory settings are adjusted
according to the tolerance of the right ventricle, as assessed
by ultrasound, to coordinate the balance between recruitment

and hyperventilation resulting from ventilation according to
RV function (68). PEEP can dilate the alveoli, compress extra-
alveolar capillaries, and cause an increase in pulmonary vascular
resistance. This increases afterload and RV volume, resulting in
RV dilatation, which in turn affects LV filling. Appropriate PEEP
is important for treatment.

When optimized ventilation measures still do not improve
hypoxemia in mechanically ventilated patients, extracorporeal
membrane oxygenation (ECMO) can be considered. ECMO
is used as a rescue therapy for COVID-19 with refractory
hypoxemia in accordance with provisional guidelines established
by the World Health Organization (69) in 2020. However,
because of a lack of relevant trials on the use of ECMO in
patients with COVID-19, there is insufficient evidence that
these patients can benefit from ECMO. For acute RV failure
caused by severe ARDS, extracorporeal carbon dioxide removal
devices can be considered for super-protective lung ventilation
(tidal volume: 4 mL/kg) (70). Additionally, increased work of
breathing, pulmonary oedema, and endogenous PEEP caused by
weaning increase RV afterload. Worsening of RV function is an
important cause of weaning failure in mechanically ventilated
patients. When RV function is impaired in combination
with severely impaired LV function, adjunctive therapy with
Impella device or intra-aortic balloon counterpulsation can
be used. Continuous renal replacement therapy may be
considered when volume overload and drug therapy are not
effective. COVID-19-related myocardial injury treatments are
summarized in Figure 2.
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FUTURE DIRECTIONS AND
CONCLUSIONS

RV dysfunction usually indicates a poor prognosis in the wide
array of cardiopulmonary diseases. Assessment of RV function is
essential for managing ARDS, acute pulmonary embolism, and
pulmonary hypertension. RV dilatation is common in patients
with COVID-19. A full understanding of COVID-19-related RV
dysfunction is conducive for early identification and precise
treatment, and to help improve the prognosis of severe cases
and reduce mortality. Early recognition of RV dysfunction allows
appropriate treatment to be provided as soon as possible. How
to identify RV dysfunction early is important for stratification
of disease risk and prognostic evaluation. Echocardiography,
cardiac MRI, right heart catheterization, and other examinations
are helpful for early identification of RV dysfunction. At the same
time, monitoring of biological indicators related to RV function,
such as troponins and brain natriuretic peptide, should not be
ignored for the suggestive role in RV function. It is recommended
to assess RV function as soon as possible, for COVID-19 patients
with suspected cardiac injury, elevated cardiac biomarkers,
severe respiratory symptoms. RV function is often monitored
to optimize haemodynamic and respiratory parameter settings.

Timely medical treatment should be delivered. And device
assistance should be implemented if necessary. RV damage
reflects an association between myocardial injury and COVID-
19. In future medical care, clinicians need to further focus on
the morbidity of RV dysfunction in patients with COVID-19.
Using cardiac imaging to detect RV dysfunction will provide early
information concerning the severity of COVID-19 infection.
Performing an appropriate strategy of the right ventricle will
be helpful to reduce mortality and improve prognosis in this
persistent epidemic.
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The novel coronavirus disease 2019 (Covid-19) pandemic has affected millions of

patients in almost all countries with over one million cases recorded in Africa where

it is a major health challenge. Covid-19 is known to have significant implications for

those with pre-existing cardiovascular disease (CVD) and their cardiologists. Patients

with pre-existing CVD are at increased risk of morbidity and mortality from Covid-19

due to associated direct and indirect life threatening cardiovascular (CV) complications.

Mitigating the risk of such Covid-19 deaths in resource poor communities requires

the institution of preventive measures at the primary, secondary and tertiary levels

of preventive phenomenon with emphasis at the first two levels. General preventive

measures, screening and monitoring of CVD patients for complications and modification

of drug treatment and other treatment methods will need to be implemented. Health

policy makers and manager should provide required training and retraining of CV health

care workers managing Covid-19 patients with CVD, provision of health education,

personal protective equipment (PPE), and diagnostic kits.

Keywords: COVID-19 deaths, cardiovascular disease, levels of prevention, Africa, resource poor communities

INTRODUCTION

The novel corona virus disease referred to as Covid-19 was identified in December 2019 inWuhan,
China. It is caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) (1, 2) and
the disease has since spread all over the world including resource poor communities in Africa (3).

Given the rapid spread of the virus in early 2020, the disease was declared a pandemic by the
World Health Organization (WHO) on March 11, 2020 (2). Within a short time there was a litany
of literature on the disease with physicians in all specialties expected to be aware of the impact of
this disease in their respective clinical care areas and the medical community at large (4).

In Africa, the spread of Covid-19 was feared for so many reasons (5): Firstly, large and densely
populated areas and townships with widespread poverty and high migration make such places
vulnerable to airborne pandemics. Secondly, existing epidemics of human immunodeficiency virus
(HIV), tuberculosis (TB), and malaria were thought to make Covid-19 more severe and thus lead
to increased morbidity and mortality. Lastly, the high prevalence of non-communicable diseases
in Africa such as hypertension, CVD and diabetes which are known risk factors for severe cases of
Covid-19 portends a poor outcome (3), and this is of concern to the index authors.
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The clinical presentation of this disease ranges from
asymptomatic to mild, severe, and critical cases. Its symptoms
which are similar to common viral and parasitic infections in
sub-Saharan Africa include fever, cough, dyspnoea, myalgias,
fatigue, and diarrhea. In severe and critical cases, it presents
with pneumonia, acute respiratory distress syndrome (ARDS),
cardiogenic, and septic shock. Over time, it was shown that
elderly populations with pre-existing medical comorbidities are
most vulnerable to severe disease (5–7).

In sub-Saharan Africa, the high prevalence of CVD and their
relationship to the disease means cardiologists will be actively
engaged in the management of Covid-19 patients. Aside Covid-
19 infection being associated with CV complications, infected
individuals with pre-existing CVD have elevated risk of severe
disease and worse outcomes (8–10). Additionally, therapeutics
for Covid-19 have potential adverse CV effects due to significant
drug-drug interactions with regular CV medications. Finally,
CVD drugs may interfere with the pathophysiology of Covid-19
especially with viral relationship to ACE2 receptors (11, 12).

The management of severe Covid-19 cases in patients with
CVD and other high risk conditions is costly in resource poor
countries of Africa, thus the need to activate primary and
secondary levels of prevention. Presently, Covid-19 mortality in
African countries are not as high as expected (5, 13). This is due
to many factors including the implementation of primary and
secondary preventive measures.

Hence, this review aim to discuss the need to mitigate Covid-
19 deaths in CVD patients in resource poor countries of Africa,
and the measures to be put in place toward realizing this goal.

VIROLOGY OF SARS-COV-2,
EPIDEMIOLOGY AND PATHOPHYSIOLOGY
OF COVID-19

The SARS-CoV-2 virus belongs to the family of Coronaviridae
which are enveloped viruses with non-segmented, single
stranded, positive-sense ribonucleic acid (RNA) genome (14). A
number of the SARS—related coronaviruses have been found
in bats, thus suggesting they may constitute the zoonotic host
for SARS-CoV-2, especially given that the viral genome is 96.2%
identical to a bat coronavirus (15). Typical of corona viruses
such as SARS and the Middle East Respiratory syndrome virus
(MERS-CoV), they commonly cause respiratory illnesses which
are the predominant manifestation of Covid-19 disease. The
infectivity of Covid-19 is greater than that of influenza with an
estimated R0 value of 2.28 (16). Similarly, death rate associated
with Covid-19 is higher compared to <0.1% estimated recently
for influenza by WHO, though it may be higher for the elderly,
persons with comorbidities and persons in low resource settings
(17). However, earlier coronaviruses infections such as SARS-
CoV epidemic and MERS-CoV, had higher case fatality rates of
9.6 and 34.4%, respectively (18). Covid-19 disease however has
spread more widely to affect larger populations and places than
previous coronaviruses outbreaks (18, 19).

Since December 2019, Covid-19 disease has spread to all
corners of the globe affecting over 37 million persons with more

TABLE 1 | Reasons to mitigate the risk of Covid-19 deaths in CVD patients.

1. Association between pre-existing CVD and severe Covid-19

disease.

2. Life threatening CV complications are seen in Covid-19

patients with or without pre-existing CVD.

3. Significant drug interactions exist between CVD

medications and therapies under investigation for Covid-19.

than 1 million deaths as of 11th October, 2020 (20) in over 100
countries across the world. Africa as of the same date has over 1
million cases with the highest number of 690,896 cases in South
Africa and lowest of 414 in Eritrea. Nigeria with 60,103 cases of
confirmed Covid-19 is the highest inWest Africa sub-region (20).
The crude case-fatality rate which was 3.8% in the USA in March
2020 (21, 22) fell to 2.8% in October, in same month it is 1.8% in
Nigeria (20).

The clinical cases can either be asymptomatic or mild
in a large proportion of patients and severe in a smaller
portion (18). In China it was found that 81.4% of cases
were mild requiring only symptomatic treatment and
isolation, with severe disease in 13.9% of cases that needed
supplemental oxygen therapy, and critical in 4.7% requiring
intensive care unit (ICU) treatment including mechanical
ventilation (22).

Studies show that SARS-CoV-2 as well as other coronaviruses
use angiotensin-converting enzyme 2 (ACE2) protein; a homolog
of ACE1 (9) for cell entry. ACE2 which is a type 1
integral membrane protein is highly expressed in lung alveolar
cells and may expose humans to increased viral entry (15).
After ligand binding, SARS-CoV-2 enters cells via receptor-
mediated endocytosis in a manner akin to entry of HIV
viruses in to body cells (23). The viral take-over of ACE2
receptors in Covid-19 infection deregulates lung protective
pathway occasioned by uninfected receptors, thus contributing
to viral pathogenicity (24). ACE2 is found primarily in the
lower respiratory tract, rather than the upper airways (10).
This distribution can explain the few upper respiratory tract
symptoms typical of flu and why Covid-19 is not just a common
cold (10, 17).

Clinicians are concerned about a possible link between
SARS-CoV-2 and angiotensin 2 receptor blockers (ARBs) which
could increase chances of adverse effects of the disease in
CVD patients on this class of antihypertensives (17), Hence it
is important that doctors understand clinical and preventive
measures to reduce morbidity and mortality from Covid-19
among CVD patients.

REASONS TO MITIGATE THE RISK OF
COVID-19 DEATHS IN CVD PATIENTS

Several reasons portend the need to mitigate the risk of Covid-
19 deaths in CVD patients (Table 1) details of which are
given below.
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Association Between Pre-existing CVD and
Severe COVID-19 Disease
Different studies show the association between pre-existing
CVD and severe Covid-19 disease. A meta-analysis of seriously
ill Covid-19 patients found the prevalence of hypertension,
cerebrovascular disease and diabetes to be 17.1, 16.4, and 9.7%,
respectively, among them (8). The overall case fatality rate in
Covid-19 patients is commonly <3% (18), but this increases
to 10.5% in those with CVD, 7.3% in diabetes, and 6.3% in
hypertensives (18).Similar findings showing more adverse events
in CVD patients with Covid-19, have been reported in other
investigations, whether in China, Europe, or sub-Saharan Africa
(13, 25). In Ghana, the highest number of deaths occurred in
Covid-19 patients with pre-existing hypertension and diabetes
(13). This number will go up as more people become seriously
ill with Covid-19 in the sub-region due to inadequate facilities
and personnel.

Aside hypertension, other factors associated with increased
deaths are age, diabetes, and hyperlipidemia. Age is a risk
factor for hypertension, obesity, glucose intolerance, and reduced
immunity (25–27); which are associated with increased risk of
severe Covid-19 disease. Diabetes and hyperlipidemia causes
dysregulation of the immune system in addition to deterioration
of vascular integrity (27, 28). Thus, prevalent CVD may
be a marker of accelerated immunologic aging/dysregulation
and relate indirectly to Covid-19 prognosis. Other possible
risk factors for severe disease in low income countries of
sub-Saharan Africa include HIV, TB, Chronic Obstructive
Pulmonary disease (COPD), Rheumatic Heart Disease (RHD),
and cardiomyopathies (29).

Cardiovascular Complications of Covid-19
in Patients With or Without Pre-existing
CVD
Several investigations suggest SARS-CoV-2 infection is
associated with life threatening CV complications in those with
or without pre-existing CVD (10, 18). The CV complications
includes myocarditis, acute coronary syndromes, arrhythmias,
heart failure, cardiogenic shock, and venous thromboembolism.
The recognition of these complications must be possible in health
facilities in Africa for improved survival of cardiac patients.

Myocarditis and Acute Coronary Syndromes
Myocardial injury is increased in patients with myocarditis and
acute coronary syndrome as a results of ARDS and severe Covid-
19 (10, 30, 31). Elevated serum troponin levels are seen in many
Covid-19 patients, with significant differences noted in survivors
and those who succumbed to the viral disease (32). Some authors
found that mean cardiac troponin I levels was significantly higher
in severe Covid-19-illness compared to non-severe disease (33).

Increased levels of troponin T (TnT) has been found to be
associated with Covid-19 disease, especially in those with pre-
existing CVD. Of note, the highest mortality rates were observed
in those with elevated TnT levels whether due to Covid-19 or
prior CVD.

Other markers of acute cardiac injury in Covid-19 patients are
abnormal electrocardiographic and echocardiographic findings
in patients.

Cardiac Arrhythmia and Cardiac Arrest
The arrhythmias observed in severe Covid-19 infections are
cause for concern as it is a significant contributor to adverse
outcomes (23). Arrhythmogenesis appears to be a feature of
coronaviruses as these have been reported in SARS and MERS
patients. The different forms of dysarrhythmias in coronaviruses
infections include branch block, atrial fibrillation, premature
beats, QT interval elongation, and even sudden cardiac death
(34). In hospitalized Covid-19 patients, cardiac arrhythmias were
noted in 16.7% of patients in a Chinese cohort especially in
those in ICU (6). Up to 60% of fatal cases of Covid-19 have
arrhythmias and in some patients the cardiac arrhythmias are
independently associated with in-hospital mortality (35). This is
more so as African Americans have been found to have genetic
susceptibility for Covid-19 associated sudden cardiac death (36).
It is advised that new onset of malignant tachyarrhythmias in
the setting of troponin elevation should raise the suspicion
of underlying myocarditis or acute coronary syndrome and
potential arrhythmias (32, 37).

Arrhythmias should be considered a major complication of
Covid-19 and be watched out for when medications are being
considered in resource poor settings.

Cardiomyopathy and Heart Failure
Heart failure was reported in 23.0% of patients with Covid-19
presentations (10). Whether heart failure is most commonly due
to exacerbations of pre-existing left ventricular (LV) dysfunction
or new cardiomyopathy is unclear (38). Right heart failure and
associated pulmonary hypertension should be considered, in
particular in the context of severe parenchymal lung disease and
ARDS, which are common findings in severe Covid-19 disease.

Cardiogenic and Mixed Shock
The appearance of ground glass opacities in severe Covid-19
patient similar to that in ARDS on chest imaging (39) should
be distinguished from that of coexisting cardiogenic pulmonary
oedema. A possibility of in situ cardiogenic or mixed cardiac
plus primary pulmonary causes of respiratory manifestations in
Covid-19 (mixed presentation), should be considered in clinical
assessment of patients.

Venous Thromboembolic Disease
Patients with Covid-19 are at increased risk of venous
thromboembolism and this is said to be as high as 31% in
critically ill subjects (40). Studies suggest abnormal coagulation
parameters like D-dimers are very useful in the diagnosis (41).
In various places, elevated D-dimer levels (>1 g/l) are strongly
associated with in-hospital death, even after multivariable
adjustment (10, 41). The elevation of D-dimers and FDP (fibrin
degradation products) are synonymous with poor survival in
severely ill Covid-19 patients as this may indicate presence of
disseminated intravascular coagulation (DIC) (41).
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TABLE 2 | Drug therapy and Covid-19: interactions and cardiovascular

complications.

1. Therapies under investigation for Covid-19 may have

significant drug-drug toxicity with CV medications.

2. Therapies under investigation for Covid-19 have significant

CV toxicities.

3. Patient debilitation from severe Covid-19 may pose

challenges in administering routine CV medications

4. Drugs for patients with CVD could interfere with the

pathophysiology of Covid-19

Drug Therapy and Covid-19: Interactions
and Cardiovascular Complications
There are currently no specific effective therapies for Covid-
19. However, it is worthy to note that significant drug
interactions exist between CVDmedications and therapies under
investigation for Covid-19 (12, 42, 43) (Table 2).

MITIGATING THE RISK OF COVID-19
DEATHS IN CVD PATIENTS IN AFRICA
RESOURCE POOR COMMUNITIES

Efforts to reduce Covid-19 deaths in CVD patients should involve
three levels of prevention; primary, secondary, and tertiary levels.
Primary prevention measures are those are put in place before
the onset of illness. Secondary prevention refers to measures
that ensure early diagnosis and prompt treatment, before
development of CV complications. The tertiary prevention
strategy is aimed at rehabilitation following significant illness.

In resource poor communities in sub-Saharan Africa,
emphasis should be on primary and secondary preventive
measures due to unsustainable financial requirements for tertiary
measures of prevention.

Control measures will vary between:

1. Patients with CVD without Covid-19.
2. Patients with coexistence of CVD and Covid-19.
3. CV health workers.

Adequate consideration should be given to patients in resource
poor communities where other immunosuppressive conditions
such as HIV and TB could coexist with Covid-19 and CVD.
Lifestyle measures, drug treatment and method of treatment
modifications, as well as availability of necessary protective and
medical equipment will all be required. Health care workers are
also at risk of infection and should be protected.

Mitigating the Risk of Death in Patients
With Pre-Existing CVD Without Covid-19
Measures to reduce the risk of death in resource poor settings
should be emphasized at the primary and secondary levels
of prevention for sustainability. Since disease transmission
occurs most commonly via respiratory droplets and aerosols
with the virus active on surfaces for several days (44), the
recommendations are suggested for general prevention include:

a. All aged CVD patients should be taught to avoid close contact
by practicing social distancing of at least 2m away. They
should be trained in community and personal hygiene and this
should be more so with the uneducated subjects.

b. As much as possible, patients with known risk factors should
avoid crowds, especially in door assembly. Possibly, very
vulnerable subjects should practice voluntary isolation but
be able to receive support from family members to prevent
depressive events. This isolation is important for those in
major congested cities in Africa (13).

c. Everyone must reduce or avoid touching their eyes, nose, and
mouth, when up and about in their location where surfaces
may be contaminated (44).

d. Subjects must wash their hands frequently under running
water. The alternative is to use alcohol (65% w/v ethyl alcohol)
based hand sanitizers for similar purpose.

e. The use of face masks should be mandatory for CVD subjects
in resource poor settings.

f. Pseudo-telemedicine approaches such as use of internet
based telephone consultations; these include WhatsApp and
Facebook videos which are popular in Africa and can be used
for patient consultations, during pandemics to reduce travels
and social contacts at hospitals. This can help to promote viral
containment (45).

Mitigating the Risk of Death in Covid-19
Patients With Pre-existing CVD in
Sub-Saharan Africa
The majorly secondary and feasible tertiary levels of prevention
features are as follows:

a. Screening for Covid-19 in all CVD patients for early
diagnoses, especially when they are susceptible groups like
health and other frontline workers, or those with immune
compromise. This will enhance early diagnosis and closer
monitoring for CV complications (10, 18) in resource
poor communities.

b. Screening of Covid-19 patients for CVD and CV
complications—The American College of Cardiology
(ACC) has recommended the establishment of protocol for
diagnosis, triage, and isolation of Covid-19 patients with CVD
or CV complications (46).

c. Telemedicine and e-visits—as mentioned above, with the wide
availability of cell phones in resource poor communities in
sub-Saharan Africa consultations can be made by patients
with specialty physicians without close contact.

d. Clear and prompt understanding of the effects of the virus
and hypertension therapy in relation to ACE inhibitors and
ARB therapy in Covid-19 patients, should be given early to
reduce clinician and patient confusion (47). All CVD patients
should be encouraged to continue their home blood pressure
monitoring and medical regimen (48).

e. All drug—drug interactions with CV medications and
direct CV toxicities should be avoided or reduced to the
barest minimum, by retraining of clinicians and other
healthcare workers.
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f. As a tertiary measure, nationwide training of health workers
on mechanical ventilatory support and Advanced Cardiac Life
Support (ALCS) and all citizens on cardiac and vocational
rehabilitation post Covid-19, should be commenced pending
availability of resources for full implementation.

Recommendations for Healthcare Workers
Managing CVD During Covid-19 Pandemic
a. Ensure the use of provided PPE and in the right manner

as recommended by WHO, CDC and China’s CDC, namely:
facemask, goggles, disposable, or re-useable gowns and
gloves (49–52).

b. Telemedicine and e-visits—this allows for triaging of patients
and patient management while minimizing exposure of
patients and health workers to potential infection.

c. Health care practitioners must be conversant with antiviral
agents approved or under investigation for the treatment of
Covid-19 and their CV toxicities (53).

d. Carefully managed rescheduling of elective procedures during
the growth phase of the outbreak.

e. Ensure hospital equipment such as echocardiography,
scanners et cetera are cleaned with antiseptic agents before
and after each use.

f. When performing procedures that generates aerosol such as
transesophageal echocardiography, endotracheal intubation,
cardiopulmonary resuscitation, and bag mask ventilation,
additional PPE may be required including controlled or
powered air purifying respirators. Thorough infection control
measures specific to the procedural cardiology specialty
should be considered in light of Covid-19 outbreak.

g. In the event of cardiac arrest, use of external mechanical chest
compression devices would help to minimize direct contact
with infected patients.

h. The healthcare worker must self-report symptoms if present,
and be excused from duty as health worker when symptomatic
until tested and found negative.

i. Overall, as CV health workers are on the front lines
treating Covid-19 patients, all possible measures should be
implemented to reduce the risk of exposure (54).

Recommendations for Health Policy
Officials and Manager
a. Provision of infrastructure for e-visits and telemedicine

where possible.
b. Provision of sufficient PPEs for patient families and health

care personnel.
c. Improving patient and public education concerning Covid-

19 infection.
d. Provide adequate tests materials and personnel so that

appropriate containment can be achieved.

CONCLUSION

The Covid-19 pandemic has affected thousands of patients
globally, but its impact on resource poor communities in sub-
Saharan Africa constitutes a major international health challenge.
Where as many CVD patients have not died because of the
virus, but a significant number had poor outcomes because of
fear of going to the hospitals, or because hospitals have shut
out routine care in most resource poor environment. Mitigating
the risk of death from this disease will involve training and
retraining of health care workers and ensuring provision of
primary, secondary and tertiary levels preventions. Efficient
resources channeled to combat this pandemic by health policy
makers and managers will go a long way to mitigate risk of death,
if actions are taken early and in right measures.
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Gilbert syndrome (GS) is a liver disorder characterized by non-hemolytic unconjugated

hyperbilirubinemia. On the other hand, Coronavirus disease 2019 (Covid-19) is a recent

viral infectious disease presented as clusters of pneumonia, triggered by the severe acute

respiratory syndrome-coronavirus 2 (SARS-CoV-2). Little is known on the association

between SARS-CoV-2 and GS, despite different studies have recently stated a link

between hyperbilirubinemia and SARS-CoV-2 severity. In this case-report study we

described a 47-year-old man, a known case of GS since the age of 4, presented to the

emergency department with fever (39.8◦C), dry cough, dyspnea, headache, myalgia,

sweating and jaundice diagnosed with Covid-19-induced pneumonia. Interestingly,

GS patient exhibited a rapid clinical recovery and short hospital stay compared

to other SARS-CoV-2 positive patient, seeming that hyperbilirubinemia may exert

a protective effect of against Covid-19 induced-cardiometabolic disturbances. Data

obtained here underlines that the higher resistance against Covid-19 evidenced by the

GS patient seems to be due to the antioxidant, anti-inflammatory, and antiviral effects of

unconjugated bilirubin.

Keywords: gilbert syndrome, SARS-CoV-2, hyperbilirubinemia, COVID-19, metabolic disease

INTRODUCTION

Gilbert syndrome (GS) is a chronic liver disorder characterized by non-hemolytic unconjugated
hyperbilirubinemia due to defect in the hepatic uptake of unconjugated bilirubin, which was first
described by Augustin Gilbert in 1901 (1). GS is also called simple familial jaundice or icterus
intermittent juvenilis, affects 5–10% of general population, being most common in male (2).
Clinically, GS is presented with mild recurrent jaundice, fatigue and abdominal pain provoked
by stress, infection, and menstruation. GS results from reduction in bilirubin uridine diphosphate
glucuronyltransferase enzyme activity due to mutation in the UGT1A1 gene. There are more
than 100 variants of UGT1A1 gene associated with GS phenotype, and generally, there is no
effective treatment for GS, despite phenobarbital may be used in severe cases (3). Previously,
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Maruhashi et al. (4) reported that hyperbilirubinemia in GS
is associated with a cardioprotective effect attributed to the
antioxidant and vasodilator effects of bilirubin.

On the other hand, coronavirus disease 2019 (Covid-
19), a recent viral infectious disease presented as clusters of
pneumonia and caused by the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), has triggered a huge attention
among both medical and scientific communities with the intent
of discovering an effective therapeutic agent (5). The clinical
spectrum of Covid-19 is asymptomatic or mild flu-like illness
in around 85%, mainly in young adults; however, 10% of cases
develop a severe disease with risk of development of acute
respiratory distress syndrome (ARDS) (6). However, in severe
cases, Covid-19 may leads to extra-pulmonary manifestations,
like acute cardiac injury, arrhythmias, acute kidney injury, acute
brain injury, endocrine failure, multiple organ failure, metabolic
disturbances, and even death (7). In this sense, as Covid-19
pandemic has full-grown public health issues, here we present
a case-report study of a patient with GS who gets infected by
the SARS-CoV-2. This case is particularly relevant regarding the
ameliorative role of hyperbilirubinemia in GS patients during
Covid-19 pneumonia.

CASE REPORT

Presenting Concerns
A 47-year-old man, a known case of GS since age of 4-year,
presented to the emergency department with fever, dry cough,
dyspnea, headache, myalgia, sweating, jaundice, and generalized
poor health condition without response to the empiric antibiotics
and analgesics for about 3 days. Besides, a 53-years-old man
presented with fever (38.9◦C), cough, headache, malaise and
sweating diagnosed as Covid-19 pneumonia was regarded as
a control. Informed verbal consent was attained from both
patients, and this study was approved (MRT 7 August 2020)
by the Scientific Editorial Board in College of Medicine, Al-
Mustansiriyia University, Baghdad, Iraq.

Clinical and Laboratory Findings
General physical examination showed a conscious and febrile
patient (39.8◦C), with jaundice and poor health status. His
blood pressure was 140/90 mmHg, heart rate was 110 beats/min
and body mass index (BMI) of 33.73 kg/m2 and hypoxemia
(SaO2 91%). Chest X-ray and chest computed tomography (CT)
scan illustrated bilateral prominent bronchovascular marking
and ground-glass opacities, respectively, suggestive of Covid-
19-induced pneumonia (Figure 1). Radiological score was used
to determine the radiological severity according to Wasilewski
et al. (8).

Anti-SARS-CoV-2 antibody (IgM)was positive (2.9 U/mL) for
Covid-19 patient with GS compared with (2.89 U/mL) for Covid-
19 patient only, suggesting an acute SARS-CoV-2 infection in
both. Complete blood count (CBC), fasting blood glucose (FBG),
glycated hemoglobin (HbA1c), blood urea, serum creatinine, C-
reactive protein (CRP), D-dimer, serum lactate dehydrogenase
(LDH), and serum ferritin were done at the laboratory unit.
Preliminary investigations showed high FBG (165 mg/dL),

FIGURE 1 | Chest X-ray and CT scan imaging showed bilateral ground-glass

appearance; (A) Covid-19 patients only, (B) Covid-19 patients with Gilbert

syndrome.

HbA1c (5.5%), total serum bilirubin (6.8 mg/dL), unconjugated
bilirubin (6 mg/dL), conjugated bilirubin (0.8mg mg/dL), and
high white cell counts (16.073/µL) with lymphopenia (9.12 µ/L).
Similarly, the inflammatory biomarkers were increased in regard
to reference ranges. D-dimer (14.000 ng/mL), CRP (243 mg/L),
ferritin (654 ng/mL), and LDH (674U/L).

Liver function test and ultrasonography imaging were done to
exclude liver injury. Taken together, clinical findings, radiological
examinations and laboratory findings of this GS patient with
Covid-19 were compared with a matched COVID-19 patient
without GS at time of hospitalization (Table 1).

Both patients were treated with the analgesic acetaminophen
(500 mg/day), azithromycin (500 mg/day) for the first 5 days,
ivermectin (12 mg/day), famotidine (40 mg/day), soluble insulin
(10 units) 3 times/day, and montelukast (10 mg/day). Besides
oxygen therapy by high flow nasal cannula for 10 days,
patients also received subcutaneous enoxaparin (60 mg/day)
during the hospitalization period as a prophylaxis against
venous thromboembolism.

Follow-Up and Outcomes
Following 3 weeks of management, all laboratory investigations,
radiological, and clinical findings return to normal except of
unconjugated bilirubin (Table 2) and the patient was discharged
to home. Particularly, the GS patient showed a rapid clinical
improvement as compared to the Covid-19 patient without GS
during the hospitalization period.

An outpatient follow-up through mobile dial-up within 2
weeks following discharge disclosed a complete recovery and
the GS patient returned to his prior physical fitness and normal
daily activities.
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TABLE 1 | Cardiometabolic and inflammatory profiles of GS patient COVID-19

positive compared to a control patient at time of admission.

Variables Reference

range

COVID-19

patient with

GS

COVID-19

patient

%

Difference

BMI (kg/m2 ) 20–25 33.73 34.71 2.86

SBP (mmHg) 110–120 140 153 8.87

DBP (mmHg) 70–90 90 92 2.19

Covid-19 IgM

(U/mL)

0.9–1.1 2.9 2.89 0.34

Covid-19 IgG

(U/mL)

0.9–1.1 0.00 0.00 0.00

SaO2% 95–99 91 89 1.11

TSB (mg/dL) 0.2–1.0 6.8 0.8 157.89

Conjugated

bilirubin (mg/dL)

0.1–0.3 0.8 0.7 13.33

Un-conjugated

bilirubin (mg/dL)

0.1–0.7 6.0 0.1 193.44

FBG (mg/dL) 70–90 165 199 18.68

HbA1c (%) 4.5–5.5 5.5 5.9 7.01

Blood urea 20–40 41 39.7 3.22

Serum creatinine 0.5–1.5 1.2 1.1 8.69

CRP (mg/L) 0.5–200 243 422 53.83

D-dimer (ng/mL) 50–10.000 14.000 22.000 44.44

Ferritin (ng/mL) 20–250 654 907.84 32.50

LDH (U/L) 230–460 674 795.21 16.50

Hb (g/dL) 12–14 13.8 14.36 3.97

WBC (µ/L) 4,000–11,000 16.073 15.74 2.09

Lymphocytes % 20–40 9.12 7.53 19.09

Neutophils % 40–80 85.31 89.45 4.73

Radiological score 1–5 4 5 22.22

Data presented as number and %, BMI, body mass index; SBP, systolic blood pressure;

DBP, diastolic blood pressure; TSB, total serum bilirubin; FBG, fasting blood glucose;

HbA1c, glycated hemoglobin.

CLINICAL COURSE SUMMARY

At time of hospitalization, both Covid-19 patients with or
without GS presented comparable clinical presentations, like
fever, headache, sweating, dry cough, fatigue, and generalized
poor health status. However, these clinical features were less
severe in Covid-19 patient with GS compared with Covid-19
patient only. In addition to high serum levels of unconjugated
bilirubin in Covid-19 patient with GS, both laboratory and
radiological findings were better as compared with Covid-19
patient only. In the management period, patients received the
same course of supportive therapy, antibiotics, anticoagulants,
and other drugs. During hospitalization period, the fasting
blood glucose (FBG) was elevated in both Covid-19 patients
(FBG = 165 mg/dL in GS, 199 mg/dL in Covid-19 control),
managed through using soluble insulin subcutaneously 10
IU/day with frequent monitoring of FBG. In particular, Covid-
19 patient with GS presented with a less needed for oxygen
therapy compared with control Covid-19 patients who was more
dependent on oxygen therapy. Near the end of hospitalization
period, Covid-19 patient with GS showed a rapid clinical

TABLE 2 | Cardiometabolic and inflammatory profiles of GS patient COVID-19

positive compared to a control patient at time of discharge.

Variables Reference

range

Covid-19

with GS

Covid-19

patient

%

Difference

BMI (kg/m2) 20–25 32.65 34.71 6.11

SBP (mmHg) 110–120 119 143 18.32

DBP (mmHg) 70–90 79 82 3.72

Covid-19 IgM

(U/mL)

0.9–1.1 0.9 0.89 1.11

Covid-19 IgG

(U/mL)

0.9–1.1 7.84 6.01 26.42

SaO2% 95–99 98 95 3.10

TSB (mg/dL) 0.2–1.0 3.4 0.8 123.81

Conjugated

bilirubin (mg/dL)

0.1–0.3 0.4 0.7 54.54

Un-conjugated

bilirubin (mg/dL)

0.1–0.7 3.0 0.1 187.09

FBG (mg/dL) 70–90 95 179 61.31

HbA1c (%) 4.5–5.5 5.5 5.9 7.01

Blood urea 20–40 33 34.7 5.02

Serum creatinine 0.5–1.5 1.3 1.2 8

CRP (mg/L) 0.5–200 22 122 138.88

D-dimer (ng/mL) 50–10.000 452 631.71 33.16

Ferritin (ng/mL) 20–250 105 207.84 65.74

LDH (U/L) 230–460 321 395.21 20.72

Hb (g/dL) 12–14 13.8 14.36 3.97

WBC (µ/L) 4,000–11,000 8.832 9.44 6.65

Lymphocytes % 20–40 33.7 22.53 39.72

Neutophils % 40–80 72.88 80.45 9.87

Radiological score 1–5 1 2 66.66

Data presented as number and %, BMI, body mass index; SBP, systolic blood pressure;

DBP, diastolic blood pressure; TSB, total serum bilirubin; FBG, fasting blood glucose;

HbA1c, glycated hemoglobin.

improvement as compared to the Covid-19 patient without GS.
At the third week of disease management, clinical, radiological
and laboratory findings were re-evaluated. All investigations
and clinical findings return to normal with exception of
unconjugated bilirubin, which remained higher in Covid-19
patient with GS (3 mg/dL) as compared with that in control
Covid-19 patient (1 mg/dL). Both patients were discharged
to home with complete recovery and returned to normal
daily activities.

DISCUSSION

To our knowledge, this is the first reported case study
of Covid-19 in a patient with GS. The GS patient with
Covid-19 showed a rapid clinical improvement and short
hospital stay as compared with a Covid-19 patient. Indeed,
it has been proven that bilirubin exerts potent antioxidant
effects which might alleviates Covid-19 induced-oxidative
stress (9). Also, it has been reported that bilirubin has
cardioprotective effects, improves endothelial function
and provokes the nitric oxide (NO) release (10), thus,
preventing from endothelial dysfunction and cardiovascular

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 February 2021 | Volume 8 | Article 642181403

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


Al-kuraishy et al. Hyperbilirubinemia and Covid-19

complications in COVID-19 (11), as evident of hypertension
in Covid-19 case compared to GS patient with Covid-19.
Unfortunately, oxidative stress profile and endogenous
antioxidant capacity were not measured in the present study
to confirm the antioxidant potential of unconjugated bilirubin
in Covid-19.

Liu et al. (12) found that SARS-CoV-2 infection leads to down-
regulation of angiotensin converting enzyme 2 (ACE2) causing a
reduction in the vasodilator angiotensins (Ang 1–7 and Ang 1–9)
and augmenting of vasoconstrictor angiotensin II (AngII). These
changes per se lead to acute lung injury (ALI), cardiovascular
and metabolic disturbances in Covid-19 patients. Recently,
Novák et al. (13) reported that high bilirubin levels attenuate
the metabolic disorders through inhibition and attenuation
of renin-angiotensin system (RAS). Besides, bilirubin has a
protective effect against experimental ALI through inhibition
of ischemic-reperfusion injury and exerting anti-proliferative
effects (14). Therefore, high serum bilirubin level in patients
with GS may lessen ALI and the development of ARDS through
attenuation of AngII induced-pulmonary vasoconstriction and
hyper-inflammation (15). These findings might explain a lower
CT score 4 in Covid-19 with GS as compared with control
Covid-19 score 5.

Lin et al. (16) also illustrated that bilirubin inhibits the nod-
like receptor pyrin3 (NLRP3) inflammasomes over-activation
through myeloperoxidase inhibition and subsequent reduction
of inflammatory cytokines release. Thereby, high serum bilirubin
levels in patients with GS may attenuate the development of
cytokine storm during Covid-19 progression via inhibiting the
release of interleukin (IL)-6, tumor necrosis factor (TNF)-α
and IL-1β (17). These findings might explain the low rate of
inflammatory biomarkers in GS patient with Covid-19 compared
to the Covid-19 patient without GS. These protective effects
of high bilirubin in GS are lacking in patients with Covid-19
pneumonia without GS. It has been shown that uncontrolled high
pro-inflammatory cytokines, oxidative stress and unrestrained
activation of NLRP3 inflammasomes contribute for development
of ALI and progression of Covid-19 severity (18, 19).

Interestingly, fasting blood glucose (FBG) was increased
at time of admission due to SARS-CoV-2 induced insulin
resistance and transient pancreatic β-cells dysfunction. (20).
However, FBG seem to be lower in Covid-19 patient with GS,
since high unconjugated bilirubin in GS improves FBG and
hyperinsulinemia through activation of peroxisome proliferative
activated receptor alpha (PPAR-α) (21).

On the other hand, Santangelo et al. (22) disclosed that
endogenous bilirubin has antiviral property against human
herpes simplex virus type 1 (HSV-1), hepatitis C virus and
enterovirus EV71 via up-regulation of mitogen activated protein
kinase (MAPK) and c-Jun N-terminal (JNK). Both of MAPK and
JNK are involved in the replication and pathogenesis of SARS-
CoV-2 and other coronaviruses (23). Therefore, bilirubin may be
the future endogenous agent against SARS-CoV-2. Nonetheless,
Liu et al. (24) found that serum bilirubin levels are correlated

with Covid-19 induced-liver injury and hemolysis, but the
author ignored the antioxidant and anti-inflammatory properties
of bilirubin.

The present case-report study had some limitations, including
genetic sequence genotype and genetic information of family of
patient with GS was not evaluated, relevant past interventions
were not recorded, and antioxidant profile was not estimated.
Even though this study is regarded as a baseline for future clinical
trials and large-scale prospective to confirm the protective effect
of unconjugated bilirubin against Covid-19.

CONCLUSION

Taken together, data obtained in this case report study
shed light on the new modality for COVID-19 therapy
through modulation of bilirubin metabolism. As well, high
bilirubin levels in the GS patient with COVID-19 conferred a
protective effect against COVID-19-derived cardiometabolic
disturbances. In fact, the GS patient revealed higher resistance
against COVID-19 associated cardiometabolic disturbances
compared to the other COVID-19 patient without GS,
directly linked to the antioxidant, anti-inflammatory and
antiviral effects of unconjugated bilirubin. However, we cannot
sketch any definitive conclusion from our observation; thus
prospective, randomized, controlled studies are recommended
in this regard.
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A Commentary on

Case Report: Hyperbilirubinemia in Gilbert Syndrome Attenuates Covid-19-Induced

Metabolic Disturbances

by Al-Kuraishy, H. M., Al-Gareeb, A. I., Abdullah, S. M., Cruz-Martins, N., and Batiha, G. E. (2021).
Front. Cardiovasc. Med. 8:642181. doi: 10.3389/fcvm.2021.642181

We have carefully read the recently published article by Al-Kuraishy et al. (1). In this case-report
the authors described a patient with Gilbert Syndrome (GS), who presented to the emergency
department with fever, dry cough, dyspnea, headache, myalgia, sweating and jaundice and was
subsequently diagnosed with COVID-19-induced pneumonia. This patient exhibited a rapid
clinical recovery and short hospitalization compared with another COVID-19 positive patient used
as control. The authors speculated that hyperbilirubinemia exerted a protective effect in the GS
patient due to the known antioxidant, anti-inflammatory and antiviral effects of unconjugated
bilirubin. This is the first case in which bilirubin levels are correlated with the prognosis of a patient
with COVID-19 infection.

However, based on the reported patient characteristics, we challenge the diagnosis of GS in this
patient. This patient presented at time of admission a total serum bilirubin (TSB) level of 6.8 mg/dl
with an unconjugated bilirubin level of 6.0, while at time of discharge his TSB had dropped to 3.4
mg/dl. Therefore, in our opinion, the reported TSB does not appear to be related to GS.

In GS patients, the TSB is usually below 3 mg/dl with <20% conjugated bilirubin. Only when
associated with other pathological conditions, which increase hemolysis, TSB can be higher, but
even then levels are usually below 6 mg/dl (2).

The most common genotype of GS is the homozygous polymorphism A(TA)7TAA in the
promoter of the UDP-glucuronosyltransferase 1A1 (UGT1A1) gene (3). The extra bases reduce the
affinity of the binding protein to the TATAA box causing reduced gene expression, which results in
a 10% to 35% UGT1A1 enzyme activity reduction. However, more than 130 different pathogenic
variants (PVs) in the UGT1A1 gene are reported (4) and several PVs cause mild UGT activity
reduction, which is consistent with GS. Conversely, intermediate TSB, consistent with other rarer
forms of hereditary unconjugated hyperbilirubinemia, such as type II Crigler-Najjar syndrome

Abbreviations: GS, Gilbert Syndrome; TSB, total serum bilirubin; UGT1A1, UDP-glucuronosyltransferase 1A1; PVs,
pathogenic variants; CNS-2, Crigler–Najjar syndrome type II.
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(CNS-2: TSB: 5–20 mg/dl), is observed when the normal allele
of a heterozygote CNS-2 PV carrier contains the Gilbert-
polymorphism A(TA)7TAA (5).

We are aware that distinguishing GS from CNS-2 is often
difficult, because many patients show intermediate TSB levels
between the defined GS and CNS-2 cut-offs, which complicate a
definitive diagnosis in these patients. In these cases, as in the Al-
Kuraishy’s patient, only genetic testing and clinical information
of family members can help to discriminate the two syndromes
from each other. In light of these evidences and considering TSB
levels, we believe that this patient cannot be diagnosed as GS or
CNS-2 according to the existing data, because the TSB level of the
patient in the late stage dropped to 3.4 mg/dL.

In addition, the available evidence is insufficient to determine
whether TSB level (6.8 mg/dL) is related or unrelated to COVID-
19 infection, although a recent systematic review and meta-
analysis highlighted that COVID-19 associated liver injury is
generally mild and liver injuries are more common in patients
with severe COVID-19.

Therefore, in the absence of other clinical evidences, the TSB
level of 6.8 mg/dl in the patient described by Al-Kuraishy et
al. could be related to genetic alterations of the UGT1A1 gene
and this value cannot be traced back to the presence of GS.
However, we underline that the episodes of hyperbilirubinemia
in GS patients can be triggered by several factors such as fasting,
dehydration, inter-current illnesses, overexertion, and stress.
Reducing the total calorie intake, these patients can have a rise
up to three times their normal plasma bilirubin concentration
within 48 h. The plasma bilirubin returns to normal levels within
24 h with a normal diet. We do not exclude that the TSB trend
in this patient may be due to these factors. Unfortunately, in

Al-Kuraishy’s case report, no clinical information of the patient
before admission to the emergency department was reported to
justify the bilirubin value of 6.8 mg/dl.

In conclusion, we agree that the study of Al-Kuraishy et
al. is particularly relevant regarding the antioxidant role of
hyperbilirubinemia in coronavirus disease patients, as already
reported by Liu et al. (6). Its beneficial role has been additionally
highlighted by Khurana et al., who postulated the use of
intravenous administration or inhalational delivery of bilirubin
nanomedicine to combat systemic dysfunctions associated with
COVID-19 (7). However, we believe that these evidences might
involve CNS-2 patients, who are rarer than GS patients; in
consequence, it is risky to consider this case as a GS patient based
on bilirubin levels, which are apparently not compatible with a
GS diagnosis. In our opinion it would have been more correct
to describe the case report as “COVID-19 patient with hereditary
unconjugated hyperbilirubinemia.”
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A Commentary on

Case Report: Hyperbilirubinemia in Gilbert Syndrome Attenuates Covid-19-Induced

Metabolic Disturbances

by Minucci, A., Onori, M. E., and Urbani, A. (2021). Front. Cardiovasc. Med. 8:685835.
doi: 10.3389/fcvm.2021.685835

This is in response to the letter by Minucci et al. (1) addressing our recent article published
in Frontiers in Cardiovascular Medicine (2). In the commentary, the authors suspected that the
reported case was Crigler–Najjar syndrome type II (CNS-II) and not Gilbert syndrome (GS), based
on the level of total serum bilirubin (TSB) and unconjugated fraction. CNS-II is a rare autosomal
recessive disorder due to a mutation in the UGT1A1 gene, whose mutation can even cause
other metabolic disorders, like CNS-I and GS, resulting in a reduction of the UDP-glucuronosyl
transferase function, which is responsible for the conjugation of bilirubin (3). In addition, CNS-II
is usually identified with persistent jaundice in the neonate and early childhood and very rarely
in adults.

The TSB level in CNS-II patients commonly ranges from 10 to 20mg/dL (mostly unconjugated),
and increased up to 40 mg/dL during exacerbation and partly responds to the effect of
phenobarbitone within 2–3 weeks (4). In a study, Kumar and colleagues (5) illustrated that CNS-II
is an unwanted cause of jaundice in adults. In contrast, the prevalence of GS is between 4 and 16%
for the general population compared to 1 per million for CNS-II. Moreover, hyperbilirubinemia in
GS is completely normalized following phenobarbitone therapy and rarely exceeds 6mg/dL (mostly
unconjugated) (6). However, the serum TSB level in our reported case had a slightly higher serum
TSB level (6.5 mg/dL), which might be due to the inflammatory burden caused by COVID-19.
Skierka et al. (7) and Sood et al. (8) have shown that GS cases can have higher bilirubin levels than
usually reported, despite that the TSB level varies continuously from GS to CNS-II, depending on
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genotypes. In fact, because of the combination of polymorphisms
and mutations, many patients experience intermediate TSB level
between the two syndromes (9).

These findings rule out of CNS-II as a cause of inherited
hyperbilirubinemia in the present study. Indeed, the case
report presented is well-diagnosed since the age of 4 years
by genetic analysis; however, this genetic analysis was not
performed for other family members, as we mentioned in the
limitations to the study. TSB alone is considered a hurdle in
differentiating GS from CNS-II; nonetheless, the reduction in
TSB level following phenobarbitone is regarded as a diagnostic
clincher in differentiating GS (complete response) from CNS-II
(partial response).

It is also worth noting that COVID-19 therapies used in our
reported case, such as montelukast and prophylactic antibiotics
(ceftriaxone), may increase the serum bilirubin level (5, 10).
Besides, a pooled analysis study confirmed that the TSB level
is associated and correlated with COVID-19 severity due to the
alteration in bilirubin dynamics by an unknownmechanism (11).

Taken together, these points endorse the original diagnosis of
GS, but not CNS-II, in contrast to the suggestion of Minucci et al.
in their commentary.

AUTHOR CONTRIBUTIONS

All authors have significantly contributed to this work.

REFERENCES

1. Minucci A, Onori ME, Urbani A. Commentary: case report:
hyperbilirubinemia in gilbert syndrome attenuates COVID-
19-induced metabolic disturbances. Front Cardiovasc Med.
8:685835. doi: 10.3389/fcvm.2021.685835

2. Al-Kuraishy HM, Al-Gareeb AI, Cruz-Martins N, Batiha GE.
Hyperbilirubinemia in Gilbert syndrome attenuates COVID-19 induced-
metabolic disturbances: a case-report study. Front Cardiovasc Med. (2021)
8:71. doi: 10.3389/fcvm.2021.642181

3. Raffay EA, Liaqat A, Khan M, Awan AI, Mand B. A rare case report of crigler
najjar syndrome type II. Cureus. (2021) 13:e12669. doi: 10.7759/cureus.12669

4. Liaqat A, Shahid A, Attiq H, Ameer A, Imran M. Crigler-Najjar Syndrome
Type II diagnosed in a patient with jaundice since birth. J Coll Physicians Surg
Pak. (2018) 28:806–8.

5. Kumar P, Sasmal G, Gupta S, Saxena R, Kohli S. Crigler Najjar Syndrome Type
2 (CNS Type 2): an unwonted cause of jaundice in adults. J Clin Diagnost Res.

(2017) 11:OD05. doi: 10.7860/JCDR/2017/28195.10221
6. Fretzayas A, Moustaki M, Liapi O, Karpathios T. Gilbert syndrome. Eur J

Pediatr. (2011) 171:11–5. doi: 10.1007/s00431-011-1641-0
7. Skierka JM, Kotzer KE, Lagerstedt SA, O’Kane DJ, Baudhuin

LM. UGT1A1 genetic analysis as a diagnostic aid for individuals
with unconjugated hyperbilirubinemia. J Pediatr. (2013) 162:1146–
52. doi: 10.1016/j.jpeds.2012.11.042

8. Sood V, Lal BB, Sharma S, Khanna R, Siloliya MK, Alam S. Gilbert’s syndrome
in children with unconjugated hyperbilirubinemia–an analysis of 170 cases.
Indian J Pediatr. (2021) 88:154–7. doi: 10.1007/s12098-020-03271-6

9. Maruo Y, Nakahara S, Yanagi T, Nomura A, Mimura Y, Matsui K, et al.
Genotype of UGT1A1 and phenotype correlation between Crigler–Najjar
syndrome type II and Gilbert syndrome. J Gastroenterol Hepatol. (2016)
31:403–8. doi: 10.1111/jgh.13071

10. Goldstein MF, Anoia J, Black M. Montelukast-induced hepatitis. Ann Intern

Med. (2004) 140:586–7. doi: 10.7326/0003-4819-140-7-200404060-00042
11. Paliogiannis P, Zinellu A. Bilirubin levels in patients with mild and

severe COVID-19: a pooled analysis. Liver International. (2020)
2020:14477. doi: 10.1111/liv.14477

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Al-kuraishy, Al-Gareeb, Abdullah, Cruz-Martins and Batiha.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 October 2021 | Volume 8 | Article 738798409

https://doi.org/10.3389/fcvm.2021.685835
https://doi.org/10.3389/fcvm.2021.642181
https://doi.org/10.7759/cureus.12669
https://doi.org/10.7860/JCDR/2017/28195.10221
https://doi.org/10.1007/s00431-011-1641-0
https://doi.org/10.1016/j.jpeds.2012.11.042
https://doi.org/10.1007/s12098-020-03271-6
https://doi.org/10.1111/jgh.13071
https://doi.org/10.7326/0003-4819-140-7-200404060-00042
https://doi.org/10.1111/liv.14477
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


REVIEW
published: 17 February 2021

doi: 10.3389/fcvm.2021.639222

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 February 2021 | Volume 8 | Article 639222

Edited by:

Shuyang Zhang,

Peking Union Medical College

Hospital, China

Reviewed by:

Giuliano Tocci,

Sapienza University of Rome, Italy

Marzena Chrostowska,

Medical University of Gdansk, Poland

*Correspondence:

Marijana Tadic

marijana_tadic@hotmail.com

Specialty section:

This article was submitted to

Hypertension,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 08 December 2020

Accepted: 06 January 2021

Published: 17 February 2021

Citation:

Tadic M, Saeed S, Grassi G, Taddei S,

Mancia G and Cuspidi C (2021)

Hypertension and COVID-19: Ongoing

Controversies.

Front. Cardiovasc. Med. 8:639222.

doi: 10.3389/fcvm.2021.639222

Hypertension and COVID-19:
Ongoing Controversies

Marijana Tadic 1*, Sahrai Saeed 2, Guido Grassi 3, Stefano Taddei 4, Giuseppe Mancia 5 and

Cesare Cuspidi 3,6

1Department of Cardiology, University Hospital “Dr. Dragisa Misovic - Dedinje”, Belgrade, Serbia, 2Department of Heart

Disease, Haukeland University Hospital, Bergen, Norway, 3Department of Cardiology, University of Milan-Bicocca, Milan,

Italy, 4Department of Clinical and Experimental Medicine, University of Pisa, Pisa, Italy, 5University of Milano-Bicocca, Milano

and Policlinico di Monza, Monza, Italy, 6Department of Cardiology, Istituto Auxologico Italiano, Scientific Institute for

Research, Hospitalization and Healthcare, Milan, Italy

Coronavirus disease 2019 (COVID-19) has become a worldwide pandemic responsible

for millions of deaths around the world. Hypertension has been identified as one of

the most common comorbidities and risk factors for severity and adverse outcome in

these patients. Recent investigations have raised the question whether hypertension

represents a predictor of outcome in COVID-19 patients independently of other common

comorbidities such as diabetes, obesity, other cardiovascular diseases, chronic kidney,

liver, and pulmonary diseases. However, the impact of chronic and newly diagnosed

hypertension in COVID-19 patients has been insufficiently investigated. The same is true

for the relationship between blood pressure levels and outcomes in COVID-19 patients.

It seems that the long discussion about the impact of angiotensin-converting enzyme

inhibitors (ACEI) and blockers of angiotensin I receptors (ARB) on severity and outcome

in COVID-19 is approaching an end because the large number of original studies and

meta-analyses discarded the initial findings about higher prevalence of ACEI/ARB use

in patients with unfavorable outcomes. Nevertheless, there are many controversies in

the relationship between hypertension and COVID-19. The aim of this review article is

to provide a clinical overview of the currently available evidence regarding the predictive

value of hypertension, the effect of blood pressure levels, the impact of previously known

and newly diagnosed hypertension, and the effect of antihypertensive therapy on the

severity and outcomes in COVID-19 patients.

Keywords: hypertension, COVID - 19, blood pressure, antihypertensive therapy, comorbidities

INTRODUCTION

Coronavirus disease 2019 (COVID-19), induced by Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), has become a worldwide pandemic that is responsible for millions of
deaths around the world. Hypertension, diabetes, and cardiovascular diseases were soon identified
as common comorbidities in COVID-19 patients (1, 2). The following studies revealed that
hypertension is an important risk factor for adverse outcomes in COVID-19 patients (3, 4). Initial
studies reported hypertension as an independent predictor of hospitalization, an advanced stage
of pneumonia, admission to the intensive care unit (ICU), and mortality in these patients (3–5).
Later investigations raised the question whether hypertension would be a predictor of outcome
in COVID-19 patients independently of diabetes, obesity, and other cardiovascular diseases
(6, 7). Furthermore, the majority of studies did not make any distinction between patients with
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chronic and new-onset of hypertension in COVID-19 patients,
which could significantly impact final results. The relationship
between blood pressure level and susceptibility to SARS-CoV-2
or outcome in COVID-19 patients has been insufficiently
investigated, and potential blood pressure target value in these
patients is still unknown.

There was a long discussion regarding the impact of
antihypertensive therapy in COVID-19 patients and particularly
of angiotensin-converting enzyme inhibitors (ACEI) and
blockers of angiotensin I receptors (ARB). After initial reports
that showed higher prevalence of use of these medications
in COVID-19 patients with cardiac injury and more severe
course of disease (8, 9), numerous original studies and
meta-analysis reported no relationship with severity or mortality
in COVID-19 patients (10, 11) or even benefit of taking
renin-angiotensin-aldosterone inhibitors in COVID-19 patients
(12, 13).

The aim of this review article is to provide an overview of
the current evidence on controversies regarding hypertension in
COVID-19 patients: predictive value of hypertension, effect of
blood pressure (BP) level and control, influence of new-onset
hypertension and impact of antihypertensive therapy.

IS HYPERTENSION AN INDEPENDENT
PREDICTOR OF OUTCOME IN COVID-19
PATIENTS?

Initial studies were focused on prevalence of different
comorbidities, including the impact of various risk factors
on susceptibility, severity and mortality of COVID-19 (3–5).
Later investigations revealed association between hypertension
and more advanced stages of disease and mortality (14, 15).
However, majority of them did not include diabetes and obesity
in multivariable analysis.

A recent study demonstrated that hypertension alone was not
an independent predictor of outcome, but only in combination
with diabetes or some other risk factor (6). One should also
notice that some researches did not show any impact of
neither hypertension nor diabetes on outcome in COVID-
19 patients (16), whereas other investigations reported that
both hypertension and diabetes with or without obesity were
independently associated with adverse outcome (3).

Bauer et al. suggested that hypertension was independent
predictor of severe form of COVID-19 only in patients younger
than 65 years, but not in the whole study population (17).
On the other hand, diabetes and congestive heart failure were
independent predictors both in patients younger than 65 years
and in all participants. Barrera et al. included 15,794 participants
and reported that hypertension and diabetes separately were
significant predictors of ICU and mortality, but not with
severe COVID-19 (18). Interestingly, concomitant presence
of hypertension and diabetes was not predictor of severe
COVID-19 (18).

An investigation that included almost 4,000 critically
ill COVID-19 patients that were hospitalized in ICU
showed that hypertension, diabetes, cardiovascular diseases,

hypercholesterolemia, chronic kidney disease, and other
comorbidities were predictors of mortality in these patients
(19). However, among these comorbidities only diabetes and
hypercholesterolemia were independent predictors (19). A study
that involved only hypertensive patients reported that diabetes
was not an independent prognostic factor, whereas age and
chronic kidney disease were independent predictors. The same
study demonstrated that hypertension, diabetes and obesity were
independent predictors of severe COVID-19 in both sexes and
obesity was stronger predictor in patients younger than 50 years,
whereas the interaction between hypertension and diabetes with
age was not noticed (20). However, the authors did not perform
adjustment for all comorbidities like in the first mentioned from
the same cohort of patients.

Furthermore, the National Cohort Study in England
investigated 19,256 COVID-19–related ICU admissions and
revealed that patients with type 2 diabetes were at increased
risk of mortality independently of hypertension, chronic
respiratory disease, chronic heart disease, chronic renal disease,
chronic liver disease and other potential risk factors (21).
Nevertheless, the recent investigation showed no association
between hypertension and mortality or acute respiratory distress
syndrome (ARDS) in COVID-19 patients (6). The authors
reported that hypertension only together with diabetes was
independent predictor of mortality and ARDS in COVID-19
patients (6). Moreover, diabetes alone was also independently
related with adverse outcomes in these patients. On the other
hand, Gupta et al. revealed that only body mass index ≥ 40
kg/m2 and coronary artery disease were independent predictors
of 28-day mortality in COVID-19 patients (16). Hypertension,
diabetes, heart failure and chronic pulmonary obstructive disease
were not independently associated with lethal outcome in these
patients. Table 1 summarizes findings from described studies.

There are several major limitations of mentioned studies:
retrospective nature, confounding factors that were not
measured, lack of information regarding duration of
hypertension, diabetes and other comorbidities, as well as
missing or incomplete data about antihypertensive and
anti-diabetic therapy.

THE INFLUENCE OF BLOOD PRESSURE
CONTROL IN COVID-19

Data regarding the impact of BP level on susceptibility, severity
or outcome of COVID-19 patients are scarce. Majority of studies
and particularly those published at the beginning of pandemic
were based on anamnestic data and therefore were not fully
reliable. Recently published studies investigated the impact of BP
control on outcome in COVID-19 patients and provided more
detailed insight (22, 23).

Ran et al. investigated 803 hypertensive patients with COVID-
19 and found that average systolic BP was independent
predictor of only heart failure development in these COVID-19
patients (22). After adjustment for confounding factors (systolic
and diastolic BP on admission, age, sex, smoking, alcohol
consumption, and comorbidities (cancer, diabetes, coronary
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TABLE 1 | Hypertension as independent predictor of outcome in COVID-19.

Reference Sample size Age Women (%) Hypertension (%) Other important findings

Sun et al. (6) 3,400 61 (50–68) 1,751 (51) 1,782 (52) Hypertension only together with diabetes was independent predictor of

mortality and ARDS.

Bauer et al. (17) 1,449 54.7 ± 22.5 920 (63) 525 (36) Hypertension was independent predictor of severe form of COVID-19

only in patients younger than 65 years, but not in the whole study

population.

Barrera et al. (18) 15,794 – – – Hypertension and diabetes separately were significant predictors of

ICU and mortality, but not with severe COVID-19.

Grasselli et al. (19) 3,988 63 (56–69) 800 (20) 1,643 (41) Diabetes and hypercholesterolemia, but not hypertension, were

independent predictors of mortality in COVID-19 patients hospitalized

in ICU.

Dennis et al. (21) 19,256 66 7,683 (40) 5,657 (29) Patients with type 2 diabetes were at increased risk of mortality

independently of hypertension, chronic respiratory disease, chronic

heart disease, chronic renal disease, chronic liver disease and other

potential risk factors.

Gupta et al. (16) 2,215 60.5 ± 14.5 779 (35) 1,322 (60) Body mass index ≥ 40 kg/m2 and coronary artery disease, but not

hypertension and diabetes, were independent predictors of 28-day

mortality in COVID-19 patients.

ARDS, acute respiratory distress syndrome; ICU, intensive care unit.

heart disease, cerebrovascular disease, COPD, chronic liver
disease, and chronic kidney disease), the remaining significant
predictors for heart failure were average systolic BP and
pulse pressure, and an increase in systolic BP variability was
also marginally associated with an increased hazard of heart
failure. Increased BP variability was significantly associated with
higher risks of mortality and ICU admission, respectively. The
authors showed that the risks of COVID-induced heart failure
development significantly increased in patients with high systolic
BP, but this trend was less evident for diastolic BP (22). This
finding implies that high BP is an important predictor of adverse
outcome and suggests that systolic BP should be the primary
target of BP control in COVID-19 patients. However, high BP
variability was related with high risks of mortality and ICU
admissions, underlying the importance of maintenance of stable
in-hospital BP in these patients. Increased BP variability could
reflect increased arterial stiffness and endothelial dysfunction
that are associated with cardiovascular events (24, 25). Additional
explanation could be a sudden BP decline because of progressive
deterioration of underlying conditions.

Chen et al. reported gradual increase in lethal outcome, septic
shock, ARDS, respiratory failure, mechanical ventilation and
ICU admission from normotensive patients with COVID-19,
throughout patients with grade I hypertension, to those with
grade II and III hypertension (23). Even though trend existed
for all outcomes, one must admit that the significant difference
was not noticed between normotensive patients and participants
with grade I hypertension, as well as between grade II and III
hypertension. Interestingly, the length of disease and symptoms
gradually increased with grade of hypertension. In multivariable
analysis hypertension grade ≥2 was independently associated
with adverse events. However, diabetes was not included in
multivariable analysis despite its significant proportion among
COVID-19 patients in total study population and particularly in
hypertensive participants (23).

Determination of the relationship between BP and COVID-
19 outcome is not an easy task due to its high variability
and dependency on comorbidities. Furthermore, both studies
investigated hospitalized patients, which means that BP was
measured after admission and not after symptoms onset and
therefore COVID-19 could already influence BP.

CHRONIC VS. NEW-ONSET
HYPERTENSION IN COVID-19

One of the main challenges in assessment of the relationship
between hypertension and COVID-19 is the absence of data
regarding the ratio of patients with hypertension before hospital
admission. Namely, patients with chronic hypertension have
significant endothelial dysfunction, which is crucial in the
pathogenesis of cardiovascular complications in COVID-19 (25).
Chronically hypertensive patients often have target organ damage
that increases susceptibility for SARS-CoV-2 and elevates the risk
of unfavorable outcomes in COVID-19 patients.

Data regarding the impact of known and newly diagnosed
hypertension in COVID-19 patients are very limited. Ran
et al. found that poor BP control was independently associated
with adverse outcomes in COVID-19 patients with chronic
hypertension (22). Chen et al. reported that stage I chronic
hypertension was present in only 37% of hospitalized COVID-19
patients, whereas the prevalence of chronic hypertension stages
II and III was significantly higher (61 and 70%, respectively) (23).
This shows that newly diagnosed hypertension was present in
a significant portion of COVID-19 patients. The investigators
demonstrated that unfavorable outcomes (mortality, septic
shock, respiratory failure, ARDS, ICU admission) gradually
increased with BP elevation (23). However, the authors did
not make separate analyses for patients with known and newly
diagnosed hypertension.
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Xiong et al. showed that almost 40% of patients with known
hypertension did not receive any antihypertensive medication
(26). Nevertheless, the occurrence of adverse events did not
differ between patients who were previously treated with anti-
hypertensive medications and those who did not receive therapy
despite hypertension. A significant limitation is the small number
of hypertensive patients in this study (n = 71), which is not
enough to make a conclusion (26). One should also keep in mind
that themajority of studies regarding COVID-19 have come from
China, where traditional medicines are frequently used instead of
formal medications, including antihypertensive drugs.

Data regarding the relationship between known and newly
diagnosed diabetes among COVID-19 patients potentially might
be used as the model for the association between chronic
and newly diagnosed hypertension with outcome in these
patients. It is already well-established that diabetes is associated
with elevated risk of adverse outcomes in COVID-19 patients.
Nevertheless, one should notice that COVID-19 could induce
diabetes with its metabolic complications and insulin therapy
requirement. Li et al. found that newly diagnosed diabetes
was associated with higher mortality than known diabetes
in hospitalized COVID-19 patients (27). Similar results were
reported from the Italian group (28). Higher glucose levels at
admission were related to COVID-19 severity, with a stronger
association among patients without as compared to those with
known diabetes.

It is evident that this topic deserves further investigation
because whether newly diagnosed hypertension potentially has
a more negative effect than chronic hypertension should be
explained, in the same way as the comparison of newly diagnosed
diabetes with known diabetes. This would have significant clinical
and particularly therapeutic implications in COVID-19 patients.

ANTIHYPERTENSIVE THERAPY IN
COVID-19

SARS-CoV-2 enters human host cells upon binding to
angiotensin-converting enzyme 2 (ACE2)—a molecule
functioning both as the main trans-membrane receptor for
the virus and a component of the renin-angiotensin system—the
key BP regulating cascade. Because renin-angiotensin-system
inhibitors increase ACE2 levels, the potential negative effect of
ACEI or ARB has been largely discussed since the beginning of
COVID-19 pandemic. This hypothesis was supported by initial
findings that these medications were more frequently used in
COVID-19 patients with cardiac injury or in those with severe
form of disease (8, 9). Nevertheless, later reports failed to show
any negative relationship between adverse outcome and use of
ACEI and ARB in COVID-19 patients (10–13).

A large study from the United Kingdom that included 16,866
patients with COVID-19 events and 70,137 matched controls
showed that ACEIs and ARBs were associated with lower risk
of COVID-19 diagnosis (28). In fully adjusted analyses, calcium
channel blockers and thiazide diuretics were also associated
with lower risk of COVID-19. Interestingly, beta-blockers were
initially associated with increased risk, but this relationship

disappeared in a multivariable-adjusted model (28). In adjusted
analyses, patients treated with ACEIs or ARBs had similar
mortality to patients treated with beta-blockers, calcium channel
antagonists, and other antihypertensive medications or patients
receiving no antihypertensive therapy (28).

A study that analyzed 880 COVID-19 patients from Germany
and the Netherlands reported that use of ACEI/ARB and
diuretics was not related to worse outcomes; instead, use of
beta-blockers was associated with better outcomes, and use
of calcium channel blockers with poorer outcomes (29). The
model was adjusted only for age, sex, and diabetes and therefore
not fully conclusive, if we consider the fact that many other
confounding factors (comorbidities in the first place) were
not included (29). There is a hypothesis that some beta-
blockers, such as carvedilol, unlike ACEI and ARB, decrease the
expression of ACE2 and suppress the properties of interleukin-
6, which potentially could help in treatment of COVID-
19 patients (30). However, this still remains in the domain
of hypothesis.

Gao et al. reported no difference in mortality, time from onset
of symptoms to discharge, COVID-19 severity, and percentage
of ventilation between the cohort of patients who were treated
with ACEI/ARB and those treated with beta-blockers, calcium
channel blockers, and diuretics (31). Unfortunately, the authors
did not investigate the influence of each antihypertensive class
separately. Other Chinese study reported no association between
any antihypertensive class (ACEI/ARB, beta-blockers, calcium
channel blockers, and diuretics) and the composite endpoint,
which was defined as admission to an ICU, need for mechanical
ventilation, or a fatal outcome (26).

A Massachusetts community-based observational study
showed that no antihypertensive medications were related to
increased risk of severe COVID-19 (17). The authors investigated
each of five antihypertensive classes separately. Similar results
were reported in a large meta-analysis that included 2,100,587
participants (32). The investigators observed no association
between prior usage of antihypertensive medications, including
ACEIs/ARBs, calcium channel blockers, beta-blockers, or
diuretics, and the risk or severity of COVID-19. Interestingly,
when the analysis included only hypertensive patients, prior
usage of ACEIs/ARBs was related to lower severity and mortality
of COVID-19.

The large Italian population-based study that matched 6,272
COVID-19 patients and 30,759 subjects according to sex, age,
and municipality of residence, showed that therapy with ACEIs
and ARBs wasmore prevalent in COVID-19 patients than among
their counterparts because of higher prevalence of CV disease in
COVID-19 patients (33). Nevertheless, there was no association
between use of ACEIs or ARBs and the risk of COVID-19.

Considering the confusion about the use of ACEI/ARBs in
COVID-19 patients with hypertension that appeared at the
beginning of the pandemic, hypertension societies around the
globe were forced to publish statements that should encourage
the maintenance of ongoing antihypertensive therapy and the
following of current guidelines (34), which include the use
of ACEI/ARB and the avoidance of replacing or switching
ACEI/ARB to another antihypertensive medication (35–37).
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Large recently published studies and meta-analysis have
significantly reduced initial uncertainties regarding the use
of ACEI and ARB in treatment of COVID-19 patients.
Available data indicate that all antihypertensive classes are
safe in this group of patients. However, prospective studies
with a large number of patients with accurate data regarding
antihypertensive therapy before and during COVID-19 would be
very much appreciated.

DIFFERENCES AMONG COUNTRIES

Data regarding incidence and mortality of COVID-19
significantly changed during pandemic and particularly
between different countries. Sorci et al. used data on the
temporal trajectory of the case fatality rate provided by the
European Center for Disease Prevention and Control, as
well as country-specific data (38). The authors reported that
temporal trajectories of case fatality rate vary significantly
among countries. The main factors associated with temporal
changes were comorbidities, demographic, economic, and
political parameters. Countries with the highest prevalence of
cardiovascular, cancer, and chronic respiratory diseases showed
the highest levels of COVID-19 CFR (37). However, these are
still preliminary data because information from all countries is
updated on a daily basis and final conclusions will be published
once the pandemic is over.

FUTURE DIRECTIONS

Many questions regarding the effects of hypertension, BP level,
BP control, and antihypertensive therapy have been raised since
the beginning of COVID-19 pandemic. A large number of
studies have been published over a very short time period, which
unfortunately does not guarantee their quality. Many questions
remained without adequate answers. This is particularly true for
the influence of BP levels and control on outcomes for COVID-
19 patients. There is still not enough evidence about the effects
of known and newly diagnosed hypertension on the severity and
outcomes of COVID-19 for patients. A large number of studies
considered the association of different antihypertensive classes
of medications with the outcomes in these patients, but almost
all of them are retrospective investigations or meta-analyses. It is
evident that well-conducted research with a significant number of
hypertensive patients is necessary to resolve current controversies
in the relationship between hypertension and COVID-19.
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Background: Takotsubo cardiomyopathy is triggered by emotional or physical stress. It

is defined as a reversible myocardial dysfunction, usually with apical ballooning aspect

due to apical akinesia associated with hyperkinetic basal left ventricular contraction.

Described in cases of viral infections such as influenza, only few have been reported

associated with novel coronavirus disease 2019 (COVID-19) in the recent pandemic.

Case summary: A 79-years-old man, with cardiovascular risk factors (type 2 diabetes

and hypertension) and chronic kidney disease, presented to the emergency room for

severe dyspnea after 8 days of presenting respiratory symptoms and fever. Baseline

electrocardiogram (ECG) was normal, but he presented marked inflammatory syndrome.

He was transferred to an intensive care unit to receive mechanical ventilation within 6 h,

due to acute respiratory distress syndrome. He presented circulatory failure 2 days after,

requiring norepinephrine support (up to up to 1.04 µg/kg/min). Troponin T was elevated

(637 ng/l). ECG showed diffuse T wave inversion. Echocardiography showed reduced left

ventricular ejection fraction (LVEF 40%), with visual signs of Takotsubo cardiomyopathy.

Cardiac failure resolved after 24 h with troponin T decrease (433 ng/l) and restoration of

cardiac function (LVEF 60% with regression of Takotsubo features). Patient died after 15

days of ICU admission, due to septic shock from ventilator-acquired pneumonia. Cardiac

function was then normal.

Conclusion: Mechanisms of Takotsubo cardiomyopathy in viral infections include

catecholamine-induced myocardial toxicity and inflammation related to sepsis.

Differential diagnoses include myocarditis and myocardial infarction. Evidence of the

benefit of immunomodulatory drugs and dexamethasone are growing to support this

hypothesis in COVID-19.

Keywords: Tako-tsubo cardiomyopathy, COVID−19, heart failure, acute respiratory distress syndrome, sepsis

INTRODUCTION

The outbreak of novel coronavirus disease 2019 (Covid-19) spread worldwide since the end of
2019. Takotsubo cardiomyopathy is a well-described reversible myocardial dysfunction, triggered
by emotional or physical stress. Previously described in viral infections, causal mechanisms remain
unclear between direct viral cardiac injury and secondary inflammation. Consequently, Takotsubo
cardiomyopathies have been described in Covid-19 patients (1), and hereafter, we describe one such
case, to discuss plausible mechanisms and management of these potentially severe occurrences.
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CASE REPORT

A 79-years-old man presented to the emergency department
for fever, cough, and increasing dyspnea. Previous medical
history included hypertension, type 2 diabetes, and chronic
kidney disease (estimated baseline glomerular filtration rate 59
ml/min), without any history of cardiac complication due to his
cardiovascular risk factors. He had been symptomatic for a week
and treated with cefpodoxime for 5 days.

At admission, he presented talking dyspnea, tachypnea
(respiratory rate of 24 cycles/min), low pulse oxygen saturation
(SpO2 93%), and bilateral diffuse crackling. He required 3 l/min
nasal O2 support. He showed no fever (temperature 37.2◦C).
Electrocardiogram (ECG) showed sinus rhythm with neither
conduction nor repolarization disorder (see Figure 1). Lung
computed tomography scan showed typical bilateral opacity
suggesting severe acute respiratory syndrome coronavirus
2 (SARS-Cov-2) infection (see Figure 2). Nasopharyngeal
polymerase chain reaction confirmed diagnosis of SARS-Cov-
2 infection. Present at baseline were moderate lymphopenia
(1.33 g/l) and inflammatory syndrome (fibrinogen 7.88 g/l,
ferritin 665 µg/l, interleukin-6 520 pg/ml, C-reactive protein
339.4 mg/l, procalcitonin 4.97 ng/ml, and neutrophil count 7.95
g/l). Creatinine was elevated (197 µmol/l) corresponding to an
estimated glomerular filtration rate of 30 ml/min/1.73 m². Other
lab results were normal (troponin was not assayed at admission).

The patient quickly deteriorated and required transfer to
the intensive care medicine department for acute respiratory
failure within the same day. He was supported by mechanical
ventilation with sedation and neuromuscular blocking agents.
Wide-spectrum antibiotic therapy with cefotaxime 6 g per day
and rovamycin 9 million UI per day for 5 days was administered
due to suspicion of bacterial coinfection, in association with
lopinavir–ritonavir targeting COVID-19 (200 mg/50mg per
day). On day 2, he showed signs of circulatory failure (unassisted
systolic arterial pressure 80 mmHg, metabolic acidosis with
pH 7.28, and lactate 2.1 mmol/l) with acute kidney injury
requiring catecholamine support by norepinephrine (up to 1.04
µg/kg/min). ECG showed non-elevated ST segment, prolonged
QT interval, T wave inversion (see Figure 3), and increased
highly sensitive troponin T (up to 637 ng/l). Transthoracic
echography was inconclusive due to poor echogenicity
and was completed by transesophageal echocardiography,
which showed left ventricular failure with reduced ejection
fraction (LVEF 40%) and typical apical ballooning suggesting
Takotsubo cardiomyopathy (see Supplementary Videos 1,
2). Coronary angiography was discussed; however, troponin
spontaneously decreased within 24 h to 433 ng/l and follow-up
echocardiography showed restoration of LVEF with decrease of
apical ballooning aspect. ECG anomalies with T wave inversion
persisted afterwards. Circulatory failure resolved within 2 days
allowing catecholamine weaning. However, patient presented
refractory acute respiratory distress syndrome and acute
kidney injury requiring hemodialysis. Before cardiac magnetic
resonance imagery (cMRI) could be performed, patient died 13
days later due to septic shock with multi-organ failure, secondary
to ventilator-acquired pneumonia. Cardiac involvement was

excluded as cardiac index was elevated (3 l/min/m2) and
Takotsubo cardiomyopathy was ruled out by transesophageal
echocardiography. A timeline summarizing these events is
presented in the Supplementary Material.

DISCUSSION

Takotsubo cardiomyopathy is an acute heart failure syndrome
with specific dyskinetic abnormality, depicted after the
traditional Japanese octopus-trap (2). Although described
since 1990, various definitions still co-exist (see summary of
diagnostic criteria in Table 1). The latest, described in the 2018
European Society of Cardiology Expert Consensus Document
on Takotsubo cardiomyopathies listed criteria, required to assert
this diagnosis (3). In the present case, the computation of the
InterTAK diagnostic score yielded a total above 70 points,
corresponding to a high probability of Takotsubo. Following the
diagnostic algorithm, ECGwas in favor with a lack of ST-segment
elevation or depression, and QT interval was indeed prolonged.
Echocardiography showed typical Takotsubo cardiomyopathy
with circumferential wall motion abnormalities and apical
ballooning, and left ventricular outflow tract obstruction, mitral
regurgitation, and right ventricular failure were excluded. Patient
being unstable, coronary computed tomography angiography
was precluded. Coronary angiography was discussed; however,
three elements prevented us to perform this exam: (i) patient
was too unstable to be transported (requiring high doses of
vasopressors and heavy oxygenation support due to severe acute
respiratory distress syndrome), (ii) circumferential wall motion
abnormalities could not be explained by a single coronary
artery obstruction, and (iii) patient was already treated by
adequate antithrombotic treatments. It must be further noted
that, if performed, a coronary angiography may yield significant
coronary artery disease; however, the presence of significant
lesions do not exclude a diagnosis of Takotsubo cardiomyopathy;
in this case, these lesions do not explain the observed regional
wall motion abnormalities, which were circumferential (3).
The resolution of these abnormalities with troponin and
inflammatory biomarker decrease and restoration of LVEF and
wall motion comforted this choice. Finally, at the time of caring
for this patient, routinely performing coronary angiography
in patients with COVID-19 was not easy due to safety risk for
healthcare personnel not trained for viral outbreaks, a feature
made easier since then (4).

Although traditionally associated with psychological or
physical stress, cases have been reported during viral sepsis (5)
and most recently in COVID-19 (6, 7). A case series reported by
Giustino et al. described five cases of Takotsubo cardiomyopathy,
out of 118 consecutive patients (4.2%) with COVID-19 who
underwent transthoracic echocardiography exploration, with
similar reported resolution of echocardiographic features (8).

Mechanisms are plural and include catecholamine-induced
myocardial toxicity and inflammation related to sepsis, which
may be intertwined.

Catecholamine-induced cardiotoxicity may be associated with
the visual aspect of apical ballooning with relative hypokinesia,
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FIGURE 1 | Electrocardiogram at admission.

FIGURE 2 | Computed tomography lung scan at baseline.

due to the distribution of β2 adreno-receptors more prevalent
in the apex (9). Indeed, myocardial beta-adrenergic toxicity is
related to intra-cellular calcium dysregulation.

The sarco/endoplasmic reticulum Ca2+-ATPase (SERCa) is
key to calcium homeostasis in the myocardium, by regulating
excitation/contraction coupling via calcium distribution around
the sarcoplasmic reticulum. Its inhibition is associated with
acute heart failure (10). This inhibition may be triggered by
(i) sarcolipin protein, overexpressed during events such as
inflammation, leading to a decrease in its calcium affinity
(11) and (ii) phospholamban protein lack of phosphorylation

that maintains SERCa inhibition. In the present case, the
patient required high-dose norepinephrine during septic shock
combined with acute heart failure. However, given the more
pronounced beta-adrenergic effect of dobutamine, as compared
to norepinephrine, dobutamine was not administrated to prevent
further toxicity.

Added to the beta-adrenergic toxicity with SERCa
inhibition, catecholamine storms have been associated with
microcirculatory dysfunction due to diffuse vasoconstriction. A
series of Takotsubo biopsies showed microvascular endothelial
cells apoptosis. Reported histology described contraction band
necrosis, hypercontracted sarcomeres, dense eosinophilic bands,
and interstitial mononuclear infiltration (12). Furthering the
microvascular injury hypothesis, stress microRNAs including
endothelin-1 were associated with myocardial ischemia during
Takotsubo cardiomyopathy (13). In COVID-19 infections, the
prevalence of non-obstructive acute myocardial injury was
reported elevated. Possible associated mechanisms include
septic microvascular dysfunction with endothelial abnormalities,
destabilization of atherosclerotic plaques, and hypoxic injury
(14). In one case of Takotsubo cardiomyopathy related
to COVID-19, endomyocardial biopsy showed diffuse T-
lymphocytic inflammatory infiltrates with increased CD3 cell
count (15). It must be noted, however, that endomyocardial
biopsies are not required to confirm this diagnosis, all the more
so in unstable patients (3).

While myocarditis and Takotsubo cardiomyopathy
share common mechanisms, in the latter, beta-adrenergic
cardiotoxicity seems prevalent, with a synergistic effect of
inflammation. In SARS-Cov-2, a minor form of cytokine-release
syndrome (CRS) has been related to the increased activation of

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 February 2021 | Volume 8 | Article 614562418

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


Ortuno et al. Case Report: Takotsubo Syndrome Associated With COVID-19

FIGURE 3 | Electrocardiogram on day 2, during circulatory failure.

TABLE 1 | Takotsubo diagnosis criteria, according to Mayo Clinic, European Society of Cardiology (ESC), and Heart Failure Association (HFA).

Mayo Clinic ESC, InterTAK criteria HFA criteria

Echocardiography Transient regional wall motion

alteration

Apical ballooning

Right ventricular involvement

Transient regional wall motion

alteration

Coronary angiography Absence of coronary artery disease

which may explain the observed wall

motion abnormalities

Possible coronary artery disease Absence of coronary artery disease

which may explain the observed wall

motion abnormalities

Electrocardiogram (ECG) New ECG repolarization abnormalities New ECG repolarization abnormalities are

present

Possible no ECG changes

New and reversible repolarization

ECG abnormalities

Cardiac Biomarkers Modest elevation troponin Modest troponin or brain natriuretic

peptide elevation

Natriuretic peptide or troponin

elevation

Differential diagnosis Pheochromocytoma or Myocarditis Infectious myocarditis

Trigger Possible stress trigger Possible emotional, physical (neurologic

disorders or pheochromocytoma) or

combined

Predominantly post-menopausal women

Possible stressful trigger

effector T cells and their production of high tumor necrosis factor
(TNF) α, cytokine interleukin (IL)-6, IL-8, and chemokine ligand
1 (CXCL-1) level. These cytokines showed direct cardiac toxicity
with negative inotropic effect and cell apoptosis associated
with myocardial macrophage infiltration (16). In experimental
models of CRS, catecholamines have been associated with
immune dysregulation, through a self-amplifying loop in
macrophages (17). In these models, atrial natriuretic peptides
decreased catecholamine levels and, consequently, myeloid-
derived cytokines including IL-1β, IL-6, and TNF. Because
of this interplay between catecholamines and inflammation,
both mechanisms may be involved in the genesis of Takotsubo
cardiomyopathies in patients presenting with COVID-19
pneumonia. In our case, the patient presented elevated

IL-6, which may give some substance to this hypothesis.
As of yet, dexamethasone is one of the few molecules that
showed unanimous efficacy in treating severe COVID-19
pneumonia, after the landmark Randomized Evaluation of
COVID-19 Therapy (RECOVERY) trial (18). Likewise, other
immunomodulatory molecules have been tested in these
indications, however with less success, such as the Janus
kinase inhibitor, baricitinib (19), and the IL-6 inhibitor,
tocilizumab (20).

CONCLUSION

COVID-19may be associated with Takotsubo cardiomyopathy in
the context of marked inflammatory syndrome, and reasoned use
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of catecholamines should be invoked whenever feasible, due to
a plausible interplay between inflammation and catecholamines.
Diagnostic algorithm may include coronary angiography;
however, the presence of coronary lesions does not exclude a
diagnosis of Takotsubo cardiomyopathy, if the observed regional
motion wall abnormalities are not explained by the lesions.
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Introduction: Containment measures were established to flatten the curve of COVID-19

contagion in order to avoid a crash of the healthcare system. However, these measures

influenced the rate of hospitalization of cardiac patients. In this study, we aimed to analyse

the impact of COVID-19 and the effects of lockdown measures on hospital admissions

and alerts of emergency medical system (EMS) for cardiac causes in the Tuscany region.

Methods: An observational, retrospective analysis from Italian Tuscany region was

conducted. We evaluated consecutive patients contacting EMS or admitted to the 39

Emergency Departments (EDs) in Tuscany for cardiac causes in the first trimester of

2020. Data were compared with the same period in 2018/19.

Results: The alerts of EMS for cardiac causes significantly decrease in 2020 and the

highest difference between 2018/19 and 2020 was found immediately after national

lockdown (1 = −47.4%, p < 0.001). The number of admissions for chest pain in the

EDs also decreased, with a maximum difference of−67.6% (p< 0.001) vs. 2018/19. The

number of hospital accesses for acute coronary syndromes, atrial fibrillation, and heart

failure in the EDs significantly decreased in 2020 as compared to 2018/19 (maximum 1

= −58.9%, p < 0.001; maximum 1 = −63.0%, p < 0.001; maximum 1 = −72.7%, p

< 0.001, respectively).

Conclusions: A significant decrease in the contacts to EMS for cardiac causes and

in cardiac diagnoses was observed during the first trimester of 2020. Fear of contagion

has likely played a relevant role. The lesson learnt from first wave of COVID-19 pandemic

suggests that appropriate public information strategies and re-education of people

are essential.

Keywords: lockdown, coronavirus, cardiovascular disorders, acute coronary syndrome, atrial fibrillation, heart

failure
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INTRODUCTION

The pandemic caused by COVID-19 has been associated with
thousands of deaths worldwide and multiple cardiovascular risk
factors and cardiac disorders have been recognized as high-risk
conditions (1). The rapidly increasing number of patients affected
by COVID-19 requiring hospitalization has imposed a relevant
problem of sustainability for the healthcare system. Accordingly,
during the first wave of COVID-19 pandemic, the Italian
government has imposed measures promoting social distancing
and a stepwise strategy starting from the quarantine for some
Italy regions with subsequent lockdown measures adopted for
the entire nation as of 11 March (https://www.gazzettaufficiale.it/
eli/id/2020/03/08/20A01522/sg, https://www.gazzettaufficiale.it/
eli/id/2020/03/11/20A01605/sg). Although these strategies were
aimed to flatten the curve of the contagion in order to avoid a
crash of the health care system, these measures have significantly
influenced the rate of hospitalization of cardiac patients and
changes in the pattern of hospital admissions have been noted,
particularly in the Northern regions of Italy (2–4).

In this study, we aimed to analyse the epidemiologic impact
of COVID-19 and the effects of lockdown measures on the
contacts to emergency medical system (EMS) and hospital
visits to the emergency department for cardiac causes for
the entire Tuscany region. The number of final diagnoses
of acute coronary syndrome (ACS), heart failure (HF), and
atrial fibrillation (AF) was also considered. These data were
compared with the trends observed in the same time frame of the
previous 2 years.

METHODS

We conducted an observational, retrospective analysis from the
Tuscany region aimed at evaluating the number of patients
contacting the EMS for cardiac problems and symptoms, not
occurring during COVID-19 infection (i.e., angina, arrhythmias,
syncope, chest pain, etc.), with high dispatch priority, established
by nurse triage, and the number of consecutive patients admitted
to the Emergency Departments for cardiac causes, analyzing the
final number of diagnoses of ACS, HF, and AF. In Tuscany there
were 3.73 million inhabitants and 39 Emergency Departments
that performed 1,537,031 visits (data for the year 2019). The
period of observation lasted 3 months, i.e., the first trimester
of 2020, from the 1st of January 2020 to the 31th of March
2020. This period was selected taking into account that the first
cluster of cases of COVID-19 was identified in Italy the 20th
of February and that lockdown measures were adopted for the
entire nation as of 11th March. Weekly data observed during
this period were compared to the trends observed in the same
time frame of 2018 and 2019. Although the first cluster of
cases of COVID-19 was identified in Italy the 20th of February
2020, the entire first trimester of 2020 was included in this
analysis to show also pre-COVID 19 data and to demonstrate
that differences in the rate of hospitalization in March were not
due to physiologic fluctuations due to epidemiologic factors. A
sub-analysis was also performed dividing the first trimester 2020
into three different periods, according to the events occurred

during this trimester: 1st January-20th February; 21th February-
10th March; 11th March-31th March. Number of accesses to
Emergency Departments for stroke and sepsis were also analyzed.

The regional information systems of pre-hospital and hospital
EMSs and hospital admission abstracts were used as data sources.
These databases include calls to EMS, visits to emergency
departments and hospital admissions in Tuscany region. In these
data each individual has a unique and anonymous identifier that
enables complete record linkage at individual level.

Although the comparison of the rate of mortality between
the first trimester 2020 and 2018/2019 was beyond the primary
scope of this study, the in-hospital mortality for patients admitted
for ACS and HF was also analyzed. The rate of hospitalizations
for patients admitted to the Emergency Departments and the
number of patients with ACS and HF admitted to the intensive
care units of the Tuscany Region during the hospitalization was
also analyzed for the entire period. Data were analyzed and were
checked for missing or contradictory entries and for values out of
normal range by Regional Health Agency of Tuscany.

This study was conducted in accordance with the Helsinki
Declaration. According to the Italian legislation (legislative
decree 211/2003) and the regional procedures, the study does
not need ethic approval as it is a purely observational study on
routine collected anonymous data. Furthermore, because this
was an observational retrospective study, patients had already
been treated when the study protocol was written; therefore, it
could not have modified their life-trajectories or care pathways
in any way.

Statistical Analysis
Mean values of data obtained in the first trimester of 2018 and
2019 were calculated and compared with data collected in the
same period of 2020. Ninety-five percentage confidence intervals
of values observed in 2018-19 were calculated using Poisson
model for each week and for the three periods considered in the
study. Differences between periods of observation for 2018/2019
and 2020 were expressed as 1 and statistical significance was
tested using Poisson models. The statistical significance was set
for a two-tailed p-value < 0.05. Data were collected using Excel
software (version 16.35 2019, Microsoft Corporation, Redmond,
USA). The statistical software Stata 14 SE (StataCorp LP, College
Station, Texas) was used for the data analyses.

RESULTS

A significant decrease in contacts of EMS by the patients for
cardiac causes was found between 2019 and 2020, see Figure 1.
The highest difference was found 1 week after the national
lockdown was imposed (1 = −47.4% as compared to the same
week of the previous years, p < 0.001).

The numbers of hospital visits for chest pain in the Emergency
departments in Tuscany significantly decreased in 2020 as
compared to 2018 and to 2019, reaching a 1 at the end of the
week between 24 February-01 March of −24.0% (p < 0.01 vs.
the same period of the previous years), see Figure 2. The week
after the national lockdown, the number of visits for chest pain
significantly dropped to −67.6% as compared to the same time
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FIGURE 1 | Number of calls to the emergency medical system for cardiac causes in Tuscany. Data obtained in the first trimester were compared to data observed in

2018 and 2019 (an average value of this data was observed). For all the figures data were reported for each week separately (from the 6th of January to the 30th of

March) and the delta between 2020 and 2018/2019 was reported and expressed by gray columns as percentage as well as delta and p-values for the three

different periods.

frame of 2018 and 2019 (p< 0.001) and it represented the highest
difference found between 2020 and the previous years. While no
significant differences were found before the 24th of February
for the visits to the Emergency departments for cardiac causes of
chest pain (p = 0.354), they significantly decrease after this first
period (see Figure 3).

The number of hospital visits for ACS in the Emergency
departments significantly decreased at the end of February as
compared to 2018 and 2019 (1 = −18.3%, p < 0.05) and the
greatest difference was identified at the end of March 2020 (1
= −58.9%, p < 0.001) (Figure 4). Similarly, the diagnosis of AF
in the Emergency departments significantly decreased at the end
of February 2020 as compared to the same period in 2018 and
2019 (p < 0.05), reaching the greatest difference in the week
after the national lockdown (1 = −63%, p < 0.001) (Figure 5).
The diagnosis of HF significantly decreased during COVID-
19 pandemic, reaching the greatest difference in comparison
with 2018/2019 data 1 week after the declaration of national
lockdown (1 = −72.7%, p < 0.001, Figure 6). The number of
accesses to Emergency Departments due to stroke or sepsis were
also decreased during the first wave of COVID-19 pandemic as
compared to 2018 and 2019 (see Supplementary Figures 1, 2).

The rate of hospitalizations for patients admitted to the
Emergency Departments did not differ between 2020 and
2018/2019 (overall p-value = 0.68) for ACS and for HF (overall
p-value = 0.49). The in-hospital mortality for patients suffering

from an ACS did not differ between the first trimester 2020 and
the first trimester of 2018 and 2019 (overall p-value = 0.166).
During the three different periods no significant differences were
observed (p = 0.71, p = 0.0.92, and p = 0.364, respectively).
Among the patients admitted for ACS to the hospitals of the
Tuscany Region, the number of patients requiring hospitalization
in an intensive care unit did not differ between the first trimester
2020 and 2018/2019 (overall p-value= 0.11).

The in-hospital mortality for HF did not differ between 2020
and 2018/2019 (overall p-value = 0.102), with no differences
among the three different periods (p= 0.053, p= 0.269, and p=
0.208, respectively). Among the patients admitted for HF to the
hospitals of the Tuscany Region, the number of patients requiring
hospitalization in an intensive care unit did not differ between the
first trimester 2020 and 2018/2019 (overall p-value= 0.29).

DISCUSSION

The main finding of the present study is that a marked decrease
in the number of patients alerting the EMS and visiting the
Emergency departments for cardiac causes were observed in
Tuscany after the diagnosis of the first cluster of COVID-19
cases in Italy and particularly after the national lockdown, as
compared to the same time frame of the previous years (i.e.,
2018 and 2019). As a consequence, the number of ACS and
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FIGURE 2 | Number of accesses to emergency department for chest pain in Tuscany.

FIGURE 3 | Number of accesses to emergency department for cardiac causes of chest pain in Tuscany.
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FIGURE 4 | Number of accesses to emergency department for acute coronary syndrome in Tuscany.

FIGURE 5 | Number of accesses to emergency department for atrial fibrillation in Tuscany.
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FIGURE 6 | Number of accesses to emergency department for heart failure in Tuscany.

AF diagnosed significantly decreased as compared to the same
period of the previous years. Notably, the trend demonstrates
a significant drop after the 20th of February and after the 11th
of March 2020, i.e., after the first case diagnosed and after
the national lockdown. Multiple factors may have affected the
rate of visits and hospitalization for cardiac causes during the
most dramatic periods of COVID-19 pandemic, as demonstrated
also by the unpredictable reduction in hospitalizations for other
causes, such stroke and sepsis. However, these findings indirectly
suggest that the fear of contagion at the hospital probably have
discouraged the patients to alert the EMS during the first wave
of COVID-9 pandemic, particularly after the media diffused the
news that infection was spread across hospitalized patients and
healthcare personnel. The concerns raised by the mass media
on the high mortality rate of COVID-19 pneumonia further
discouraged patients with cardiac conditions to contact the EMS.
As reported by De Rosa et al. (2), a second hypothesis can be
that the emergency medical system was focused on COVID-
19. However, our study demonstrates that the number of calls
to the EMS significantly decrease during this dramatic period;
while variations in the rate of ACS and cardiac disease have
been demonstrated (5, 6) and cannot be definitely excluded, the
marked difference between the same periods of 2018/2019 and
2020, reaching even more than −65% reduction in the visits,
suggest that patients intentionally decided not to alert the EMS
or to go to the hospital, irrespective of their cardiac conditions
and their symptoms. Unfortunately, this phenomenon was

not confined to Italy, but sharp drops in the numbers of
persons seeking emergency medical care was observed also in
United States, with the total number of US ED visits being 42%
lower during the early pandemic period than during the same
period a year earlier (7), and in Thailand (−36%) (8). Notably,
also in US the decrease in ED visits for acute life-threatening
health conditions was observed immediately before and after
declaration of the COVID-19 pandemic as a national emergency
(9). In agreement with our findings, also Wongtanasarasin et al.
observed that the national lockdown in Thailand was associated
with a significant reduction in average daily ED visits (8).

A reduction in ACS activations was reported also by US
cardiac catheterization laboratories and was noticed also in
Spain (10, 11) and in a recent survey conducted by the European
Society of Cardiology the respondents declared a reduction in the
admission of patients with ACS >40% (12). In Italy, a reduction
in the rate of hospital admissions for ACS was reported by De
Rosa et al. for the week 12–19 March (2), by Toniolo et al. (3),
and by De Filippo et al. (4). Notably, the study by De Rosa was a
national registry with analysis confined to 1 week while the other
two articles included centers in the Northern part of Italy, i.e.,
the most affected by COVID-19 pandemic. Indeed, Lombardy
and Piedmont regions had 89,526 and 30,758 confirmed cases
of COVID-19, respectively, while in Tuscany 10,122 cases
were diagnosed (http://opendatadpc.maps.arcgis.com/apps/
opsdashboard/index.html#/b0c68bce2cce478eaac82fe38d4138b1
last access, 06/05/2020). In this study we extended the time frame
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of observation reporting the data of the first trimester 2020 from
a different region of Italy, i.e., the Tuscany, and we demonstrated
that a low rate of contacts to EMS during this pandemic was
observed also in regions of Italy less affected by the pandemic.
We found that the reduction in admission was observed also
for patients with heart failure, with a delta of −56% for the last
period of observation in comparison with 2018 and 2019 (p <

0.0001), in agreement with data reported by Severino et al. and
demonstrating a reduction of admission during the lockdown
(13). These findings suggest that the ubiquitous presence of
COVID-19 news on the mass media and social media and the
lack of verified information have contributed to the perception
of unsafe hospitals, even if hospital were not overwhelmed by the
COVID-19 emergency, as in Tuscany, and an underestimation of
mortality and morbidity risks due to cardiac conditions. Indeed,
as demonstrated by Barbieri et al., the reduction in hospital
admissions observed in 2020 ad compared to the same period of
2019 was associated with increased mortality (14).

Finally, we found in this study that, for the first trimester
2020, the in-hospital mortality did not differ for patients
admitted for ACS and for HF, in comparison with the first
trimester of 2018 and 2019. Furthermore, the number of
patients with ACS and HF requiring hospitalization in an
intensive care unit did not differ. Although the impact of
the decrease in the number of hospitalizations and visits to
the Emergency Departments on the cardiovascular mortality
was not the primary scope of this study, these findings
suggest that patients were treated with similar standards before
and during the first wave of COVID-19 pandemic and with
similar outcomes. However, the low rate of hospitalizations for
ACS and AF may represent a warning alert for the future
development of cardiac and cerebrovascular complications, such
as end-stage heart failure, sudden death, or transient ischemic
attack and stroke and the negative effects of this marked
impact on the pattern of hospitalizations will likely be seen
in the next future. Further studies extending the period of
observation are needed to report a comprehensive analysis of
this phenomenon. Furthermore, the negative impact of the
reduction in hospitalization for cardiac causes may have cause an
increase in out-of-hospital mortality. Unfortunately, these data
were not available.

The present data further strengthen the need of adequate
public information policies to reinforce the importance of timely
care for medical emergencies. Furthermore, the lesson learnt
from the first wave of COVID-19 pandemic suggests that the
community of healthcare professionals should continue re-
educating the general population to recognize early cardiac
symptoms (2) and to be confident with the national healthcare
system in case of hospitalization.

Limitations
In this study we observed a dramatic decrease of hospital
admissions and emergency contacts, primarily due to the fear of
contagion. Although the fear of contagion likely was the primary

mechanisms leading to the reduction of hospital admissions,
a multiplicity of factors, rather than a unique mechanism,
contributed to this phenomenon. As reported by De Rosa et al.
(2), we cannot completely exclude that a true reduction in the
incidence of acute cardiovascular disease as the potential result
of low physical stress and widespread prevalence of the resting
state during the quarantine, especially in the initial phase of the
social containment, might have partly contributed to the lower
number of admissions.

Although patients affected by SARS-CoV-2 were excluded
from the final analysis, we cannot definitively exclude that some
cardiac symptoms suffered from patients contacting the EMS
may be related to cardiac consequences of COVID-19 infection.

CONCLUSIONS

In Tuscany a significant decrease in the contacts to EMS for
symptoms and disease related to cardiac causes and in the
hospitalization rate for ACS, AF, and HF was observed during
the COVID-19 pandemic. In the comparison with the same
period of the previous years, the greatest difference was identified
after the first case of COVID-19 in Italy and after the national
lockdown. Fear of contagion among the patients has likely played
the most relevant role. Therefore, the lesson learnt from the first
wave of COVID-19 pandemic suggests that appropriate public
information strategies are essential for a proper management
of cardiac patients and a re-education of general population to
recognize cardiac symptoms and life-threatening cardiovascular
disorders and the consequent need of hospitalization should
be guaranteed.
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Background: The cardiac manifestations of coronavirus disease 2019 (COVID-19)

patients with cardiovascular disease (CVD) remain unclear. We aimed to investigate the

prognostic value of echocardiographic parameters in patients with COVID-19 infection

and underlying CVD.

Methods: One hundred fifty-seven consecutive hospitalized COVID-19 patients were

enrolled. The left ventricular (LV) and right ventricular (RV) structure and function were

assessed using bedside echocardiography.

Results: Eighty-nine of the 157 patients (56.7%) had underlying CVD. Compared with

patients without CVD, those with CVD had a higher mortality (22.5 vs. 4.4%, p = 0.002)

and experienced more clinical events including acute respiratory distress syndrome,

acute heart injury, or deep vein thrombosis. CVD patients presented with poorer LV

diastolic and RV systolic function compared to those without CVD. RV dysfunction

(30.3%) was the most frequent, followed by LV diastolic dysfunction (9.0%) and LV

systolic dysfunction (5.6%) in CVD patients. CVD patients with high-sensitivity troponin

I (hs-TNI) elevation or requiring mechanical ventilation therapy demonstrated worsening

RV function compared with those with normal hs-TNI or non-intubated patients, whereas

LV systolic or diastolic function was similar. Impaired RV function was associated with

elevated hs-TNI level. RV function and elevated hs-TNI level were independent predictors

of higher mortality in COVID-19 patients with CVD.

Conclusions: Patients with COVID-19 infection and underlying CVD displayed impaired

LV diastolic and RV function, whereas LV systolic function was normal in most patients.

Importantly, RV function parameters are predictive of higher mortality.

Keywords: COVID-19, cardiovascular disease, echocardiography, cardiac injury, cardiac function
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has become
a global pandemic causing an escalating number of cases and
fatalities worldwide. A large proportion of COVID-19 patients
have comorbidities, with cardiovascular disease (CVD) being
the most frequent. It was present in approximately 30–48% of
patients (1–3). Patients with CVD are more likely to be infected
with SARS-CoV-2 and to develop severe cases. In SARS, the
presence of comorbidity increased the risk of death 12-fold
(4). Therefore, COVID-19 patients with underlying CVD may
suffer from a higher risk of mortality after SARS-CoV-2 infection
(3, 5). A recent study revealed that hospitalized COVID-19
patients with concomitant cardiac disease have an exceptionally
poor prognosis compared with those without cardiac disease
(6). Nevertheless, the detailed features of cardiac function were
not yet established in the aforementioned study. In clinical
practice, echocardiography is the first-line imaging modality
in cardiac assessment and is an indispensable bedside tool,
allowing non-invasive quantification of heart performance in
COVID-19 patients in isolated wards (7). Currently, there are
limited data regarding the cardiac manifestations of COVID-
19 patients with CVD. Therefore, we aimed to investigate the
echocardiographic characteristics and explore the prognostic
value of echocardiographic parameters in COVID-19 patients
with CVD.

METHODS

Study Population
This observational study was performed at the west branch of
Union Hospital, Tongji Medical College, Huazhong University
of Science and Technology of Wuhan, China, which was
a designated hospital to treat patients with COVID-19. We
enrolled a total of 157 consecutive adult patients who were
confirmed to have COVID-19 infection according to the
WHO interim guidance from February 12, 2020 to March
16, 2020 (8). Bedside echocardiography was performed in all
patients from three wards managed by the investigators for
evaluation of cardiac function. The study was approved by
Union Hospital Tongji Medical College, Huazhong University
of Science and Technology Ethics Committee (KY-2020-02.06).
Written informed consent was waived for all participants with
emerging infectious diseases as per the Ethics Committee.

Data Collection and Definitions
Epidemiological, medical history, comorbidities, laboratory,
treatment, and outcomes data were collected from electronic
medical records. The data were analyzed by a trained team of
physicians. The timing of laboratory measurements was within
3 days of echocardiographic examination with a mean interval
of 1 day [interquartile range (IQR), 1–2]. The median time from
admission to echocardiographic examination was 7 days (IQR,
3–11). Clinical outcomes (death or discharge) were monitored
through to April 7th, 2020.

Underlying CVD included a history of hypertension, coronary
artery disease, heart failure, cardiomyopathy, and arrhythmia.

Acute cardiac injury was defined as serum levels of cardiac high-
sensitivity troponin I (hs-TNI) above the 99th percentile upper
reference limit.

Echocardiography
Bedside echocardiography examinations were performed with an
EPIQ 7Cmachine (Philips Medical Systems, Andover, MA, USA)
at the designated COVID-19 isolation wards or intensive care
units (ICU). Two-dimensional and Doppler echocardiography
were performed in standard views according to the American
Society of Echocardiography (ASE) guidelines (9). All scans
were conducted by trained individuals in full personal protective
equipment (PPE) (B.W., L.H., D.Z., Y.Z., H.Y., C.W., and
H.L.). Personal protection at the time of echocardiographic
assessment included wearing protective clothing, double gloving,
shoe covers, head covers, N95 respirator masks, goggles, face
shields. All images were stored in the ultrasound machine. At
the end of the day, images were copied to hard disk and saved
in Digital Imaging for subsequent offline analysis to reduce
exposure contamination. Echocardiographic image readers (S.Z.,
W.S., Y.C., and L.C.) were blinded to epidemiological, clinical,
laboratory, treatment, and outcomes findings.

Left Heart Assessment
Left ventricular (LV) ejection fraction (LVEF) and volumes
were calculated using Simpson’s biplane method. LV mass
was calculated according to Devereux’s formula. LV diastolic
function was estimated using the ratio of early transmitral
flow velocity (E) to the late transmitral flow velocity (A) and
the ratio of transmitral E to the early diastolic LV septal
tissue velocity (e′). LV systolic dysfunction was defined as a
LVEF <50%, and LV diastolic dysfunction was determined
according to the published guideline of the American Society
of Echocardiography (ASE) and the European Association of
Cardiovascular Imaging (EACVI) (10).

Right Heart Evaluation
RV function was assessed by tricuspid annular plane systolic
excursion (TAPSE), fractional area change (FAC), peak systolic
velocity (S′) of the tricuspid lateral annulus, and myocardial
performance index (MPI) (9). RV dysfunction was defined as
the aforementioned parameters measured to be lower than
the published reference values (9). Representative examples of
RVFAC and TAPSE measurements from COVID-19 patients
without and with CVD are shown in Figure 1. The degree of
tricuspid regurgitation (TR) was defined as moderate, moderate
to severe, or severe TR. Pulmonary artery systolic pressure
(PASP) was estimated according to published guidelines (9).

Statistical Analysis
Continuous numeric variables are expressed as mean ± SD
or medians (interquartile range), and categorical variables
are expressed as frequency (percentage). Continuous variables
were compared using a two-sample t-test or Mann–Whitney
test. Categorical variables were compared using the χ

2-test
or Fisher’s exact test. Correlations between echocardiographic
and biomarker parameters were examined using Spearman’s
correlation coefficient. Receiver operator characteristic (ROC)
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FIGURE 1 | Representative examples of RVFAC and TAPSE measurements from COVID-19 Patients without and with CVD. (A) RVFAC in COVID-19 patient without

CVD. (B) RVFAC in COVID-19 patient with CVD. (C) TAPSE in COVID-19 patient without CVD. (D) TAPSE in COVID-19 patient with CVD. CVD, cardiovascular

disease; RVFAC, right ventricular fractional area change; TAPSE, tricuspid annular plane systolic excursion.

curves were used to evaluate the optimal cutoff value (maximum
Youden index) of LV and RV function parameters for detecting
poor outcome. Survival curves were plotted using the Kaplan–
Meier analysis and compared using the log-rank test. To
investigate the risk factors associated with in-hospital death,
univariate and multivariate Cox regression models were used.
All potential explanatory variables entered into univariate
analyses, including age, sex, laboratory findings, LV and RV
echocardiographic parameters, and comorbidities. Variables with
p < 0.05 in univariate Cox proportional hazard regression were
included in the multivariate model. To assess the additional
prognostic value of echocardiographic parameters over other
clinical variables, likelihood ratio tests were performed, and
Akaike information criterion (AIC) and Harrell’s C statistic
were calculated. All statistical analyses were performed using
SPSS version 24.0 (SPSS Inc., Chicago, Illinois) and R version
3.6.3 (R Foundation for Statistical Computing, Vienna, Austria).
Statistical charts were generated using Prism 7 (GraphPad) and
Minitab (Version 18). A two-sided p < 0.05 was considered as
statistically significant.

RESULTS

Clinical and Echocardiographic
Characteristics in Patients With COVID-19
and CVD
Clinical characteristics of patients with COVID-19 with and
without CVD are shown in Table 1. Among the 157 hospitalized

patients with COVID-19, 134 (85.4%) patients were discharged
and 23 (14.6%) patients died. The mean age was 62 ± 13
years, and 79 (50.3%) were men. Eighty-nine (56.7%) patients
had underlying CVD. Among the CVD patients, hypertension,
coronary artery disease, heart failure, and arrhythmia were
present in 78.7, 29.2, 4.5, and 6.7% of the patients, respectively.
Compared with patients without CVD, those with pre-existing
CVD were older, and a higher proportion were men (42.7%
female). Patients with underlying CVDwere more likely to have a
higher systolic arterial pressure, lower level of lymphocyte count
and partial pressure of arterial oxygen to percentage of inspired
oxygen ratio (PaO2: FIO2), higher levels of serum hs-TNI and B-
type natriuretic peptide (BNP), more treatment with antibiotic,
high-flow oxygen and mechanical ventilation, higher rate of ICU
admissions, and higher incidence of acute respiratory distress
syndrome (ARDS), acute heart injury, and deep vein thrombosis
(DVT).Mortality was significantly higher in CVD compared with
non-CVD patients (22.5 vs. 4.4%, p= 0.002).

Echocardiographic characteristics of COVID-19 patients with
and without CVD are depicted in Table 2. Compared with
patients without CVD, those with CVDhad impaired LV diastolic
and RV function and a higher PASP. No differences were
identified in LV wall thickness and mass, LV volumes, LVEF,
and mitral regurgitation (MR) or TR severity. The most frequent
cardiac abnormality in CVD patients was RV dysfunction (27/89,
30.3%), followed by LV diastolic dysfunction (8/89, 9.0%) and LV
systolic dysfunction (5/89, 5.6%).

At the time of echocardiographic examination, 27
(30%) COVID-19 patients with CVD were treated with

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 March 2021 | Volume 8 | Article 642973431

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


Li et al. Cardiac Features in COVID-19 and CVD

TABLE 1 | Clinical characteristics of patients with COVID-19 infection with and without cardiovascular disease.

Variables All patients With CVD Without CVD P-value

(n = 157) (n = 89) (n = 68)

Clinical characteristic

Age, years 62 ± 13 66 ± 11 58 ± 14 <0.001

Male, n (%) 79 (50.3%) 51 (57.3%) 28 (41.2%) 0.045

Body mass index, kg/m2 24.1 ± 3.1 24.0 ± 3.0 24.3 ± 3.1 0.445

Heart rate, beats/min 90 ± 17 89 ± 16 92 ± 17 0.164

Respiratory rate, breaths/min 25 ± 6 25 ± 6 25 ± 6 0.780

Systolic arterial pressure, mm Hg 133 ± 81 138 ± 17 126 ± 17 <0.001

Diastolic arterial pressure, mm Hg 81 ± 12 82 ± 13 80 ± 10 0.096

Smoker, n (%) 17 (10.8%) 11 (12.4%) 6 (8.8%) 0.480

Comorbidities

Hypertension, n (%) 70 (44.6%) 70 (78.7%) 0 (0%) <0.001

Diabetes, n (%) 23 (14.6%) 17 (19.1%) 6 (8.8%) 0.071

Obesity, n (%) 24 (15.3%) 15 (16.9%) 9 (13.2%) 0.532

COPD, n (%) 9 (5.7%) 6 (6.7%) 3 (4.4%) 0.534

Coronary artery disease, n (%) 26 (16.6%) 26 (29.2%) 0 (0%) <0.001

Heart failure, n (%) 4 (2.5%) 4 (4.5%) 0 (0%) 0.077

Arrhythmia, n (%) 6 (3.8%) 6 (6.7%) 0 (0%) 0.029

Chronic kidney disease, n (%) 3 (1.9%) 2 (2.2%) 1 (1.5%) 0.725

Chronic liver disease, n (%) 6 (3.8%) 2 (2.2%) 4 (5.8%) 0.234

Malignancy, n (%) 11 (7.0%) 3 (3.4%) 8 (11.8%) 0.041

Laboratory findings

Lymphocyte count, ×109/L 1.0 (0.6, 1.4) 0.9 (0.5, 1.2) 1.0 (0.7, 1.5) 0.012

D-dimer, mg/L 1.1 (0.4, 2.7) 1.5 (0.4, 2.4) 1.0 (0.5, 4.2) 0.295

PT, s 13.5 (12.5, 15.0) 13.4 (12.6, 15.2) 13.7 (12.5, 14.5) 0.99

APTT, s 37.4 (33.3, 44.6) 38.0 (33.1, 45.6) 37.0 (33.7, 42.2) 0.555

CK-MB, U/L 11 (8, 18) 12 (8, 25) 10 (8, 13) 0.05

hs-TNI, ng/L 4.8 (2.2, 31.2) 10.6 (3.3, 53.7) 2.7 (1.7, 7) 0.043

BNP, pg/ml 79.1 (35.7, 163.9) 85.3 (34.6, 162.5) 57.9 (38.7, 153.2) 0.049

CRP, mg/L 26.5 (3.7, 67.6) 27.5 (7.1, 75.4) 25.3 (2.8, 63.2) 0.44

PCT, ng/ml 0.08 (0.05, 0.20) 0.10 (0.05, 0.20) 0.07 (0.05, 0.21) 0.244

IL-6, pg/ml 5.2 (2.4, 20.7) 8.9 (3.5, 21.6) 4.6 (2.5, 21.7) 0.269

PaO2:FIO2, mmHg 232.0 (151.0, 268.97) 212.1 (140.6, 241.5) 254.0 (212.1, 330.5) 0.016

Treatments

Antiviral therapy, n (%) 150 (95.5%) 86 (96.6%) 64 (94.1%) 0.45

Antibiotic therapy, n (%) 119 (75.8%) 73 (82.0%) 46 (67.6%) 0.037

Glucocorticoid therapy, n (%) 65 (41.4%) 36 (40.4%) 29 (42.6%) 0.782

Intravenous immune globulin, n (%) 56 (35.9%) 37 (41.6%) 19 (27.9%) 0.089

Anticoagulant therapy, n (%) 81 (51.6%) 52 (58.4%) 29 (42.6%) 0.05

Diuretics, n (%) 39 (24.8%) 32 (36.0%) 7 (10.3%) <0.001

Beta-blockers, n (%) 33 (21.0%) 28 (31.5%) 5 (7.4%) <0.001

Calcium channel blockers, n (%) 48 (30.6%) 43 (48.3%) 5 (7.4%) <0.001

ACE-I/ARB, n (%) 17 (10.8%) 15 (16.9%) 2 (2.9%) 0.005

Oxygen therapy, n (%) 139 (88.5%) 83 (93.3%) 56 (82.3%) 0.034

High-flow oxygen, n (%) 90 (57.3%) 61 (68.5%) 29 (42.6%) 0.001

Mechanical ventilation, n (%) 37 (23.6%) 27 (30.3%) 10 (14.7%) 0.022

IMV, n (%) 26 (16.6%) 19 (21.3%) 7 (10.3%) 0.065

NIMV, n (%) 11 (7.0%) 8 (9.0%) 3 (4.4%) 0.266

ICU admission, n (%) 27 (17.2%) 20 (22.5%) 7 (10.3%) 0.045

Complications

Acute kidney injury, n (%) 20 (12.8%) 12 (13.5%) 8 (11.8%) 0.775

(Continued)
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TABLE 1 | Continued

Variables All patients With CVD Without CVD P-value

(n = 157) (n = 89) (n = 68)

ARDS, n (%) 64 (40.8%) 47 (52.8%) 17 (25.0%) <0.001

Acute heart injury, n (%) 48 (20.6%) 35 (39.3%) 13 (19.1%) 0.006

Coagulation dysfunction, n (%) 29 (18.5%) 19 (21.3%) 10 (14.7%) 0.288

DVT, n (%) 63 (40.1%) 42 (47.2%) 21 (30.9%) 0.039

Shock, n (%) 1 (0.6%) 1 (1.1%) 0 (0%) 0.567

Prognosis

Discharge, n (%) 134 (85.4%) 69 (77.5%) 65 (95.6%) 0.002

Death, n (%) 23 (14.6%) 20 (22.5%) 3 (4.4%) 0.002

Values are mean ± SD, n (%), median (interquartile range).

ACE-I, angiotensin-converting enzyme inhibitors; APTT, activated partial thromboplastin time; ARB, angiotensin II receptor blockers; ARDS, acute respiratory distress syndrome; BNP,

B-type natriuretic peptide; CK-MB, creatine kinase muscle–brain; COVID-19, coronavirus disease 2019; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; CVD,

cardiovascular disease; DVT, deep vein thrombosis; FIO2, fraction of inspiration oxygen; HF, heart failure; hs-TNI, high-sensitivity troponin I; ICU, intensive care unit; IL-6, interleukin-6;

IMV, invasive mechanical ventilation; NIMV, non-invasive mechanical ventilation; PCT, procalcitonin; PT, prothrombin time; PaO2, partial pressure of oxygen.

TABLE 2 | Echocardiographic characteristics of patients with COVID-19 with and without cardiovascular disease.

Variables All patients With CVD Without CVD P-value

(n = 157) (n = 89) (n = 68)

Left heart

LA dimension, mm 35.4 ± 5.5 36.7 ± 5.9 33.3 ± 4.3 < 0.001

LV dimension, mm 45.7 ± 5.1 45.7 ± 5.0 45.7 ± 5.2 0.967

IVS, mm 9.6 ± 1.2 9.7 ± 1.3 9.5 ± 1.0 0.125

PW, mm 9.1 ± 1.3 9.2 ± 1.4 8.9 ± 1.2 0.291

LVMI, g/m2 86.9 ± 21.0 88.4 ± 23.4 84.7 ± 16.9 0.331

Mitral DT, ms 203 ± 55 206 ± 53 200 ± 58 0.561

Mitral E/A 0.91 ± 0.36 0.88 ± 0.33 0.96 ± 0.39 0.473

Mitral E/e′ 9.2 ± 3.2 9.7 ± 3.4 8.5 ± 2.8 0.043

LVEDVI, ml/m2 51.3 (43.8, 62.5) 53.5 (43.0, 64.7) 50.7 (44.0, 58.0) 0.173

LVESVI, ml/m2 19.3 (15.6, 25.7) 21.7 (15.6, 28.1) 18.6 (15.6, 23.8) 0.085

LVEF, % 63.4 ± 7.0 62.5 ± 8.3 64.7 ± 4.7 0.063

Moderate-severe MR, n (%) 6 (3.9%) 5 (5.6%) 1 (1.5%) 0.179

Right heart

RA dimension, mm 35.8 ± 5.0 36.6 ± 5.3 34.9 ± 4.4 0.042

RV dimension, mm 34.6 ± 5.5 34.9 ± 5.6 34.2 ± 5.3 0.390

Tricuspid E/A 0.96 ± 0.29 0.92 ± 0.29 1.0 ± 0.29 0.134

Tricuspid E/e′ 5.5 ± 1.8 5.7 ± 1.7 5.2 ± 2.0 0.577

TAPSE, mm 22.2 ± 3.8 21.5 ± 3.7 23.2 ± 3.9 0.007

RV FAC, % 47.5 ± 6.8 46.0 ± 5.3 49.3 ± 7.3 0.009

S′, cm/s 13.5 ± 3.2 13.4 ± 3.1 13.5 ± 3.4 0.946

RV MPI 0.46 ± 0.14 0.48 ± 0.16 0.43 ± 0.10 0.011

Moderate-severe TR, n (%) 6 (3.9%) 5 (5.6%) 1 (1.5%) 0.179

PASP, mmHg 32 (24, 47) 42 (27, 50) 28 (24, 39) 0.033

Values are mean ± SD, n (%), median (interquartile range). COVID-19, coronavirus disease 2019; CVD, cardiovascular disease; DT, deceleration time; IVS, interventricular septum;

LA, left atrium; LV, left ventricular; LVEDVI, left ventricular end diastolic volume index; LVESVI, left ventricular end systolic volume index; LVEF, left ventricular ejection fraction; LVM, left

ventricular mass; MR, mitral regurgitation; RA, right atrium; RV, right ventricular; TAPSE, tricuspid annular plane systolic excursion; RV FAC, RV fractional area change; RV MPI, RV

myocardial performance index; TR, tricuspid regurgitation; PASP, pulmonary artery systolic pressure; PW, posterior wall of left ventricle.

mechanical ventilation. These mechanically ventilated
patients had decreased TAPSE and RVFAC and higher PASP,
suggesting impaired RV function (Supplementary Table 1).

In contrast, LV systolic or diastolic function was not
different between patients with and without mechanical
ventilation therapy.
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Biomarker Levels and Echocardiography in
COVID-19 Patients With CVD
Echocardiographic findings in COVID-19 patients with CVD
stratified by hs-TNI level are shown in Table 3. Patients with
high hs-TNI levels had worse RV function, as evidenced
by lower TAPSE and RVFAC, and higher MPI, whereas
LV diastolic or systolic function did not differ between
patients with and without hs-TNI elevation. Correlations of
hs-TNI level with LV and RV parameters are displayed in
Supplementary Table 2. hs-TNI level negatively correlated
with tricuspid E/A, TAPSE, and RVFAC and positively

correlated with LA and right heart dimension, mitral E/e′,
and RVMPI.

Clinical and Echocardiographic
Characteristics of Survivors and
Non-survivors Among CVD Patients
Clinical characteristics of survivors and non-survivors among
CVD patients are presented in Supplementary Table 3.
Compared with CVD patients who were alive, those who died
were more likely to have been male and have a lower lymphocyte
count, higher levels of biomarkers, more likely to be treated with

TABLE 3 | Clinical and echocardiographic characteristics of COVID-19 patients with CVD stratified by hs-TNI level.

Variables Normal hs-TNI (N = 58) Elevated hs-TNI (N = 31) P-value

Age, years 65 ± 11 68 ± 10 0.185

Male, n (%) 27 (46.6%) 24 (77.4%) 0.003

Body mass index, kg/m2 23.8 ± 2.9 24.2 ± 3.3 0.629

Heart rate, beats/min 88 ± 17 91 ± 15 0.426

Respiratory rate, times/min 25 ± 6 25 ± 7 0.637

Systolic arterial pressure, mm Hg 139 ± 18 134 ± 16 0.216

Diastolic arterial pressure, mm Hg 83 ± 13 80 ± 13 0.236

CK-MB, U/L 10 (7, 14) 22 (13, 33) 0.072

BNP, pg/ml 53.2 (26.6, 111.8) 138.6 (86.9, 279) 0.062

CRP, mg/L 16.2 (4.2, 16.2) 62.9 (22.7, 124.5) 0.002

PCT, ng/ml 0.07 (0.05, 0.11) 0.21 (0.08, 0.40) 0.003

IL-6, pg/ml 4.5 (3.0, 14.8) 14 (10.5, 71) 0.126

D-dimer, mg/L 0.9 (0.3, 2.1) 1.7 (0.9, 3.0) 0.262

Left heart

LA dimension, mm 35.7 ± 5.2 38.6 ± 6.5 0.029

LV dimension, mm 45.7 ± 4.9 45.8 ± 5.3 0.913

IVS, mm 9.8 ± 1.2 9.7 ± 1.5 0.653

PW, mm 9.0 ± 1.4 9.4 ± 1.3 0.206

LVMI, g/m2 87.4 ± 20.5 90.2 ± 28.3 0.628

Mitral E/A 0.82 ± 0.29 0.97 ± 0.38 0.050

Mitral E/e′ 9.1 ± 3.0 10.5 ± 3.9 0.084

LVEDVI, ml/m2 53.0 (42.1, 68.8) 53.5 (45.5, 62.5) 0.079

LVESVI, ml/m2 21.6 (16.0, 31.1) 23.4 (15.0, 25.3) 0.061

LVEF, % 61.6 ± 8.9 64.2 ± 6.8 0.203

Right heart

RA dimension, mm 35.6 ± 4.6 38.1 ± 6.1 0.038

RV dimension, mm 34.2 ± 5.3 36.1 ± 6.0 0.134

Tricuspid E/A 0.92 ± 0.30 0.92 ± 0.30 0.985

Tricuspid E/e′ 4.8 ± 2.2 5.5 ± 2.4 0.147

TAPSE, mm 22.2 ± 3.7 20.1 ± 3.3 0.013

RVFAC, % 47.2 ± 6.1 43.6 ± 5.0 0.020

S′, cm/s 13.5 ± 3.3 13.4 ± 2.8 0.855

RV MPI 0.45 ± 0.14 0.54 ± 0.17 0.018

PASP, mmHg 32 (26, 40) 47 (34, 56) 0.009

Data are mean ± SD, n (%), median (IQR). hs-TNI elevation was defined as higher than 26.5 ng/L.

SD, standard deviation; IQR, interquartile range. BNP, B-type natriuretic peptide; CK-MB, creatine kinase muscle-brain; CRP, C-reactive protein; hs-TNI, high-sensitivity troponin I;

IL-6, interleukin-6; PCT, procalcitonin; COVID-19, coronavirus disease 2019; CVD, cardiovascular disease; IVS, interventricular septum; LA, left atrium; LV, left ventricular; LVEDVI, left

ventricular end diastolic volume index; LVEF, left ventricular ejection fraction; LVESVI, left ventricular end systolic volume index; LVM, left ventricular mass; MPI, myocardial performance

index; PW, posterior wall of left ventricle; RA, right atrium; RV, right ventricular; RVFAC, right ventricular fractional area change; RV MPI, RV myocardial performance index; TAPSE,

tricuspid annular plane systolic excursion; PASP, pulmonary artery systolic pressure.
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glucocorticoids, intravenous immune globulins, anticoagulants,
diuretics, high-flow oxygen, and mechanical ventilation, and had
a higher rate of admission to the ICU. Among the complications,
acute kidney injury, acute heart injury, ARDS, coagulation
dysfunction, and DVT were more common in non-survivors
than survivor.

Echocardiographic characteristics of survivors and non-
survivors among CVD patients are depicted in Table 4.
Compared with survivors, non-survivors had enlarged left atrial
size, lower RV function, and higher PASP, while LV systolic
or diastolic function was similar between survivors and non-
survivors. Of these non-survivors, 12/20 (60%) patients had RV
dysfunction, while only 1/20 (5%) had LV diastolic dysfunction.

Predictors of Mortality in COVID-19
Patients With CVD
LV and RV function parameters were studied by a receiver
operating characteristic (ROC) analysis to evaluate the
probability of mortality. RV functional indices were associated
with a higher risk of mortality in COVID-19 patients with CVD
(Figure 2). Area under the curve was 0.74 for RVFAC and 0.81
for TAPSE.

Kaplan–Meier survival curves for mortality are displayed
Figures 3A,B. When stratified by cutoff values, RVFAC <44.3%
or TAPSE <18.6mm was associated with higher mortality (p
< 0.001). To determine the relationship between levels of hs-
TNI, RV function parameters, and mortality, a contour plot was
performed. Our findings revealed that decreased RV function was
associated with increased mortality, which was pronounced in
patients with higher levels of hs-TNI (Figures 3C,D).

In univariate and multivariate Cox analysis, higher level of hs-
TNI, TAPSE, and RVFAC were independent predictors of higher
risk of mortality (Figures 4, 5). To determine the incremental
prognostic value of TAPSE over RVFAC and clinical variables
in COVID-19 patients with CVD, a likelihood ratio test was
performed. Figure 6 compares the additional chi-square statistic
value of TAPSE and RVFAC to increase predictive value for
mortality. After the addition of RVFAC to the baseline model,
an increase in the chi-square value was observed (chi-square
difference = 4.9; p = 0.027). After the addition of TAPSE to the
baseline model, an increased chi-square value was noted (chi-
square difference= 10.4; p= 0.001). The incremental chi-square
value of TAPSE was higher than that of RVFAC, demonstrating
the additional prognostic value of TAPSE in COVID-19 patients

TABLE 4 | Echocardiographic characteristics of COVID-19 patients with CVD stratified by vital status.

With CVD (n = 89) Survivors (n = 69) Non-survivors (n = 20) P-value

Left heart

LA dimension, mm 36.7 ± 5.9 36.2 ± 6.2 38.3 ± 4.3 0.035

LV dimension, mm 45.7 ± 5.0 46.0 ± 5.1 44.9 ± 4.6 0.460

IVS, mm 9.7 ± 1.3 9.9 ± 1.3 9.4 ± 1.3 0.230

PW, mm 9.2 ± 1.4 9.1 ± 1.4 9.3 ± 1.2 0.853

LVMI, g/m2 88.4 ± 23.4 90.8 ± 24.6 80.4 ± 17.4 0.141

Mitral DT 206 ± 53 210 ± 54 187 ± 45 0.142

Mitral E/A 0.88 ± 0.33 0.80 (0.67, 1.00) 0.72 (0.67, 0.80) 0.110

Mitral E/e′ 9.7 ± 3.4 9.7 ± 3.5 9.7 ± 3.0 0.713

LVEDVI, ml/m2 53.5 (43.0, 64.7) 52.4 (40.3, 67.2) 53.6 (46.4, 59.4) 0.257

LVESVI, ml/m2 21.7 (15.6, 28.1) 20.9 (15.8, 28.1) 23.4 (14.6, 29.8) 0.505

LVEF, % 62.5 ± 8.3 61.7 ± 8.6 65.4 ± 6.6 0.083

Moderate-severe MR, n (%) 5 (5.6%) 2 (2.8%) 3 (15%) 0.073

Right heart

RA dimension, mm 36.6 ± 5.3 36.0 ± 5.1 38.1 ± 5.8 0.136

RV dimension, mm 34.9 ± 5.6 33.4 ± 5.1 36.7 ± 6.7 0.198

Tricuspid E/A 0.92 ± 0.29 1.0 ± 0.33 1.06 ± 0.24 0.502

Tricuspid E/e′ 5.7 ± 1.7 5.9 ± 2.0 5.4 ± 1.3 0.618

TAPSE, mm 21.5 ± 3.7 22.2 ± 3.5 19.1 ± 3.1 0.002

RV FAC, % 46.0 ± 5.3 47.2 ± 5.6 41.6 ± 5.5 0.001

S′, cm/s 13.4 ± 3.1 13.6 ± 3.3 12.9 ± 2.7 0.340

RV MPI 0.48 ± 0.16 0.46 ± 0.15 0.54 ± 0.19 0.045

Moderate-severe TR, n (%) 5 (5.6%) 3 (4.3%) 2 (10%) 0.313

PASP, mmHg 42 (27, 50) 33 (27, 43) 48 (34, 59) 0.042

Values are mean ± SD, n (%), median (interquartile range).

COVID-19, coronavirus disease 2019; DT, deceleration time; IVS, interventricular septum; LA, left atrium; LV, left ventricular; LVEDVI, left ventricular end diastolic volume index; LVESVI,

left ventricular end systolic volume index; LVEF, left ventricular ejection fraction; LVM, left ventricular mass; MR, mitral regurgitation; RA, right atrium; RV, right ventricular; TAPSE, tricuspid

annular plane systolic excursion; RV FAC, RV fractional area change; RV MPI, RV myocardial performance index; TR, tricuspid regurgitation; PASP, pulmonary artery systolic pressure;

PW, posterior wall of left ventricle.
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FIGURE 2 | Receiver operating characteristic curves of RVFAC and TAPSE for

adverse clinical outcome. RVFAC, right ventricular fractional area change;

TAPSE, tricuspid annular plane systolic excursion.

with CVD. Moreover, the model with TAPSE (AIC = 129, C
index= 0.86) was the best in predicting mortality compared with
those with RVFAC (AIC = 137, C index = 0.84), and baseline
model (AIC= 138, C index= 0.81).

DISCUSSION

To the best of our knowledge, this may be the first study
describing the echocardiographic features and its prognostic
value in patients with COVID-19 and CVD. COVID-19
patients with CVD displayed poorer LV diastolic and RV
function than non-CVD patients. The most common cardiac
abnormality in CVD patients was RV dysfunction, followed
by LV diastolic dysfunction and LV systolic dysfunction.
Furthermore, diminished RV function was associated with higher
mortality in CVD patients, suggesting that RV measurements
may be important for detecting COVID-19 patients with CVD
who are at higher risk of mortality.

COVID-19 Patients With CVD and Cardiac
Injury
Consistent with a previous study, we found that COVID-19
patients with CVD had a significantly higher mortality compared
to those without (11). The mechanism of poor outcomes in
patients of COVID-19 with CVD remains unknown. Previous
reports suggest that coronavirus viral infections may trigger
cardiovascular events and exacerbate heart failure (11–13).
Direct viral damage, aggravation of a systemic inflammatory
response, and hypoxemia may result in cardiac injury. Our study
showed that COVID-19 patients with pre-existing CVD are more

susceptible to cardiac injury. Furthermore, CVD patients with
hs-TNI elevation are more likely to develop severe illness. Prior
studies demonstrated that cardiac injury was associated with poor
clinical outcome, irrespective of a history of CVD (3, 14, 15).
In the present study, CVD patients who died had a significantly
higher incidence of cardiac injury compared to those who were
alive. Moreover, our results further revealed that the level of hs-
TNI could help identify patients at higher risk and requiring
earlier or more aggressive treatment strategies.

Cardiac Characteristics of COVID-19
Patients With CVD
Our study showed that patients with COVID-19 infection and
underlying CVD had impaired LV diastolic function. This is in
keeping with the study of Li et al., which demonstrated that only
subclinical LV diastolic impairment was identified in patients
with severe acute respiratory syndrome (16). In line with the
results of Inciardi et al. (6), no difference was observed in LVEF
between patients with or without CVD. Furthermore, LVEF
was preserved in the majority of hospitalized CVD patients, in
agreement with the results of Churchill et al., demonstrating that
LVEF was normal/hyperdynamic in most patients with COVID-
19 (17). Several case reports also demonstrate that the majority of
patients with uncomplicated myocarditis displays normal cardiac
function (17–19). In addition, diminished RV performance was
the most common in patients with CVD, consistent with recent
reports in unselected COVID-19 patients (20–22).

Generally, the etiology of RV dysfunction in COVID-19
infection has not been well-established. In addition tomyocardial
injury, it is though that the RV dysfunction may be reflective
of conditions that can increase RV afterload during this
viral infection, including hypoxic pulmonary vasoconstriction,
hypercarbia, excessive positive end-expiratory pressure (PEEP),
pneumonia, elevated left atrial pressure, or combination of
all these factors (21). In a recent study of 26 symptomatic
patients with COVID-19 infection (and without a history of
coronary artery disease or myocarditis), Huang et al. investigated
cardiac involvement using magnetic resonance imaging and
found that 58% of patients displayed impaired RV function (23).
Furthermore, myocardial edema and fibrosis were observed in
these patients. Indeed, 30% of COVID-19 patients with CVD
required mechanical ventilation at the time of echocardiogram.
RV dysfunction has been demonstrated to be a complication of
hypoxemic injury including ARDS andmay deteriorate following
mechanical ventilation due to the presence of higher PEEP
causing higher RV afterload (24, 25). Importantly, we noticed
that LV diastolic and RV function was further diminished
in patients with CVD compared with those without. Recent
evidence suggests that patients with CVD are more likely to
develop severe and critical illness that may partially explain
why these patients present with worsening cardiac function (3).
Another possible explanation may be that SARS-CoV-2 infection
might aggravate a pre-existing cardiovascular condition (26). The
poorer cardiac function in COVID-19 patients with CVD may
alert physicians to pay greater attention to the management of
these patients.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 March 2021 | Volume 8 | Article 642973436

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


Li et al. Cardiac Features in COVID-19 and CVD

FIGURE 3 | Kaplan–Meier plots and contour plots of survival probability in hospitalized COVID-19 patients with CVD. (A,B) Survival significantly declined with

diminished TAPSE and RVFAC. (C,D) Decreased TAPSE and RVFAC were associated with higher mortality, which were pronounced in patients with higher levels of

hs-TNI. RVFAC, right ventricular fractional area change; TAPSE, tricuspid annular plane systolic excursion; hs-TNI, high-sensitivity troponin I.

FIGURE 4 | Univariate Cox regression analysis of clinical and echocardiographic parameters. Forest plot for association of clinical and echocardiographic parameters

with mortality. Impact of clinical and echocardiographic indicators on mortality in COVID-19 patients with CVD. ACE-I, angiotensin-converting enzyme inhibitors; ARB,

angiotensin II receptor blockers; CI, confidence interval; COVID-19, coronavirus disease 2019; CVD, cardiovascular disease; DM, diabetes mellitus; FIO2, fraction of

inspiration oxygen; hs-TNI, hypersensitive troponin I; LVEF, left ventricular ejection fraction; RVFAC, right ventricular fractional area change; TAPSE, tricuspid annular

plane systolic excursion; PaO2, partial pressure of oxygen.
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FIGURE 5 | Multivariate Cox regression analysis of clinical and echocardiographic parameters. Forest plot for association of clinical and echocardiographic

parameters with mortality. Impact of clinical and echocardiographic indicators on mortality in COVID-19 patients with CVD. CI, confidence interval; COVID-19,

coronavirus disease 2019; CVD, cardiovascular disease; hs-TNI, hypersensitive troponin I; RVFAC, right ventricular fractional area change; TAPSE, tricuspid annular

plane systolic excursion.

FIGURE 6 | Likelihood ratio test for the incremental prognostic value of

TAPSE. The incremental value of TAPSE over clinical and RVFAC for the

prediction of mortality. RVFAC, right ventricular fractional area change; TAPSE,

tricuspid annular plane systolic excursion; hs-TNI, high-sensitivity troponin I.

Prognostic Value of Echocardiographic
Parameters in COVID-19 Patients With CVD
Considering that patients with COVID-19 infection and
underlying CVD are more likely to have a more severe course
of their illness and a poorer clinical outcome, it is imperative
to identify this high-risk group for consideration of earlier or
more intensive therapy. Thus far, some prognostic indicators
of poor outcome, in particular elevated level of hs-TNI, have
been recognized (3, 27, 28). Our current study not only
verified the role of these previously reported risk prognosticators
but also reported the novel and additive prognostic value of
RV measurements in patients with COVID-19 infection and
underlying CVD.

In our study, patients found to have reduced RV function
by echocardiography were at higher risk of deterioration and
death. Our results demonstrate that RV function serves as
a novel imaging biomarker that predicts higher mortality in
patients with COVID-19 infection and underlying CVD. These
findings were consistent with our previous work showing that
RV dysfunction predicted poorer outcome in unselected patients
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with COVID-19 (with or without CVD) (25). Similarly, in a
recent study of 110 patients with COVID-19, Argulian et al.
demonstrated that RV dilation was an independent predictor of
in-hospital mortality (29). Importantly, our study reveals that
TAPSE appears to be the best predictor of higher mortality
compared with RVFAC and other clinical variables. RVFAC
depends on imaging quality, resulting in relatively poor inter-
and intraobserver reproducibility in subjects with suboptimal
endocardial definition. In contrast, TAPSE is less dependent
upon image quality, is simple to perform, and is reproducible.
TAPSE is widely used on a daily basis in most echocardiographic
laboratories. Considering the reduced time of exposure during
echocardiographic examination in patients with COVID-19, the
present study revealed the key clinical implication of TAPSE, as
it can be easily obtained during bedside echocardiography. Our
results highlights that the additional prognostic value of TAPSE
over the other clinical parameters and RVFAC is important for
risk stratification in COVID-19 patients with CVD.

Limitations
Although our results demonstrated the presence of cardiac
impairment in COVID-19 patients with underlying CVD, the
time course for the development of these cardiac abnormalities
remained unknown, as we did not have serial echocardiography
available for these patients. Another limitation to consider is
that although RV functional parameters were revealed to be
important predictors of risk in this study, we only carried out the
basic, commonly used measures of RV function such as TAPSE
and RVFAC (30), as opposed to more advanced measures such as
RV myocardial strain and RV three-dimensional imaging, which
are now recommended for consideration by the ASE (31) and
EACVI (32).

Finally, the main limitation of our study was that it was a
single-center study, with a relatively limited sample size and a
homogenous population. As a center designated to treat patients
with COVID-19 in our region, our study subjects may not be
representative of populations elsewhere, limiting extrapolation
of our results. Future studies, involving larger sample sizes,
multiple centers, and international collaboration, are needed
to determine the true prognostic value of echocardiographic
parameters in patients with COVID-19 infection and allow for
further refinement of stratification by determinants such as sex,
age, and ethnicity.

CONCLUSIONS

Right ventricular dysfunction is more common than LV
dysfunction among COVID-19 patients with underlying CVD.
Importantly, RV function parameters are associated with higher

mortality, suggesting that RV measurement may serve as a novel
imaging biomarker for the risk stratification of patients with
COVID-19 infection and underlying CVD. The study highlights
the importance of bedside cardiovascular ultrasound in the
assessment and prognostication of hospitalized patients with
COVID-19 infection.
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BACKGROUND

In the wake of the first wave of the ongoing global pandemic, it has become imminently clear
that coronavirus disease 2019 (COVID-19) has brought with it a whole new clinical syndrome:
“long COVID” (1, 2). Hence, after recovery from the acute viral infection, a remarkably large
proportion of patients, who initially coined themselves “long haulers” in social media-based patient
communities for COVID-19 survivors suffer from persistent and often invalidating symptoms,
including dyspnoea, chest pain, tachycardia, post-viral brain fog, exercise intolerance, and extreme
fatigue to mention a few (3, 4). According to recent studies ∼10% of all individuals infected with
the causative acute respiratory syndrome-coronavirus-2 (SARS-CoV-2), and as many as nine out
of 10 patients that have required hospitalization because of COVID-19 develop long COVID that
persists for at least 4 months, according to the currently available data (4). Time will tell whether
the symptoms associated with long COVID are transient or ever-lasting phenomena.

Long COVID will expectedly have a huge impact on the morbidity burden and quality of
life in many COVID-19 survivors in the future, and when considering the extent of the global
pandemic with currently more than 40 million verified cases, it will expectedly have substantial
consequences, both in terms of economic cost and health care capacity throughout the world.
It is thus widely recognized that there is an impending need for implementing evidence-based
patient-tailored safe and effective rehabilitation schemes, but due to the paucity of data on this,
the structure and specificity of such schemes remain obscure. While it is widely recognized that
some exercise is better than none and more intense exercise is superior to less intense exercise,
opinion papers and guidelines published over the past year have consistently refuted high-intensity
interval training (HIIT) as an option for rehabilitation after COVID-19 (5–10). On the basis of the
known pathophysiology of COVID-19 and the physiological effects of HIIT, we will however argue
in favor of the opposite stand, that is, that HIIT should be considered as one of the rehabilitation
interventions of choice for alleviating or even reversing the symptoms of long COVID.

COVID-19 IS (ALSO) A VASCULAR DISEASE

Even though COVID-19 is primarily a viral pneumonia, its multiorgan involvement, both in
the acute phase and when considering the persistent systems in long COVID, stresses that
this is far from the whole story. Over the past months, several studies have highlighted
the presence of a substantial vascular component in the pathophysiology of the disease
(11–14). Indeed, COVID-19 is associated with severe vascular inflammation, both in the
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pulmonary and extrapulmonary vasculature, both on the
macro- and microvascular level (11). This involves diffuse
endothelial damage with pyroptosis and apoptosis as well as a
procoagulant change of the vascular endothelium. Consequently,
both pulmonary and extrapulmonary thromboembolism are
common complications, that may both determine the initial
clinical presentation and the long-term consequences of COVID-
19 in many patients (15).

The main mechanisms of the universal vascular component of
COVID-19 may both involve the mode of entry of the virus into
host cells and the immune response to the virus. The causative
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) invades host endothelial cells through endocytosis which is
facilitated by the angiotensin converting enzyme 2 receptor and
the transmembrane protease serine 2 which are expressed in
practically all organs throughout the body (16).

In terms of the immune response, a type 3 hypersensitivity
reaction has been reported to contribute to vascular
inflammation in COVID 19, at least in some cases (17).
This type of immune reaction takes place when an excess or
slight excess of soluble antigens lead to the accumulation of
immune complexes, which then precipitate inside the tissues,
in particular blood vessels, where they may cause so-called
“leukocytoclastic vasculitis,” which is a procoagulant condition
that affects both the macro- and microvasculature.

Another immune mechanism, which is probably important
regardless of whether a type 3 reaction takes place, is the highly
proinflammatory cytokine response to SARS-CoV-2, which is
prominent both in milder and very severe cases, and which some
have designated a “cytokine storm” (18, 19). This involves vast
elevations in the classical pro-inflammatory cytokines, TNF-α
and IL-1β, which have prominent effects on the endothelium.
Hence, TNF-α facilitates the development of a procoagulant
endothelium by increasing the expression of endothelial cellular
adhesion molecules and genes critical for coagulation, such
as tissue factor and decreased thrombomodulin, resulting in
a pro-thrombotic state (20, 21). Moreover, TNF-α suppresses
endothelial nitric oxide synthase and cyclooxygenase 1, which
further compounds endothelial dysfunction (22). Furthermore,
IL-1β, which is a downstream cytokine of TNF-α in the
initial cytokine cascade triggered by an invading pathogen, is a
potent trigger of vascular inflammation, among other things by
enhancing monocyte and leukocyte infiltration in the vascular
wall. This has most convincingly been demonstrated in studies
of infants with non-functional IL-1 receptor antagonist (IL-1ra)
function and thus uninhibited IL-1β signal transduction, which
leads to severe universal vasculitis (23, 24).

In the following sections we will argue that because the
multiorgan involvement of COVID-19 may largely reflect
universal vascular inflammation, HIIT is an alluring contender
for alleviating and perhaps preventing long COVID.

THE ANTI-INFLAMMATORY EFFECT OF
EXERCISE

Physical exercise is a fundamental physiological stressor that
is capable of inducing ubiquitous adaptations in nearly all

cells, in nearly all tissues and organs (25). This involves the
skeletal muscle “secretome” of myokines that are released from
contracting skeletal muscle, and which exerts various functions
through autocrine, paracrine, and endocrine functions, including
marked immunomodulatory effects (Figure 1) (26). To this end,
the low-grade inflammation, which is a common manifestation
of aging has been demonstrated to be reversed by exercise of both
moderate to strenuous intensity in randomized controlled trials
in the elderly (27). Of note, IL-6 is the first detectable myokine
released into the bloodstream during exercise. This is triggered
by contraction-induced glycogen depletion in skeletal muscle and
its concentration in blood increases exponentially depending on
the intensity and duration of exercise (25). Therefore, exercise
modalities involving large muscle groups produce the greatest
IL-6 response. HIIT regimens or marathons can result in IL-6
increase of 100-fold, although increases of 2–10-fold are more
common in exercise regimes of more moderate intensity or
duration (28).

Once released, recent studies indicate that IL-6 directly
stimulates cardiac exercise adaptations (29) and also affects the
vasculature by mobilizing natural killer and dendritic cells to
the blood stream (30), which are critically involved in viral
clearance. The principal immunomodulatory function of IL-
6 released during exercise is however to stimulate the release
of IL-10 and IL-1ra by monocytes (31), while also reducing
the expression of genes encoding several pro-inflammatory
cytokines, including TNF-α and IL-1β. IL-10 also directly
inhibits the synthesis of TNF-α (32) while IL-1ra inhibits IL-
1β signaling. Additionally, IL-10 negatively interferes with tissue
factor expression, thus exerting an anti-coagulant effect in the
vasculature (Figure 1) (33).

By increasing viral clearance, while also aberrating TNF-α and
IL-1β signaling, and alleviating the associated procoagulant state,
exercise may thus reduce vascular inflammation in COVID-19.

HIIT: IS IT EFFECTIVE AND/OR SAFE IN
COVID-19?

Given that the anti-inflammatory effects of exercise depends
critically on the intensity of exercise, intense modalities that
involve large muscle groups, such as HIIT protocols, have the
potential to produce marked anti-inflammatory effects in target
tissues in a time-efficient fashion (28, 34, 35).

HIIT has become increasingly popular in various
rehabilitation schemes in patients with lung diseases, mostly
because patients with respiratory symptoms are often unable to
engage in classical continuous exercise regimens at an intensity
sufficient to induce a training adaptation, but during HIIT
relatively high intensities are often tolerated (36). Another
advantage of HIIT, which is also a benefit in the scientific
study of exercise adaptations, is its highly standardized and
reproducible nature and that it evokes measurable physiological
adaptations much faster than continuous training, i.e., within
2 weeks in healthy volunteers (36). Hence, although an acute
HIIT bout elicits apparently similar plasma IL-6 as an iso-
energetic continuous exercise bout, the higher intensities
and total workloads that may be tolerated during HIIT in
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FIGURE 1 | High-intensity interval training (HIIT)-induced myokines (IL-6, IL-10 and IL-1Ra) may counter-act systemic vasculitis through an anti-inflammatory

response, namely inhibition of TNFα and IL-1β-mediated activation of pro-coagulant and pro-inflammatory pathways. Clipart provided by Servier Medical Art (60).

various disease states compounds the exercise-induced anti-
inflammatory effects (37, 38). Hence, HIIT has been shown to
reduce disease-related TNF-α in an animal model of diabetes
(39), and furthermore has specific suggested effects related
to vascular inflammation, including reduced chemokine
chemotaxis and enhanced endothelial repair reported in reviews
and meta-analyses conducted on diverse populations of both
normal overweight and obese individuals (40–42). This may
both reflect the imminent effects of the high-intensity intervals
on the IL-6 response as well as on the vasculature per se, i.e.,
due to the pronounced changes in vascular shear stress between
intervals (43).

Of all the potential exercise interventions that may
be prescribed in COVID-19, HIIT is nonetheless the
most controversial. Several aspects of HIIT have been
highlighted to disfavor it in this context, including presumed
immunosuppressive effects that could increase viral susceptibility
and decrease viral clearance (5, 44) and the potential risk of
sudden cardiac arrest due to COVID-19-induced residual

cardiovascular pathology (45). Due to the latter, the American
College of Sports Medicine (ASCM) and experts endorsed by
the section of Sports Cardiology & Exercise of the European
Association of Preventive Cardiology (EAPC) have recommend
that even athletes accustomed to high exercise intensities
should resume to exercise only after a complete cardiovascular
evaluation and in a gradual manner following a COVID-19
infection (6–10).

Concerns relating to viral susceptibility and clearance are
directly contradicted by the known effects of exercise on
immune function, including the effects on NK and dendritic cells
described above (30). Accordingly, others have also stressed the
potential of HIIT as ameans to enhance immune surveillance and
regulation while also exerting anti- rather than pro-inflammatory
effects in COVID-19 survivors (46, 47).

In terms of the concerns of increasing the risk of
adverse cardiovascular outcomes by HIIT in COVID-19
survivors, other reports suggest otherwise (48). Hence, a
recent, admittedly small retrospective study of 28 discharged
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COVID-19 survivors reported that rehabilitation triggered by
HIIT, with endurance training at the maximum tolerated
exercise load was both safe and feasible (49). To this end
HIIT has successfully been implemented as a rehabilitation
strategy in other “high risk” populations, as demonstrated in
larger studies on patients at risk or with prevalent ischaemic
heart disease, heart failure, chronic obstructive pulmonary
disease, cystic fibrosis, and asthma with effects on parameters
such as cardiorespiratory fitness (VO2 peak) and exercise
capacity with few reports of severe adverse events, even in
patients with left ventricular assist devices (36, 41, 50–59).
The rate of cardiovascular complications has been reported
of 1 per 23,182 h of high-intensity exercise (51) and later
studies have confirmed that HIIT is safe in patients with
cardiovascular disease (53). As of now, no studies have thus
provided any documentation to indicate that high intensity
exercise regimes such as HIIT are not safe in COVID-
19 survivors.

CONCLUSION

While the major focus in handling the burgeoning COVID-19
pandemic has hitherto been on reducing the spread of disease
and mortality rates, the startlingly high prevalence and severity

of long COVID in survivors heralds an aftermath of similar
proportions. This may put health care systems throughout the
world on the spot in the years to come, and clinical studies that
seek to identify and implement effective rehabilitation strategies
are thus of utmost importance.We thus believe that the following
questions should be addressed by such studies in the very near
near future: “When should HIIT be initiated in COVID-19
patients?,” “Which specific HIIT protocol should be instigated in
COVID-19 patients?” and “What are the effects on HIIT-based
rehabilitation on cardio-pulmonary function, symptom burden,
and quality of life in patients with long COVID?”. HIIT may
comprise a valuable component of the rehabilitation intervention
in this context, given that its anti-inflammatory effects may
target the prominent disease-specific vascular inflammation that
is likely a substantial pathogenetic component of the “long haul”
of COVID-19.
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Coronavirus disease, first detected in late 2019 (COVID-19), has spread fast throughout

the world, leading to high mortality. This condition can be diagnosed using RT-PCR

technique on nasopharyngeal and throat swabs with sensitivity values ranging from 30 to

70%. However, chest CT scans and X-ray images have been reported to have sensitivity

values of 98 and 69%, respectively. The application of machine learning methods on CT

and X-ray images has facilitated the accurate diagnosis of COVID-19. In this study, we

reviewed studies which usedmachine and deep learning methods on chest X-ray images

and CT scans for COVID-19 diagnosis and compared their performance. The accuracy

of these methods ranged from 76% to more than 99%, indicating the applicability of

machine and deep learning methods in the clinical diagnosis of COVID-19.

Keywords: COVID-19, machine learning, detection, biomarker, X-ray image

INTRODUCTION

First identified in Wuhan, China, severe pneumonia caused by Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) quickly spread all over the world. The resultant
disorder was named coronavirus disease (COVID-19) (1, 2). COVID-19 has various clinical
symptoms, including fever, cough, dyspnea, fatigue, myalgia, headache, and gastrointestinal
complications (3–5). Diagnosis of COVID-19 infection through RT-PCR on nasopharyngeal
and throat swab samples has been reported to yield positive results in 30–70% of cases
(6, 7). On the other hand, chest CT scans and X-ray images have been reported to have
sensitivity values of 98 and 69%, respectively (7–9). The most typical radiological signs in these
patients include multifocal and bilateral ground-glass opacities and consolidations, particularly
in the peripheral and basal sites (10). However, interpretation of the results of these imaging
techniques by expert radiologists might encounter some problems leading to reduced sensitivity
(11). Artificial intelligence has recently gained the attention of both clinicians and researchers
for the appropriate management of the COVID-19 pandemic (12). As an accurate method,
artificial intelligence is able to identify abnormal patterns of CT and X-ray images. Using
this method, it is possible to assess certain segment regions and take precise structures in
chest CT images facilitating diagnostic purposes. Artificial intelligence methods have been
shown to detect COVID-19 and distinguish this condition from other pulmonary disorders
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and community-acquired pneumonia (13). Both deep learning
and machine learning approaches have been used to predict
different aspects of the COVID-19 outbreak. Support vector and
random forest are among the most applied machine learning
methods, while Convolutional Neural Network (CNN), Long
Short-Term Memory (LSTM), Generative Adversarial Networks
(GAN), and Residual Neural network are among the deep
learning methods used in this regard (14). In this study, we
reviewed studies which used machine and deep learning methods
on chest X-ray images and CT scans for the purpose of COVID-
19 diagnosis and compared their performance.

METHODS

Search Strategy
The research question was: “What are the applications of
machine learning techniques and their performances in COVID-
19 diagnosis using X-ray images?”. The search of the present
review was based on the PICO elements, which were as follows:

• P (Problem/Patient/Population): Patients’ CT scans and
Chest X-rays.

• I (Intervention/Indicator): Machine/deep learning models
for diagnosis of Covid-19 patients

• C (Comparison): Ground truth or reference standards
• O (Outcome): Performance measurements including

accuracy, AUC score, sensitivity, and specificity.

In other words, we were looking for publications that
evaluated the performance of any machine learning or deep
learning approaches based on inclusion and exclusion criteria.
Studies that used other types of medical image modalities
(e.g., ultrasound images) were excluded. An electronic search
was conducted on PubMed, Google Scholar, Scopus, Embase,
arXiv, and medRxiv for finding the relevant literature. Duplicate
studies were removed. Studies that were cited within the
retrieved papers were reviewed for finding missing studies. For
identifying proper journal papers and conference proceedings,
investigators screened the title and abstracts based on inclusion
and exclusion criteria independently. Finally, considering the
inclusion and exclusion criteria, investigators identified the
eligible publications in this stage independently.

Inclusion Criteria
The following inclusion criteria were used in the selection of
the articles: (1) Studies that applied machine learning or deep
learning algorithms, (2) Studies that evaluated the measurement
of model outcomes in comparison with ground truth or gold
standards, and (3) Studies that used algorithms to analyze
radiographic images (CT scan, Chest X-ray, etc.).

Exclusion Criteria
The following studies were excluded: (1) Studies that used any
machine learning or deep learning approaches for problems
not directly related to the COVID-19 imaging, (2) Studies that
used other artificial intelligence techniques or classic computer
vision approaches, (3) Studies that did not provide a clear
explanation of the machine learning or deep learning model

that was used to solve their problem, and (4) Review studies.
The latter were excluded as we did not aim to review the data
on an original level without any second-hand interpretations
(summation, inferences, etc.).

Figure 1 shows the flowchart of the study design.

RESULTS

We obtained 105 studies that used machine or deep learning
methods to assess chest images of COVID-19 patients. These
studies have used different analytical methods. For instance,
Ardakani et al. (15) have assessed radiological features of
CT images obtained from patients with COVID-19 and non-
COVID-19 pneumonia. They used decision tree, K-nearest
neighbor, naïve Bayes, support vector machine, and ensemble
classifiers to find the computer-aided diagnosis system with
the best performance in distinguishing COVID-19 patients
from non-COVID-19 pneumonia. They reported that site and
distribution of pulmonary involvement, the quantity of the
pulmonary lesions, ground-glass opacity, and crazy-paving as
the most important characteristics for differentiation of these
two sets of patients. Their computer-aided diagnosis method
yielded the accuracy of 91.94%, using an ensemble (COVIDiag)
classifier. Alazab et al. (16) have developed an artificial-
intelligence method based on a deep CNN to evaluate chest X-
ray images and detection of COVID-19 patients. Their method
yielded an F-measure ranging from 95 to 99%. Notably, three
predicting strategies could forecast the numbers of COVID-19
confirmations, recoveries, and mortalities over the upcoming
week. The average accuracy of the prediction models were 94.80
and 88.43% in two different countries. Albahli has applied deep
learning-based models on CT images of COVID-19 patients.
He has demonstrated a high performance of a Deep Neural
Network model in detecting COVID-19 patients and has offered
an efficient assessment of chest-related disorders according to
age and sex. His proposed model has yielded 89% accuracy in
terms of GAN-based synthetic data (17). Automatic detection of
COVID-19 based on X-ray images has been executed through the
application of three deep learning models, including Inception
ResNetV2, InceptionNetV3, and NASNetLarge. The best results
have been obtained from InceptionNetV3, which yielded the
accuracy levels of 98.63 and 99.02% with and without application
of data augmentation in model training, respectively (18).
Alsharman et al. (19) have used the CNN method to detect
COVID-19 based on chest CT images in the early stages of disease
course. Authors have reported high accuracy of GoogleNet
CNN architecture for diagnosis of COVID-19. Altan et al. (20)
have used a hybrid model comprising two-dimensional curvelet
transformation, chaotic salp swarm algorithm, and deep learning
methods for distinguishing COVID-19 from other pneumonia
cases. Application of their proposed model on chest X-ray
images has led to accurate diagnosis of COVID-19 patients
(Accuracy = 99.69%, Sensitivity = 99.44% and Specificity =

99.81%). Apostolopoulos et al. (21) have used a certain CNN
strategy, namely MobileNet on X-Ray images of COVID-19
patients. This method has yielded more than 99% accuracy
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FIGURE 1 | PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) chart showing the process of systematic identification, screening, and

selection of articles.

in the diagnosis of COVID-19. In another study, Ardakani
et al. (22) used 10 CNN strategies, namely AlexNet, VGG-
16, VGG-19, SqueezeNet, GoogleNet, MobileNet-V2, ResNet-
18, ResNet-50, ResNet-101, and Xception, to differentiate
COVID-19 cases from non-COVID-19 patients. They have
demonstrated the best diagnostic values for ResNet-101 and
Xception, both of them having area under curve (AUC) values
higher than 0.99 which is superior to the performance of the

radiologist. Das et al. (23) have used the CNN model Truncated
InceptionNet to diagnose COVID-19 from other non-COVID
and/or healthy cases based on chest X-ray. Their suggested
model yielded AUC of 1.0 in distinguishing COVID-19 patients
from combined Pneumonia and healthy subjects. Tables 1, 2
summarize the features of studies which adopted machine
learning methods in CT images and chest X-ray of COVID-19
patients, respectively.
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TABLE 1 | Characteristics of papers that used CT images or a combination of X-ray and CT images.

Author, year Data source Data structure and

size

Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Abbasian et al.

(2020)

Iran University of

Medical Sciences

(IUMS)

306 COVID-19

patients;

306 COVID-19

pneumonia (CT images)

Extracting 20 features of CT

images

Ensemble 91.94% 0.965 93.54% 90.32% (15)

Alsharman et al.

(2020)

“COVID-CT-dataset” CT images Binarization (the separation of

the object and background is

known as Binarization);

Converting input image from 2D

Grayscale to 3D Color

GoogleNet CNN 82.14% (19)

Ardakani et al.

(2020)

Private dataset 108 COVID-19

patients;

86 viral pneumonia

diseases (CT images)

Converted to the gray-scale

Cropped and resized to 60 * 60

pixels

ResNet-101

Xception

Resnet:

99.51%

Xception:

99.02%

(compared to

86.7%

in human)

Resnet: 0.994

Xception:

0.994%

(compared to

0.873

in human)

Resnet:

100%

Xception:

98.04%

(compared to

89.21%

in human)

Resnet:

99.02%

Xception:

100%

(compared to

83.33%

in human)

(22)

Aswathy et al.

(2020)

“National Cancer

Institute and the

Cancer Image Archive”

1,763 normal patients;

63 pneumonia patients

Thresholding;

Texture-based feature

extractionwith a wrapper

CNN 99% – – – (24)

Bai et al. (2020) Private dataset
521 COVID-19

patients;

665 other pulmonary

diseases (CT images)

Lung segmentation;

Generate an 8-bit image for each

axial slice by applying Lung

windowing to the

Hounsfield units

EfficientNet B4 96%

(compared to

85% in

human)

0.95 95%

(compared to

79% in

human)

96%

(compared to

88% in

human)

(11)

Bridge et al. (2020)
“Toy dataset;”

“Italian Society of

Radiology;”

“Shenzhen Hospital

X-Ray dataset;”

“ChestX-Ray8;”

“COVID-CT-Dataset”

129 COVID-19

patients;

62,267 normal

patients;

5,689 pneumonia

patients (X-ray images)

30 COVID-19 patients;

1,919 normal patients

(CT images)

Using the GEV activation

function for unbalanced data

Inception V3 100% – 100% 100% (25)

Butt et al. (2020) Not mentioned
219 images from 110

COVID-19 patients;

399 normal patients

(CT images)

Image processing method base

on HU values

3D CNN – 0.996 98.2% 92.2% (26)
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TABLE 1 | Continued

Author, year Data source Data structure and

size

Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Dey et al. (2020) “COVID-19 CT

segmentation dataset;”

“Chest

X-rays (Radiopaedia)”

200 COVID-19

patients;

200 normal patients

(grayscale lung

CTI images)

Segmenting lung area related to

pneumonia infection;

Extracting CWT, DWT, EWT

features from original image and

Haralick, Hu moments from

binary segmented area

Feature selection based on

statistical tests

KNN 87.75% – 89.00% 86.50% (27)

El Asnaoui et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

Kermany et al. (28)

2,780 Bacterial

pneumonia patients;

1,493 Coronavirus

patients;

231 COVID-19

patients;

1,583 normal patients

(X-ray and CT images)

Intensity Normalization;

Contrast Limited Adaptive

Histogram Equalization

Inception

ResNetV2;

Densnet201

Inception-

ResNetV2:

92.18%

Densnet201:

88.09%

Inception-

ResNetV2:

0.920

Densnet201:

0.879

Inception-

ResNetV2:

92.11%

Densnet201:

87.99%

Inception-

ResNetV2:

96.6%

Densnet201:

94.00%

(29)

Han et al. (2020) “COVID-19 hospitals in

Shandong Province”

79 COVID-19 patients;

100 pneumonia

patients;

130 normal patients

(CT images)

Data augmentation AD3D-MIL 97.9% 0.99 97.9% 97.9% (30)

Harmon et al.

(2020)

Private dataset
386 COVID-19

patients;

1,011 negative

COVID-19 patients

(CT images)

Lung segmentation; clipping

images to HU range (−1,000,

500);

Data augmentation (flipping,

rotation, image intensity and

contrast adjustment, adding

random Gaussian noise);

Hybrid 3D based

on Densnet-121

90.8% – 84% 93% (31)

Hasan et al. (2020) “Radiopaedia and the

cancer imaging archive

websites”

118 COVID-19

patients; 96 pneumonia

patients;

107 normal patients

(CT images)

Histogram

Thresholding;

Dilation;

Hole Filling

LSTM 99.68% – 100% – (32)

(Continued)
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TABLE 1 | Continued

Author, year Data source Data structure and

size

Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Hu et al. (2020) “Hospital of Wuhan

Red Cross Society;”

“Shenzhen Hospital;”

“TCIA dataset;”

“Cancer Centre Archive

(TCIA) Public Access;”

“MD Anderson Cancer

Centre;”

“Memorial

Sloan-Kettering Cancer

Center;”

“MAASTRO clinic”

150 COVID-19

patients;

150 pneumonia

patients;

150 normal patients

(CT images)

Data augmentation CNN 96.2% 0.970 94.5% 95.3% (33)

Jaiswal et al.

(2020)

“The SARS-CoV-2 CT

scan dataset”

1,262 COVID-19

patients; 1,230

non-COVID-19 patients

(CT images)

Data augmentation (rotation up

to 15, slant-angle of 0.2,

horizontal flipping, filling new

pixels as “nearest” for better

robustness)

DenseNet201 96.25% 0.97 96.29% 96.21% (34)

Kang et al. (2020) “Tongji Hospital of

Huazhong University of

Science

and Technology;”

“China-Japan Union

Hospital of Jilin

University;”

“Ruijin Hospital

ofShanghai Jiao

Tong University”

1,495 COVID-19

patients;

1,027

community-acquired

pneumonia (CAP)

patients (CT images)

Normalization;

Standardization

NN 93.90% – 94.60% 91.70% (35)

Lessmann et al.

(2020)

“Emergency wards of

an Academic center

and teaching hospital in

the Netherlands in

March and April 2020”

237 COVID-19

patients;

606 normal patients

(CT images)

Resampling;

Normalization

CORADS-AI – 0.95 85.7% 89.8% (36)

Li et al. (2020) Private 1,296 COVID-19

patients;

1,325—patients;

1,735

community-acquired

(CT images)

Segmenting lung area with U-net COVNet

(ResNet-50)

– 0.96 90% 96% (13)

(Continued)
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TABLE 1 | Continued

Author, year Data source Data structure and

size

Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Li et al. (2020) More than 10 medical

centers between Nov.

11th, 2010 and Feb.

9th, 2020

305 images from 251

COVID-19 patients;

872 images from 869

pneumonia patients;

1,498 images from

1,475 non-pneumonia

patients (CT images)

DL-based algorithm

Image processing method base

on HU values;

Data augmentation

3D ResNet-18 Recall = 88% Precision = 89.6% F1 score = 87.8% (37)

Liu et al. (2020) Private 73 COVID-19 patients;

27 general pneumonia

patients (CT images)

ROI delineation based on

ground-glass opacities (GGOs);

13 gray level co-occurrence

matrix (GLCM) features, 15 gray

level-gradient co-occurrence

matrix (GLGCM) features, and six

histogram features were

extracted;

Feature selection by ReliefF;

An ensemble of

bagged tree (EBT)

94.16% 0.99 88.62% 100% (38)

Mei et al. (2020) Private 419 COVID-19 patients

486 non-COVID-19

patients (CT images)

Selecting pertinent slices by

image segmentation to detect

parenchymal tissue;

Segmenting lung in CT images;

ResNet-18 79.6% 0.86 83.6% 75.9% (39)

Panwar et al.

(2020)

“COVID-chest X-ray;”

“SARS-COV-2

CT-scan;”

“Chest X-Ray

Images (Pneumonia);”

206 COVID-19

patients;

364 Pneumonia

patients (X-ray and

CT images)

– VGG-19 95.61%

(COVID-19

vs.

Pneumonia)

– 96.55%

(COVID-19

vs.

Pneumonia)

95.29%

(COVID-19

vs.

Pneumonia)

(40)

Pathak et al.

(2020)

2 different COVID-19

datasets of chest-CT

images

CT images – Deep bidirectional

long short-term

memory network

with mixture

density network

(DBM)

96.19%

(multi-class)

0.96

(multi-class)

96.22%

(multi-class)

96.16%

(multi-class)

(41)

Pathak et al.

(2020)

“COVID-19 open

datasets of chest CT

images”

413 COVID-19

patients;

439 normal or

pneumonia infected

patients (CT images)

– ResNet-50 93.01% – 91.45% 94.77% (41)

Peng et al. (2020) Collected from PMC 606 COVID-19

patients;

222 Influenza;

397 Normal or other

disease patients

(CT images)

– DenseNet121 – 0.87 72.3% 85.2% (42)

(Continued)
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TABLE 1 | Continued

Author, year Data source Data structure and

size

Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Pu et al. (2020) Private 498 COVID-19

patients;

497

community-acquired

pneumonia (CAP)

(CT images)

Data augmentation [rotation,

translation, vertical/horizontal

flips, Hounsfield Unit (HU) shift,

smoothing (blurring) operation,

Gaussian noise]

3D CNNs 99% 0.7 – – (43)

Raajan et al.

(2020)

X-ray images on public

medical Github

repositories;

Kaggle chest

X-ray database

349 images from 216

COVID-19 patients;

1,341 Normal patients

(CT images)

Normalization ResNet-16 95.09% – 100% 81.89% (44)

Rajaraman et al.

(2020)

“Pediatric CXR

dataset;”

“RSNA CXR dataset;”

“Twitter COVID-19 CXR

dataset;”

“Montreal COVID-19

CXR dataset”

313 COVID-19

patients;

7,595 pneumonia of

unknown type patients;

2,780 bacterial

pneumonia;

7,595 Normal patients

(X-ray images)

Median filtering;

Normalization;

Standardization

Inception-V3 99.01% 0.997 98.4% – (45)

Sakagianni et al.

(2020)

COVID-19 articles on

medRxiv and bioRxiv

349 COVID-19

patients;

397 non-COVID-19

patients (CT images)

– AutoML Cloud

Vision

– 0.94 88.31% – (46)

Sharma (2020) Dataset from Italian

Society of Medical and

Interventional Radiology;

COVID-CT available in

GitHub;

Dataset from hospitals

in Moscow, Russia;

Dataset from SAL

Hospital,

Ahmedabad, India;

800 COVID-19

patients;

600 Viral Pneumonia;

800 normal patients

(CT images)

Ground-glass opacities (GGO),

consolidation and pleural

effusion are the features

ResNet 91% – 92.1% 90.29% (47)

Singh et al. (2020) Not mentioned CT images – Multi-objective

differential

evolution (MODE)

based CNN

90.22% – 91.17% 89.23% (48)

Song et al. (2020) Private (two hospitals in

China);

98 COVID-19 patients;

103 non-COVID-19

pneumonia (CT images)

– BigBiGAN – 0.972 92% 91% (49)

(Continued)
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TABLE 1 | Continued

Author, year Data source Data structure and

size

Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Wang et al. (2020) Private 1,315 COVID-19

patients;

2,406 ILD patients;

936 Normal patients

(CT images)

Lobe Segmentation by 3D-Unet;

Converting CT numbers

to grayscale

PA-66 model 93.3% 0.973 97.6% – (50)

Wang et al. (2020) COVID-19 dataset

(private);

CT-epidermal growth

factor receptor

(CT-EGFR)

dataset (private);

754 COVID-19

patients;

271 bacterial

pneumonia

29 viral pneumonia;

42 Other pneumonia

(CT images)

*The CT-EGFR dataset

was used for auxiliary

training of the

DL system

Lung segmentation;

Using a fully automatic DL model

(DenseNet121-FPN);

suppress the intensities of

non-lung areas inside the

lung ROI;

COVID-19Net

(DenseNet-like

architecture)

Test-set1:

78.32%

Test-

set2: 80.12%

Test-set1:

0.87

Test-

set2: 0.88

Test-set1:

80.39%

Test-

set2: 79.35%

Test-set1:

76.61%

Test-

set2: 81.16%

(51)

Warman et al.

(2020)

“Public sources” 606 COVID-19

patients;

224 viral pneumonias

patients;

74 Normal patients

(CT images)

Data augmentation YOLOv3 model 96.80% 0.966 98.33% 94.95% (52)

Wu et al. (2020) Private 368 COVID-19

patients;

127 other pneumonia

(CT images)

Lung region in each axial,

coronal and sagittal CT slices

were segmented using threshold

segmentation and morphological

optimization algorithms;

The slice with the most pixels in

the segmented lung area from

each of the axial, coronal and

sagittal views was selected as

the inputs of the deep

learning network;

Multi-view fusion

ResNet50

architecture

76% 0.819 81.1% 61.5% (53)

Xu et al. (2020) Private “Hospitals in

Zhejiang Province,

China.”

219 images from 110

COVID-19 patients;

224 Influenza-A viral

pneumonia patients;

175 Normal patients

(CT images)

Image processing method base

on HU values

3D CNN

segmentation

model

86.7% – 86.7% – (54)

(Continued)
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TABLE 1 | Continued

Author, year Data source Data structure and

size

Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Xu et al. (2020) Private 432 COVID-19

patients;

76 other viral

pneumonia;

350 bacterial

pneumonia; 418

normal patients

(CT images)

Sampling 5 subsets of CT slices

from all sequential images of one

CT case to picture the infected

lung regions.

3D-Densenet – 0.98 97.5%

(differentiating

COVID-19

from three

types of non-

COVID-19

cases)

(compared to

79% in

human)

89.4%

(differentiating

COVID-19

from three

types of non-

COVID-19

cases)

(compared to

90% in

human)

(55)

Yan et al. (2020) Private 416 images from 206

COVID-19 patients;

412 common

pneumonia patients

(CT images)

Transferring image slices to JPG;

Normalization

MSCNN 97.7% 0.962 99.5% 95.6% (56)

Yang et al. (2020) Private 146 COVID-19

patients;

149 normal patients

(CT images)

For patients, images containing

round-glasses opacity (GGO),

GGO with consolidation was

selected; for healthy control,

every 3 slices containing

pulmonary parenchyma were

selected;

Lung windowing is performed

over all image slices;

DenseNet 92%

(compared to

95% in

human)

0.98 97%

(compared to

94% in

human)

87%

(compared to

96% in

human)

(57)

Yu et al. (2020) Private 202 COVID-19 patients

(CT images)

– DenseNet-201

with the cubic

SVM model

95.2% 0.99 91.87% 96.87% (58)

Al-Karawi et al.

(2020)

“COVID-CT-Dataset” 275 COVID-19

patients;

195 normal patients

(CT images)

Adaptive winner filter followed by

inversion;

Feature extraction by

the FFT-spectrum

SVM 95.37% – 95.99% 94.76% (59)

Alom et al. (2020) Publicly available

datasets;

“Kaggle repository”

3,875 pneumonia

patients;

1,341 normal patients

(X-Ray images)

178 COVID-19

patients;

247 normal patients

(CT images)

Data augmentation;

Adaptive Thresholding Approach

IRRCNN model;

NABLA-3

network model

X-ray images:

84.67%

CT

images: 98.78%

0.93 – – (60)

Barstugan et al.

(2020)

From the Italian Society

of Medical and

Interventional

Radiology

150 COVID-19 patients

(CT images)

13 features were extracted by

Gray Level Size Zone Matrix

(GLSZM)

SVM 98.77% – 97.72% 99.67% (61)

(Continued)
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TABLE 1 | Continued

Author, year Data source Data structure and

size

Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Chen et al. (2020) Private dataset 25,989 images from 51

COVID-19 patients;

20,107 images from 55

normal patients

(retrospective dataset);

13,911 images from 27

consecutive patients

(prospective dataset)

(CT images)

Filtering Deep learning

model

Retrospective

dataset:

95.24%;

Prospective

dataset:

92.59%

(per patient)

– Retrospective

dataset:

100%;

Prospective

dataset:

100%

(per patient)

Retrospective

dataset:93.55%;

Prospective

dataset:

81.82%

(per patient)

(62)

Farid et al. (2020) Kaggle database 51 COVID-19 patients

(CT images)

Feature extraction (MPEG7

Histogram Filter, Gabor Image

Filter, Pyramid of

Rotation-Invariant Local Binary

Pattern, Fuzzy 64-bin Histogram

Image Filter);

Feature selection by composite

hybrid feature selection

CHFS-Stacked

(jrip, RF) with Naïve

Bayes classifier

96.07% – – – (63)

Gozes et al. (2020) Dataset1:ChainZ;

Dataset2: Private;

Dataset3: ChainZ;

50 suspicious

COVID-19 patients

from dataset1 used for

training;

56 COVID-19 patients;

51 normal patients (CT

images) used

for testing

Data augmentation (rotation,

horizontal flips and cropping)

Resnet-50-2D – 0.996 98.2% 92.2% (64)

Jin et al. (2020) Three centers in China;

“LIDC-IDRI;”

“Tianchi-Alibaba;”

“CC-CCII”

2,529 images from

1,502 COVID-19

patients;

1,338 images from

1,334 CAP patients;

135 images from 83

influenza-A/B patients;

258 images from 258

normal patients

(CT images)

– CNN – 0.977 90.19% 95.76% (65)

Jin et al. (2020) Data from three

different centers in

Wuhan;

Data from three publicly

available databases,

LIDC-IDRI26,

Tianchi-Alibaba27,

and CC-CCII18;

1,502 COVID-19

patients;

83 influenza-A/B

patients; 1,334 CAP

patients except for

influenza;

258 healthy subjects

(CT images)

Segmenting lung area with U-net ResNet152 – 0.971 90.19% 95.76% (66)

(Continued)
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TABLE 1 | Continued

Author, year Data source Data structure and

size

Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Hosseinzadeh

Kassani et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

“Kaggle chest X-ray

database;”

“Kaggle RSNA

Pneumonia

Detection dataset”

117 COVID-19

patients;

117 normal patients

(X-Ray images);

20 COVID-19 patients;

20 normal patients

(CT images)

Normalization DenseNet121 with

Bagging tree

classifier

99% – 96% – (67)

Ozkaya et al.

(2020)

From the Italian Society

of Medical and

Interventional

Radiology

53 COVID-19 patients

(CT images)

Feature vectors obtained from

Pre-trained VGG-16, GoogleNet

and ResNet-50 networks and

fusion method;

Feature ranking by t-test method

SVM 98.27% – 98.93% 97.60% (68)

Shi et al. (2020) From Tongji Hospital,

Shanghai Public Health

Clinical Center, and

China-Japan Union

Hospital (all in China)

183 COVID-19

patients; 5,521

Pneumonia patients

(CT images)

Segmentation by a deep learning

network (VB-Net)

Infection

size-aware

random forest

87.9% 0.942 90.7% 83.3% (69)

Song et al. (2020) From the Renmin

Hospital of Wuhan

University

88 COVID-19 patients

(CT images)

We extracted the main regions of

lungs and filled the blank of lung

segmentation with the lung itself

Details Relation

Extraction neural

network

86% 0.96 96% – (3)

Wang et al. (2020) Private dataset 44 COVID-19 patients;

55 Pneumonia patients

(CT images)

Random selection of ROI;

Feature extraction using Transfer

Learning

Fully connected

network and

combination of

Decision tree and

Adaboost

82.9% 0.90 81% 84% (6)

Zheng et al. (2020) Private dataset 313 COVID-19

patients; 229

non-COVID-19 patients

(CT images)

Data augmentation; Producing

lung masks by a trained UNet

3D deep

convolutional

neural network

90.8% 0.959 – – (70)

Data Source: The source(s) that images were acquired from, Data Structure and Size: Number of images, image modalities, sample groups, Data Preprocessing: cleaning, Instance selection, normalization, transformation, feature

extraction, selection, etc. The product of data preprocessing is the final training set, Best Model Structure(s): Best machine algorithm or deep learning model reported in the selected paper based on its performance, Performance

Measurements (on the best model): The measurement of the model’s output performance based on accuracy, sensitivity, specificity, and AUC score.
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TABLE 2 | Characteristics of papers that used X-ray images.

Author, year Data source Data structure and size Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Alazab et al.

(2020)

Kaggle database 70 COVID-19 patients

28 normal patients (X-ray images)

Augmented to 1,000 images VGG-16 F1 Score: 0.99 (16)

Albahli et al.

(2020)

“ChestX-ray8” combined

with the few samples of rare

classes from the Kaggle

challenge

108,948 X-ray images of 32,717 unique

patients. Including 15 kinds of chest

disease

Data augmentation (rotation,

height shift, zoom, horizontal flip)

ResNet 89% – – – (17)

Albahli et al.

(2020)

Open source COVIDx

dataset

850 COVID-19 patients;

500 non-COVID-19 pneumonia cases;

915 normal patients (X-ray images)

Data augmentation InceptionNetV3 99.02% – – – (18)

Altan et al.

(2020)

Not mentioned 7,980 chest X-ray image (2,905 real raw

5,075 synthetic chests X-ray images)

Data augmentation;

The feature matrix is formed by

2D Curvelet transformation

Coefficients;

Optimizing the coefficients in the

feature matrix with the CSSA

Hybrid model 99.69% – 99.44% 99.81% (20)

Apostolopoulos

et al. (2020)

COVID-19 X-ray image

database developed by

Cohen JP;

Common Bacterial and Viral

Pneumonia X-ray Images by

Kermany et al.;

Public datasets

(Radiological Society of

North America,

Radiopaedia, and the Italian

Society of Medical and

Interventional Radiology);

“NIH Chest X-ray Dataset”

455 COVID-19 patients;

910 viral pneumonia;

2,540 other pulmonary diseases

(X-ray images)

Data augmentation (randomly

rotated by a maximum of 10◦

and randomly shifted horizontally

or vertically by a maximum of 20

pixels toward any direction)

MobileNet v2 99.18% – 97.36% 99.42% (21)

Apostolopoulos

et al. (2020)

X-ray images on public

medical Github repositories;

“Radiological Society of

North America;”

“Radiopaedia, and Italian

Society of Medicine and

Interventional Radiology”

Dataset 1:

224 COVID-19 patients;

700 bacterial pneumonia patients;

504 normal patients (X-ray images)

Dataset 2:

224 Covid-19 patients;

714 bacterial and viral pneumonia

patients;

504 normal patients (X-ray images)

- MobileNet v2 96.78% – 98.66% 96.46% (71)

Brunese et al.

(2020)

COVID-19 image data

collection;

COVID-19 X-ray image

database developed by

Cohen JP;

“ChestX-ray8;”

“NIH Chest X-ray Dataset”

250 COVID-19 patients;

2,753 other pulmonary diseases;

3,520 normal patients (X-Ray images)

Data augmentation (15 degrees

rotation clockwise or

counterclockwise)

VGG-16 96%

(comparison

between

COVID-19

and other

pulmonary

diseases)

– 87%

96%

94%

98%

(72)

(Continued)
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TABLE 2 | Continued

Author, year Data source Data structure and size Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Chowdhury

et al. (2020)

Kaggle chest X-ray

database;

“Italian Society of Medical

and Interventional Radiology

COVID-19 database;”

“Novel Corona Virus 2019

Dataset;”

GitHub database;

“COVID-19 Chest imaging

at thread reader;”

“RSNA-Pneumonia-

Detection-Challenge”

423 COVID-19 patients;

1,485 viral pneumonia patients;

1,579 normal patients (X-ray images)

Data augmentation CNN 99.7% – 99.7% 99.55% (73)

Civit-Masot

et al. (2020)

COVID-19 and Pneumonia

Scans Dataset

132 COVID-19 patients;

132 normal patients;

132 Pneumonia patients (X-ray images)

Histogram equalization VGG16 85% – 85% 92% (74)

Das et al.

(2020)

COVID-19 collection;

“Kaggle CXR collection;”

“Tuberculosis collections;”

“U.S. National Library of

Medicine;”

“National Institutes of

Health;”

Pneumonia collections

162 COVID-19 patients;

1,583 normal patients

Histogram matching Truncated

Inception Net

100%

(Pneumonia

collections)

1.0 100% 100% (23)

Elaziz et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

“Chest X-Ray Images

Pneumonia;” Italian Society

of Medical and

Interventional Radiology

COVID-19 DATABASE;

219 COVID-19 patients;

1,341 negative COVID-19 patients

(X-ray images)

Feature extraction by Fractional

Multichannel Exponent Moments

(FrMEMs);

Feature selection by modified

Manta-Ray

Foraging Optimization based on

differential evolution

KNN 98.09 – 98.91 – (75)

Hassantabar

et al. (2020)

“COVID-CT-Dataset” 315 COVID-19 patients; 367

non-COVID-19 patients (X-ray images)

– CNN 93.2% – 96.1% 99.71% (76)

Islam et al.

(2020)

“GitHub;”

“Radiopaedia;”

“Cancer Imaging Archive;”

“Italian Society of

Radiology;”

“Kaggle repository;”

NIH dataset

1,525 COVID-19 patients;

1,525 pneumonia patients;

1,525 normal patients (X-ray images)

Normalization CNN-LSTM 99.4% 0.999 99.3% 99.2% (77)

Khan et al.

(2020)

“Covid-chestxray-dataset”

“Chest X-Ray

Images (Pneumonia)”

284 COVID-19 patients;

330 Pneumonia Bacterial

327 Pneumonia Viral;

310 normal patients (X-ray images)

Random under-sampling (to

overcome the unbalanced data

problem)

CoroNet (based

on Xception)

89.6% – 89.92% 96.4% (78)

(Continued)
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TABLE 2 | Continued

Author, year Data source Data structure and size Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Khuzani et al.

(2020)

“GitHub” 140 COVID-19 patients;

140 non-COVID-19 pneumonia

patients;

140 normal patients (X-ray images)

PCA method;

Min-Max Normalization;

Adaptive Histogram Equalization

ML 94% 0.91 100% – (79)

Ko et al. (2020) Private;

Italian Society of Medical

and Interventional Radiology

COVID-19 DATABASE;

1,194 COVID-19 patients;

1,442 non-pneumonia patients;

1,357 Pneumonia patients

(X-ray images)

Data augmentation (rotation,

zoom)

FCONet

(ResNet-50)

99.58% – 99.58% 100% (80)

Loey et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP

69 COVID-19 patients;

79 pneumonia bacterial patients;

79

Data augmentation Googlenet 80.56% (Four

classes)

– 80.56% – (81)

Mahmud et al.

(2020)

Private 1,583 normal patients;

1,493 non-COVID viral pneumonia;

2,780 bacterial pneumonia; 305

COVID-19 patients (X-ray images)

– CovXNet (CNN

based

architecture)

90.2%

(multi-class)

0.911

(multi-class)

89.9%

(multi-class)

89.1%

(multi-class)

(82)

Martínez et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP

120 COVID-19 patients;

120 normal patients (X-ray images)

Data augmentation;

Normalization

NASNet-type

convolutional

97% – 97% 97% (83)

Minaee et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

“ChexPert dataset”

40 COVID-19 patients;

3,000 normal patients (X-ray images)

Regularization SqueezeNet 97% – 97.5% 97.8% (84)

Narayan Das

et al. (2020)

COVID-19 X-ray image

database developed by

Cohen JP;

“ChestX-ray8”

125 COVID-19 patients;

500 pneumonia patients;

500 normal patients (X-ray images)

– Xception 97.4% 0.986 97.09% 97.29% (85)

Nour et al.

(2020)

“Public COVID-19 radiology

database;”

“Italian Society of Medical

and Interventional

Radiology;”

“COVID-19 Database;”

“Novel Corona Virus 2019

Dataset;”

“COVID-19 positive chest

X-ray images from

different articles;”

219 COVID-19 patients;

1,345 Viral Pneumonia patients;

1,341 Normal patients (X-ray images)

Data augmentation CNN 97.14% 0.995 94.61% 98.29% (86)

Novitasari et al.

(2020)

GitHub and Kaggle 102 COVID-19 patients;

204 Pneumonia and Normal patients

(X-ray images)

Feature extraction by Googlenet,

Resnet18, Resnet50,

Resnet101;

Feature selection by PCA, Relief;

SVM 97.33% (multi

class)

– 96% 98% (87)

(Continued)
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TABLE 2 | Continued

Author, year Data source Data structure and size Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Oh et al. (2020) “Japanese Society of

Radiological Technology;”

“SCR database;”

“U.S. National Library

of Medicine”

180 COVID-19 patients;

20 Viral Pneumonia patients;

54 pneumonia bacterial patients;

57 Tuberculosis patients;

191 Normal patients (X-ray images)

Data normalization;

Data type casting;

Histogram equalization;

Gamma correction

(FC)-

DenseNet103

88.9% – 85.9% 96.4% (88)

Ozturk et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

“ChestX-ray8;”

(X-ray images) DarkCovidNet

inspired by the

DarkNet

architecture

87.02% – 85.35% 92.18% (89)

Pandit et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

Kaggle chest

X-ray database

224 COVID-19 patients;

700 pneumonia bacterial patients;

504 Normal patients (X-ray images)

Data augmentation VGG-16 92.53%

(Three class

output)

– 86.7% 95.1% (90)

Panwar et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

Radiopedia.org website;

Kaggle chest

X-ray database

142 COVID-19 patients;

142 other (“Normal” “Bacterial

Pneumonia” and “Viral Pneumonia”)

(X-ray images)

Data augmentation nCOVnet 88.10% 0.880 97.62% 78.57% (40)

Pereira et al.

(2020)

“RYDLS-20;”

Radiopedia Encyclopedia

“Chest X-ray14”

90 COVID-19 patients;

1,000 Normal patients;

10 MERS patients;

11 SARS patients;

10 Varicella patients;

12 Streptococcus patients;

11 Pneumocystis patients

(X-ray images)

Resampling algorithms;

Fusion techniques;

Pre-trained CNN F1 score = 89% (91)

Rahaman et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP; “Chest X-Ray

Images (pneumonia)”

260 COVID-19 patients;

300 Pneumonia;

300 Normal patients (X-ray images)

Data augmentation (rotate, shift,

shear, zoom, horizontal and

vertical flip)

VGG19 89.3% – 89% – (92)

Rahimzadeh

et al. (2020)

“Covid chestxray dataset;”

“RSNA pneumonia

detection challenge”

180 COVID-19 patients;

6,054 Pneumocystis patients;

8,851 Normal patients (X-ray images)

Data augmentation Xception

ResNet50V2

concatenated

91.4% – 80.53% 99.56% (93)

Rajaraman

et al. (2020)

Pediatric CXR dataset;

RSNA CXR dataset;

CheXpert CXR dataset;

NIH CXR-14 dataset;

Twitter COVID-19 CXR

dataset;

Montreal COVID-19

CXR dataset;

4,683 Bacterial Pneumonia;

3,883 Viral Pneumonia (X-Ray images)

Segmenting lung area with

dilated dropout U-Net;

Image thresholding to remove

very bright pixels;

In-painting missing pixels using

the surrounding pixel values;

Using median-filter to remove

noise and preserve edges;

VGG-16 94.05% 0.96 98.77% 86.24% (45)

(Continued)
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TABLE 2 | Continued

Author, year Data source Data structure and size Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Rajaraman

et al. (2020)

“Pediatric CXR dataset;”

“RSNA CXR dataset;”

“Twitter COVID-19 CXR

dataset;”

“Montreal COVID-19

CXR dataset”

313 COVID-19 patients;

7,595 pneumonia of unknown type

patients;

2,780 bacterial pneumonia;

7,595 Normal patients (X-ray images)

Median Filtering;

Normalization;

Standardization

Inception-V3 99.01% 0.997 98.4% – (45)

Sethy et al.

(2020)

X-ray images on public

medical Github repositories;

Kaggle chest

X-ray database

127 COVID-19 patients;

127 Pneumonia patients;

127 Normal patients (X-ray images)

– ResNet50 plus

SVM

98.66% – 95.33% – (94)

Shibly et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

“RSNA pneumonia

detection challenge

dataset;”

Kaggle chest X-ray

database;

“COVIDx”

183 COVID-19 patients;

5,551 Pneumonia patients;

8,066 Normal patients (X-ray images)

– Faster R-CNN 97.36% – 97.65% – (95)

Togaçar et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

Kaggle COVID-19 dataset

created by a team of

researchers from Qatar

University, medical doctors

from Bangladesh, and

collaborators from Pakistan

and Malaysia.

295 COVID-19 patients;

98 Pneumonia;

65 normal patients (X-ray images)

Restructuring images using the

Fuzzy Color technique and

stacking them with the original

images;

Feature extracting using deep

learning models (MobileNetV2,

SqueezeNet) using the Social

Mimic optimization method;

SVM 100% – 100% 100% (96)

Toraman et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP

231 COVID-19 patients;

1,050 Pneumonia patients;

1,050 Normal patients (X-ray images)

Data augmentation; Convolutional

capsnet

97.24%

(Binary class)

– 97.42% 97.04% (97)

(Continued)
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TABLE 2 | Continued

Author, year Data source Data structure and size Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Tsiknakis et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

Dataset originated from the

QUIBIM imagingcovid19

platform database and

various public repositories,

including RSNA, IEEE,

RadioGyan and the British

Society of Thoracic Imaging;

Publicly available

X-ray dataset of patients

with pneumonia;

137 COVID-19 patients;

150 Virus Pneumonia;

150 Bacteria Pneumonia;

150 normal patients (X-ray images)

Data augmentation (rotation,

shear, zoom)

Inception V3 76%

(multi-class)

0.93

(multi-class)

93%

(multi-class)

91.8%

(multi-class)

(98)

Tuncer et al.

(2020)

GitHub website;

Kaggle chest

X-ray database

87 COVID-19 patients;

234 Normal patients (X-ray images)

Converting X-ray image to

grayscale;

ResExLBP and IRF

based method

SVM 100% – 98.29% 100% (99)

Ucar et al.

(2020)

“COVID chest X-ray

dataset;” “Kaggle chest

X-ray pneumonia dataset;”

403 COVID-19 patients;

721 normal patients (X-ray images)

Data augmentation (noise, shear,

brightness increase, brightness

decrease)

Bayes-

SqueezeNet

98.26%

(multi-class)

– – 99.13%

(multi-class)

(100)

Vaid et al.

(2020)

Set of lately published

articles;

NIH dataset

181 COVID-19 patients;

364 Normal patients (X-ray images)

Normalization VGG-19 96.3% – 97.1% – (101)

Waheed et al.

(2020)

“IEEE Covid Chest X-ray

dataset;”

“COVID-19 Radiography

Database”

“COVID-19 Chest

X-ray Dataset;”

403 COVID-19 patients;

721 normal patients (X-ray images)

Data augmentation using

CovidGAN

VGG16 95% – 90% 97% (102)

Yildirim et al.

(2020)

“COVID-19 Chest X-Ray

dataset;”

Kaggle chest

X-ray database

136 COVID-19 patients;

162 Pneumonia patients;

245 Normal patients (X-ray images)

– Hybrid model 96.30% – 96.30% 98.73% (103)

Yoo et al.

(2020)

“COVID-Chest

XrayDataset;”

Eastern Asian Hospital;

Shenzen data;

162 COVID-19 Patients;

162 TB patients;

162 Non-TB patients (X-ray images)

Data augmentation (rotated,

translated, and horizontally

flipped)

ResNet18 95% Average

of (COVID-

19/TB) and

(COVID-

19/non-TB)

0.95 Average

of (COVID-

19/TB) and

(COVID-

19/non-TB)

97% Average

of (COVID-

19/TB) and

(COVID-

19/non-TB)

93% Average

of (COVID-

19/TB) and

(COVID-

19/non-TB)

(104)

Ghoshal et al.

(2020)

COVID-19 X-ray image

database developed by

Cohen JP;

“Kaggle chest

X-ray database”

68 COVID-19 patients;

2,786 Bacterial

Pneumonia patients;

1,504 Viral Pneumonia patients;

1,583 normal patients (X-Ray images)

Standardization;

Data augmentation

Bayesian

ResNet50V2

model

89.82% – – – (105)

(Continued)
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TABLE 2 | Continued

Author, year Data source Data structure and size Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Hall et al.

(2020)

“X-ray images on public

medical Github

repositories;”

“Radiopaedia;”

“Italian Society of Medical

and Interventional

Radiology (SIRM)”

135 COVID-19 patients;

320 Viral and Bacterial Pneumonia

patients (X-Ray images)

Data augmentation Resnet50 and

VGG16 plus

CNN

91.24% 0.94 – – (106)

Hammoudi

et al. (2020)

“Chest XRay Images

(Pneumonia) dataset;”

COVID-19 X-ray image

database developed by

Cohen JP;

148 Bacterial pneumonia;

148 Viral pneumonia;

148 Normal patients (X-Ray Images)

– DenseNet169 95.72% – – – (107)

El-Din Hemdan

et al. (2020)

COVID-19 X-ray image

database developed by

Cohen JP;

COVID-19 X-ray image

database by Dr.

Adrian Rosebrock

25 COVID-19 patients;

25 normal patients (X-Ray images)

Scaling to 224*224 pixels;

One-hot encoding

COVIDX-Net

(VGG19 and

DenseNet201

models)

VGG19 =

90%;

DenseNet201

= 90%

VGG19 =

0.90;

DenseNet201

= 0.90

VGG19 =

100%;

DenseNet201

= 100%

– (108)

Jain et al.

(2020)

“Chest XRay Images

(Pneumonia) dataset;”

COVID-19 X-ray image

database developed by

Cohen JP;

250 COVID-19 patients;

300 Bacterial pneumonia;

350 Viral pneumonia;

315 Normal patients (X-Ray Images)

Normalize images according to

the images in the ImageNet

database;

Data augmentation (rotation and

Gaussian blur);

ResNet50 97.77% – 97.14% – (109)

Luz et al.

(2020)

“COVIDx dataset;”

“RSNA Pneumonia

Detection Challenge

dataset;”

“COVID-19 image

data collection”

183 COVID-19 patients;

5,521 Pneumonia patients;

8,066 normal patients (X-Ray images)

Intensity normalization;

Data augmentation

EfficientNet B3 93.9% – 96.8% – (110)

Ozkaya et al.

(2020)

From the Italian Society of

Medical and Interventional

Radiology

53 COVID-19 patients (CT images)
Feature vectors obtained from

Pre-trained VGG-16, GoogleNet

and ResNet-50 networks and

fusion method;

Feature ranking by t-test method

SVM 98.27% – 98.93% 97.60% (68)

(Continued)
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TABLE 2 | Continued

Author, year Data source Data structure and size Data preprocessing Best model

structure(s)

Performance measurements (on the best model) References

Accuracy AUC score Sensitivity Specificity

Ozturk et al.

(2020)

“covid-chestxray-dataset

available at: https://github.

com/ieee8023/covid-

chestxray-dataset”

4 ARds images, 101 COVID images, 2

No finding images, 2

pneumocystis-pneumonia images, 11

Sars images, and 6 streptococcus

(X-Ray images)

Data augmentation; SMOTE

oversampling; creating feature

vectors with sAE and PCA;

feature extraction by feature

vectors, Gray Level

Co-occurrence Matrix, Local

Binary Gray Level Co-occurrence

Matrix, Gray Level Run Length

Matrix, and Segmentation-based

Fractal Texture Analysis

SVM 94.23% 0.99 91.88% 98.54% (111)

Wang et al.

(2020)

COVIDx dataset 266 COVID-19 patients; 5,536

Pneumonia patients; 8,066 normal

patients (X-Ray images)

– COVID-Net

Network

Architecture using

a “lightweight

residual

projection-

expansion-

projection-

extension design

pattern”

(Customized

CNN)

93.3% 91.0% – (1)

Zhang et al.

(2020)

X-COVID, OpenCOVID 599 COVID-19 patients; 2,107

non-COVID-19 patients (non-viral

pneumonia and healthy) (X-Ray images)

Data augmentation; Feature

extraction using EfficientNet

Confidence-

aware anomaly

detection

78.57% 0.844 77.13% 78.97% (112)

Data Source: The source(s) that images were acquired from, Data Structure and Size: Number of images, image modalities, sample groups, Data Preprocessing: cleaning, Instance selection, normalization, transformation, feature

extraction, selection, etc. The product of data preprocessing is the final training set, Best Model Structure(s): Best machine algorithm or deep learning model reported in the selected paper based on its performance, Performance

Measurements (on the best model): The measurement of the model’s output performance based on accuracy, sensitivity, specificity, and AUC score.
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DISCUSSION

Machine and deep learning methods have been proven
as valuable strategies to assess massive high-dimensional
characteristics of medical images. CT or X-Ray findings of
COVID-19 patients have similarities with other atypical and
viral pneumonia diseases. Therefore, machine and deep learning
methods might facilitate automatic discrimination of COVID-
19 from other pneumonia conditions. The differential diagnosis
of COVID also includes drug-induced diseases or immune
pneumonitis. However, most of the studies reviewed here
lack these kinds of samples. This point is the limitation of
these studies. Different methods, such as Ensemble, VGG-
16, ResNet, InceptionNetV3, MobileNet v2, Xception, CNN,
VGG16, Truncated Inception Net, and KNN, have been used
for the purpose of assessment of chest images of COVID-19
patients. Notably, the application of these methods on X-rays
has offered promising results. Such a finding is particularly
important since X-rays are easily accessible and low cost.
These methods not only can diagnose COVID-19 patients
from non-COVID pneumonia cases, but can also predict the
severity of COVID-19 pneumonia and the risk of short-term
mortality. In spite of the low expense of X-ray compared with
CT images, the numbers of studies that assessed these two
types of imaging using machine/deep learning methods are not
meaningfully different. However, few studies have used these
methods on both types of imaging (25, 29, 40). CNN-based
methods have achieved accuracy values above 99% in classifying
COVID-19 patients from other cases of pneumonia or related
disorders, as reported by several independent studies, suggesting
these strategies as screening methods for initial evaluation of
COVID-19 cases.

Although both deep learning and machine learning strategies
can be used for the mentioned purpose, they differ in some
respects. For instance, deep learningmethods usually need a large
amount of labeled training data to make a concise conclusion.
However, machine learning can apply a small amount of data
delivered by users. Moreover, deep learning methods need high-
performance hardware. Machine learning, on the other hand,
needs features to be precisely branded by users, deep learning
generates novel features by itself, thus requires more time to
train. Machine learning classifies tasks into small fragments and
subsequently combines obtained results into one conclusion,
whereas deep learning resolves the problems using end-to-
end principles.

Several studies have diagnosed COVID-19 patients through
the application of machine learning methods rather than using
deep learning methods by retrieving the features from the
images. These studies have yielded high recognition outcomes
and have the advantage of high learning speed (12). Pre-
processing is an essential step for reducing the impacts of
intensity variations in CT slices and getting rid of noise.
Subsequent thresholding and morphological operations have
also enhanced the analytical performance. Data augmentation
and histogram equalization are among the most applied
preprocessing methods.

One of the most promising approaches used in the included
studies was transfer learning. Transfer learning is defined as
using model knowledge on a huge dataset (which is referred
to as the “pre-trained model”) and transferring it to use on
a new problem. This is very useful in settings like medical
imaging, where there is a limited number of labeled data
(113). Previous studies showed favorable outcomes of the
transfer learning approaches in medical imaging tasks (114,
115). Among the included studies, Bridge et al. (25) even
reached 100% classification accuracy on COVID-19 using the
pre-trained InceptionV3.

The availability of public databases of CT and X-ray images
of patients with COVID-19 has facilitated the application of
machine learning methods on large quantities of clinical images
and execution of training and verification steps. However, since
these images have come from various institutes using different
scanners, preprocessing of the obtained data is necessary to make
them uniform and facilitate further analysis (12). Appraisal of
demographic and clinical data of COVID-19 patients and their
association with CT/ X-ray images features as well as the accuracy
of machine learning prediction methods would provide more
valuable information in the stratification of COVID-19 patients.
Moreover, one of the major challenges of deep learning models
in medical applications is its unexplainable features due to its
black-box nature, which should be solved (116). Future studies
can focus on approaches that provide interpretation besides
black-box predictions.

CONCLUSION

Deep and machine learning methods have high accuracy
in the differentiation of COVID-19 from non-COVID-19
pneumonia based on chest images. These techniques have
facilitated the automatic evaluation of these images. However,
deep learning methods suffer from the absence of transparency
and interpretability, as it is not possible to identify the exact
imaging feature that has been applied to define the output
(13). As no single strategy has the capacity to distinguish all
pulmonary disorders based merely on the imaging presentation
on chest CT scans, the application of multidisciplinary
approaches is suggested for overcoming diagnostic
problems (13).
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Background: COVID-19 caused by severe acute respiratory syndrome coronavirus

2 (SARS-CoV-II) has become a global pandemic disrupting public health services.

Telemedicine has emerged as an important tool to deliver care during these situations.

Patients receiving Vitamin K antagonists (VKA) require structured monitoring which has

posed a challenge during this pandemic. We aimed to evaluate the impact of Virtual

anticoagulation clinic (VAC), a Telehealth model on the quality of anticoagulation, adverse

events, and patient satisfaction vis-a-vis standard Anticoagulation clinic (ACC) care.

Materials andmethods: A bidirectional cohort study was conducted in the Department

of Cardiology, JSS Hospital, Mysore. Two hundred and twenty-eight patients in the

VAC and 274 patients in the ACC fulfilling inclusion criteria were the subjects of the

study. Telehealth tools like WhatsApp and telephone were used. Time in therapeutic

range (TTR), Percentage of International normalized ratio in range (PINRR), and adverse

events were analyzed and compared between the VAC group and the ACC group,

between pre-COVID and COVID ACC groups, and between the VAC group and the same

pre-COVID cohort. Patient satisfaction was assessed by a questionnaire at the end of

8 months. Descriptive statistics were used for the patient characteristics and inferential

statistics for the comparisons between pre-VAC and VAC care.

Results: The mean TTR was 75.4 ± 8.9% and 71.2 ± 13.4% in the VAC group

and ACC group, respectively (p < 0.001). The mean PINRR was 66.7 ± 9.4%

and 62.4 ± 10.9% in the VAC group and ACC group respectively, (p < 0.001).

There was no significant difference in TTR between the VAC group and the same

pre-COVID cohort. The TTR differential between the pre-COVID and COVID ACC

groups was significant. In either group, no major adverse events were seen. The

most common tools used for data exchange were WhatsApp (83%) and SMS (17%).

Seventy-four percent of patients were extremely satisfied with the overall VAC care.
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Conclusions: Virtual anticoagulation clinic, a telehealth model can be used as an

alternative option to deliver uninterrupted anticoagulation care during pandemic times.

Keywords: anticoagulation clinic, vitamin K antagonist, time in therapeutic range, percentage of international

normalized ratio in range, telehealth

INTRODUCTION

COVID-19 caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-II) has become a global pandemic
disrupting public health services (1). In these time frames,
effective clinical care for patients with various chronic
cardiovascular and other disorders has gained considerable
attention from various stakeholders (2). In this predicament,
Telehealth a virtual platform for the care provider and seeker
has great potential in providing cardiovascular care which
is evidently quite ideal (3). Its utility for patients on oral
anticoagulants is one domain that needs to be addressed. Of the
anticoagulants, vitamin K antagonists (VKAs) have a narrow
therapeutic index with variable dose-response and diet/drug
interactions (4). Patients taking VKAs require International
normalized ratio (INR) monitoring and dose titration to achieve
therapeutic INR for optimal outcomes (5). Patients taking
VKAs may have multiple comorbidities like advanced age,
hypertension, diabetes mellitus, and others. Studies have shown
that patients with these risk factors are susceptible to severe
COVID-19 infection necessitating a strategy to mitigate exposure
of such patients (6, 7).

Telehealth services help to provide patients with the necessary
care while minimizing the risk of transmitting SARS-CoV-II to
healthcare workers and patients (8). The notion of telemedicine
was incorporated in the Anticoagulation clinic to provide
uninterrupted virtual care to patients taking VKAs. This study
was conducted to evaluate the impact of Virtual anticoagulation
clinic care (VAC) on the quality of anticoagulation, adverse
events, and patient satisfaction vis-a-vis standard ACC care.

MATERIALS AND METHODS

Study Design and Participants
A bidirectional observational cohort study was conducted on
patients enrolled in the VAC and ACC at the Department of
Cardiology, JSS Hospital, Mysore from March to November
2020. Institutional ethical committee approval was taken. A
total of 521 patients were registered in ACC till March 2020.
Among these, 234 patients opted for VAC care and 287 patients
opted for ACC care. For calculation of TTR, patients who had
more than 3 months of ACC care before March 2020 with at
least 3 INR values in both groups were included in the study.
Newly enrolled patients in the ACC and those patients who
had less than 3 months of ACC care before March 2020 were
excluded from the study. A total of 228 patients in the VAC care
group and 274 patients in the standard ACC care group were
eligible for analysis. The patient enrolment process is depicted
in Figure 1.

Anticoagulation Quality Assessment Tools
The anticoagulation related quality measures like Percentage
Time in Therapeutic Range (%TTR) (9), Percentage of INR
within Range (PINRR) (10), extreme INRs, and adverse events
were analyzed. Patient satisfaction toward VAC care was assessed
by administering five items self-developed questionnaire with
scores 0 to 4 from extremely satisfied to not at all satisfied at the
end of 8 months.

Anticoagulation Clinic (ACC)
JSS Hospital, Mysore has an established ACC since February
2017 comprising a multidisciplinary team comprising a
Senior cardiologist, Junior cardiologist, Clinical Pharmacist,
Clinical Pharmacy interns, and trained nursing staff. Key
issues such as patient education (VKA risks/benefits, potential
diet/drug interactions), ordering relevant laboratory tests
(once a month INR testing), titrating the dose of VKAs
to meet the INR target, facilitating procedures requiring
interruption of VKAs, and adverse effects associated with VKAs
were addressed.

Virtual Anticoagulation Clinic (VAC)
VAC was initiated in March 2020 to provide sustained
care to patients taking VKAs registered in ACC during the
COVID-19 pandemic. Telehealth tools like WhatsApp and
telephone were used as per Telemedicine practice guidelines
(11). WhatsApp and SMS were used for the asynchronous
exchange of the data. Patients were supposed to undergo
INR testing once a month and communicate the INR report
and if any symptoms related to bleeding, Transient Ischemic
Attack (TIA), or stroke by any of the tools quoting their
ACC identification number. Based on the INR value, dose
titration was done and advice regarding the next INR testing
was given. Patients with INR <1.5 and INR >5.0, major
bleeding, and systemic embolic events were advised for the
hospital visit. TTR and PINRR were calculated by Rosendaal
linear interpolation technique for each patient. Calculations
were performed with the assistance of a template made
available by INR Pro (12). Major bleeding was defined by
the International Society on Thrombosis and Haemostasis
criteria (13). Stroke/Systemic embolic events were defined as
the combined endpoints of ischaemic stroke, TIA, and systemic
embolic events.

Statistical Analysis
Data was entered in MS Office Excel 2019 and analyzed
by using IBM SPSS Statistics Version 25. Continuous
variables were expressed as mean ± standard deviation
(SD). Categorical variables were expressed as absolute
numbers and percentages. Descriptive statistics were
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FIGURE 1 | Participant enrolment process. ACC, Anticoagulation clinic; VKA, Vitamin K Antagonist; INR, International Normalized Ratio; % TTR, Percentage of Time

in Therapeutic Range; PINRR, The percentage of International Normalized Ratio measurements in Range. * EXCLUSION CRITERIA: Patients having less than 3

months of ACC exposure pre COVID-19 phase and less than 3 INR values were excluded from the study.

used for patient characteristics. T-test and chi-square
tests (χ2) were used for comparisons between groups.
All tests were two-tailed, p < 0.05 was considered to be
statistically significant.

RESULTS

The mean age of the patients in the VAC group and ACC
group was 55.62 ± 13.77 years and 53.72 ± 11.8 years,
respectively. The majority of the patients in the VAC group
were from rural areas (57%). On the contrary, only 30% of
the patients were from rural areas in the ACC group. Patients
characteristics are depicted in Table 1. Atrial fibrillation was
the most common indication for VKA therapy in both groups.
Acenocoumarol was the most common VKA prescribed. Mean
TTR in VAC group and ACC group was 75.4 ± 8.9% and
71.2 ± 13.4%, respectively (p-value = 0.001). Mean PINRR
in the VAC group and ACC group was 66.7 ± 9.4% and
62.4 ± 10.9%, respectively (p-value = 0.0002). Patients in
the VAC group underwent more frequent INR testing when
compared to those in the ACC group. Two patients had a
minor lower gastrointestinal bleed in the VAC group. None of
the patients had major adverse events in either group. Three
patients were scheduled for an in-person visit in the VAC group.
Anticoagulation related parameters in the VAC group and ACC
group are depicted in Table 2. There was no significant difference

in TTR between the VAC group and the same group during
pre-COVID ACC care. There was a significant difference in
TTR and PINRR between the pre-COVID and COVID-ACC
groups (p <0.0001). The number of INR tests performed per
patient was less in the ACC group during the COVID pandemic.
Anticoagulation related parameters between the groups are
depicted in Table 3.

WhatsApp 189 (83%), followed by SMS 39 (17%)
were the most common tools used for the exchange of
data. One hundred and sixty-nine (74%) of patients were
extremely satisfied with overall VAC care and 187 (82%)
of patients were extremely satisfied to continue virtual
care as assessed by a 5-item questionnaire. The patient
satisfaction score and questionnaire are depicted in Figure 2 and
Table 4.

DISCUSSION

In our study, the principal findings were (1) Patients in the VAC
group had greater control of anticoagulation in the form of more
time spent in the therapeutic range compared to ACC during
the COVID pandemic (75.4 and 71.2%, respectively). (2) There
was no significant difference in TTR between the VAC group
and the same patients in the Pre-COVID ACC care 3). There
was a significant difference in TTR between the pre-COVID and
COVID ACC groups.
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TABLE 1 | Patient characteristics and anticoagulation related parameters.

Variables VAC (N = 228) ACC (N = 274) p-value

Age (years)

<60 118 (51.6) 156 (57.07) 0.9077

>61 110 (48.4) 118 (42.93) 0.2208

Gender

Men 129 (57) 167 (60.84) 0.3841

Women 99 (43) 107 (39.16)

Comorbidities

Type 2 Diabetes

Mellitus

53 (23.4) 89 (32.54) 0.0239

Hypertension 73 (32) 90 (33.01) 0.8102

Congestive heart failure 18 (7.8) 36.1 (13.20) 0.0520

Vascular disease# 29 (12.5) 31 (11.32) 0.6842

Educational status

Literate 162 (71.1) 247 (90.09) <0.0001
††

Illiterate 66 (28.9) 27 (9.9) <0.0001
††

Location of residence

Urban 98 (43) 194 (70.82) <0.0001
††

Rural 130 (57) 80 (29.18) <0.0001
††

HASBLED score

≥3 69 (30.4) 57 (20.75) 0.0132
††

<3 158 (69.5) 217 (79.25) 0.0123
††

Vitamin K Antagonist

Warfarin 16 (7) 6 (2.36) 0.0121
††

Acenocoumarol 212 (93) 268 (97.64) 0.0123
††

Indications for VKA*

Atrial fibrillation 137 (60) 192 (70.28) 0.0159
††

Mechanical Valve

replacement

8 (3.4) 44 (16.03) <0.0001
††

Deep vein thrombosis /

Pulmonary embolism

80 (35.1) 38 (13.69) <0.0001
††

Cortical venous

thrombosis

3 (1.5) 0 −

#Vascular disease: Coronary artery disease, Peripheral arterial disease; *VKA: Vitamin

K antagonist.
†† statistically significant p-value has been obtained by performing chi-squared test.

Due to the COVID pandemic, healthcare was inaccessible
to the majority of the patients. Telehealth-based VAC initiated
during that period could deliver uninterrupted care to the
patients on chronic VKA therapy. Patients in the virtual care
group could maintain their mean TTR similar to that of
ACC care during the pre-COVID state. Wherein patients in
the ACC care group were unable to maintain the mean TTR
because of less frequent INR testing and in-person visits. Similar
telehealth-based studies conducted on patients with chronic
warfarin therapy have reported mean TTRs ranging from 66 to
74% (14–16).

Several meta-analyses of randomized and real-world trials
have found that TTRs and PINRRs are generally equal to or
below 60% (10, 17, 18). The European consensus document
recommends a TTR of >70% for optimal outcomes (19). NICE
guidelines recommend a TTR of > 65% for patients with

TABLE 2 | Anticoagulation related Quality Parameters.

Variables VAC (N = 228) ACC (N = 274) p-value

Number of INR† draws (1,544) 1,324 1,019 -

Average number of INR† draws/ Patient 5.8 3.72 -

Mean TTR%†† 75.4 ± 8.91 71.2 ± 13.4 0.0018†

Mean PINRR %** 66.7 ± 9.4 % 62.4 ± 10.9% 0.0002†

Tests Over Range 129 (9.7%) 113 (11.11%) 0.2660

Tests Below range 151 (11.7%) 142 (13.9%) 0.1124

Extreme INRs

INR >5.0 14 (1.06) 15 (1.51) 0.3323

INR < 1.5 30 (2.26) 75 (7.32) <0.0001

Adverse events

Major 0 (0%) 0 -

Minor bleeding 2 (0.8%) 0

† INR: International Normalized Ratio; **PINRR: Percentage of International Normalized

Ratio in the Therapeutic Range;
††
TTR: Time in Therapeutic Range.

†† statistically significant p-value has been obtained by performing chi-squared test.
† statistically significant p-value has been obtained by performing t-test.

AF on VKA therapy (20). In our study, achieved TTRs in
both groups were above the proposed benchmark of >65–
70%. One of the main reasons to achieve mean TTR >

70% in our study was because our cohort of patients were
those registered in the ACC managed by a multidisciplinary
team. Even randomized controlled trials and studies related
to Anticoagulation clinics have documented better control of
INR compared to community settings that were possible due
to frequent monitoring, organized care, and improvement in
adherence to VKAs (10, 17).

Other important and desirable points to note were that these
patients hadmultiple comorbidities and could be treated with the
reduced risk of exposure to COVID-19 infection during transit to
the hospital, cost savings for travel, and no major adverse events.
Themajority of the patients were satisfiedwith overall virtual care
and opted for virtual care even in the post-COVID state.

The tenable reasons for the patients to continue to benefit
from following up in VAC are several. Patients were educated
during their initial visits to the regular anticoagulation clinic
about the importance of regular follow-up with PT/INR testing,
risks of discontinuation, clinical benefits of continuous and
uninterrupted use of VKAs. Also, the ease of contacting
the care provider through dedicated service like a 24/7
contactable phone number could have helped the patients.
Prior consultation on a one-to-one basis with the care
provider may also have increased the confidence as it is
reflected in the data on the satisfactory questionnaire. In our
study, the majority of the patients (74%) were satisfied with
overall virtual care. Eighty-two percent of the patients were
extremely satisfied in continuing virtual care even in the post-
COVID scenario.

In our study, 57% of the patients who availed virtual
care were from rural areas. WhatsApp was the most
common chat platform used. A recent study by the
Internet & Mobile Association of India (IAMAI) and
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research by Neilsen, reported that there are 227 million
active internet users in rural areas in India as of November
2019 (21). This digital penetration can transform the
delivery of virtual care to patients with chronic diseases in
remote locations.

Preferably, patients who require VKAs, must visit in person
initially and ideally should achieve at least two consecutive
INRs in the therapeutic range before they could be transitioned

to virtual anticoagulation clinic care for optimal patient-
centered outcomes.

This pilot study has paved a path of utilizing telehealth to
manage patients on chronic VKA therapy during the COVID
pandemic. Though short-term results are promising, more
extensive and larger multi-centric studies with a longer duration
of follow-up are required to assess the feasibility and efficacy of
the virtual anticoagulation clinic.

TABLE 3 | Assessment of Anticoagulation parameters among Pre-VAC (pre COVID) and VAC care.

Anticoagulation

parameters

VAC care

(n = 228)

Pre-COVID care

(n = 228)

p-value ACC COVID-19 care

(n = 274)

ACC pre-COVID care

(n = 274)

p-value

Number of INR†

draws

1,324 1,467 1,019 1,551

Average number

of INR† draws/

Patient

5.8 6.43 - 3.72 5.66 -

Mean TTR%* 75.4 ± 8.91 77.58 ± 8.85 0.0506# 71.2 ± 13.4 79.12 ± 9.3 <0.0001#

Mean PINRR %** 66.7 ± 9.4 % 69.68 ± 11.50 0.0241# 62.4 ± 10.9% 67.8 ± 10.4 <0.0001#

Tests Over Range 129 (9.7) 118 (8.1) 0.1375 113 (11.11) 96 (6.2) <0.0001††

Tests Below range 151 (11.7) 106 (7.26) 0.0001†† 142 (13.9) 129 (8.3) <0.0001††

Extreme INRs

INR >5.0 14 (1.06) 0 - 15 (1.51) 10 (0.66) 0.0339††

INR < 1.5 30 (2.26) 11 (0.75) 0.0009†† 75 (7.32) 8 (0.5) < 0.0001††

Adverse events

Major 0 (0%) 0 - 0 0 -

Minor bleeding 2 (0.8%) 0 0 0

†
INR: International Normalized Ratio; **PINRR: Percentage of International Normalized Ratio in the Therapeutic Range *TTR: Time in Therapeutic Range.

††
statistically significant p-value has been obtained by performing chi-squared test.

# statistically significant p-value has been obtained by performing t-test.

FIGURE 2 | Patient satisfaction toward VAC care during COVID-19.
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TABLE 4 | Patient satisfaction toward virtual anticoagulation care (VAC) during

COVID-19 pandemic (N = 228).

S. No Parameter* Response**

n (%)

1. Overall satisfaction of

patients on VAC care

during COVID 19

Extremely satisfied (4) 168 (74)

Very satisfied (3) 39 (17)

Moderately satisfied (2) 14 (6)

Slightly satisfied (1) 7 (3)

Not at all satisfied (0) (0)

2. Medication Extremely satisfied (4) 146 (64)

reconciliation Very satisfied (3) 48 (21)

Moderately satisfied (2) 20 (9)

Slightly satisfied (1) 12 (5)

Not at all satisfied (0) 2 (1)

3. Providing e-prescription Extremely satisfied (4) 192 (84)

and education Very satisfied (3) 23 (10)

reinforcement Moderately satisfied (2) 8 (4)

(counseling) Slightly satisfied (1) 5 (2)

Not at all satisfied (0) (0)

4. Assistance in INR Extremely satisfied (4) 162 (71)

monitoring locally Very satisfied (3) 27 (12)

despite lockdown Moderately satisfied (2) 20 (9)

during COVID 19 Slightly satisfied (1) 14 (6)

Not at all satisfied (0) 5 (2)

5. Continuing virtual Extremely satisfied (4) 187 (82)

anticoagulation care Very satisfied (3) 34 (15)

Moderately satisfied (2) 5 (2)

Slightly satisfied (1) 2 (1)

Not at all satisfied (0) 0

*Feedbacks for Q1 – Q7 were obtained through a 5-point Likert scale with scoring 0 – 4,

0 = Not at all Satisfied, 1= Slightly Satisfied, 2=Moderately Satisfied, 3= Very Satisfied,

4 = Extremely Satisfied. **Data represented as frequency and proportion.

STRENGTHS AND LIMITATIONS

The virtual anticoagulation clinic, a telehealth model that was
developed during the onset of the COVID-19 pandemic to
facilitate uninterrupted anticoagulation care, which could help
maintain the quality of anticoagulation and minimize the risk

of exposure to COVID-19. Our study has limitations such as
single-center, lack of randomization, small patient population,
and shorter duration of follow-up.

CONCLUSIONS

This preliminary study showed that a virtual anticoagulation
clinic can serve as a feasible alternate care model to provide
uninterrupted anticoagulation care for patients on chronic
Vitamin K antagonist therapy during the COVID-19 pandemic.

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 JSS Medical College and Hospital, JSS AHER.
Written informed consent for participation was not required for
this study in accordance with the national legislation and the
institutional requirements.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work. SKS, SPSB, and OJG designed
and formulated the hypothesis. RV and OJG performed data
collection. SKS and OJG prepared manuscript. ND and RM
reviewed the manuscript. MB, OJG, and SKS performed
statistical planning and analysis. All the authors approved the
manuscript for publication.

ACKNOWLEDGMENTS

We would like to thank JSS Hospital, Mysuru for facilitating
the setup of the Virtual Anticoagulation clinic. We
immensely thank Prof. Gurunarayana for his contribution
to manuscript proofreading.

REFERENCES

1. Castagnoli R, Votto M, Licari A, Brambilla I, Bruno R, Perlini S, et al.
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-II) infection in
children and adolescents: a systematic review. JAMA Pediatr. (2020) 174:882–
9. doi: 10.1001/jamapediatrics.2020.1467

2. Guo T, Fan Y, Chen M, Wu X, Zhang L, He T, et al.
Cardiovascular implications of fatal outcomes of patients with
coronavirus disease 2019 (COVID-19). JAMA Cardiol. (2020)
5:811–8. doi: 10.1001/jamacardio.2020.1017

3. Cutler DM, Nikpay S, Huckman RS. The business of medicine in the era of
COVID-19. JAMA. (2020) 323:2003–4. doi: 10.1001/jama.2020.7242

4. Vranckx P, Valgimigli M, Heidbuchel H. The Significance of drug—Drug and
drug—Food interactions of oral anticoagulation. Arrhythmia Electrophysiol

Rev. (2018) 7:55. doi: 10.15420/aer.2017.50.1

5. Witt DM, Clark NP, Kaatz S, Schnurr T, Ansell JE. Guidance for
the practical management of warfarin therapy in the treatment of
venous thromboembolism. J Thrombosis Thrombolysis. (2016) 41:187–
205. doi: 10.1007/s11239-015-1319-y

6. Shoeb M, Fang MC. Assessing bleeding risk in patients taking anticoagulants.
J Thrombosis Thrombolysis. (2013) 35:312–9. doi: 10.1007/s11239-013-0899-7

7. Guan WJ, Liang WH, Zhao Y, Liang HR, Chen ZS, Li YM, et al. Comorbidity
and its impact on 1590 patients with Covid-19 in China: a nationwide
analysis. Eur Respiratory J. (2020) 55:2000547. doi: 10.1183/13993003.
00547-2020

8. Bhaskar S, Bradley S, Chattu VK, Adisesh A, Nurtazina A, Kyrykbayeva
S, et al. Telemedicine as the new outpatient clinic gone digital:
position paper from the pandemic health system REsilience PROGRAM
(REPROGRAM) international consortium (Part 2). Front Public Health.
(2020) 8:410. doi: 10.3389/fpubh.2020.00410

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 March 2021 | Volume 8 | Article 648265477

https://doi.org/10.1001/jamapediatrics.2020.1467
https://doi.org/10.1001/jamacardio.2020.1017
https://doi.org/10.1001/jama.2020.7242
https://doi.org/10.15420/aer.2017.50.1
https://doi.org/10.1007/s11239-015-1319-y
https://doi.org/10.1007/s11239-013-0899-7
https://doi.org/10.1183/13993003.00547-2020
https://doi.org/10.3389/fpubh.2020.00410
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Shambu et al. Virtual Anticoagulation Clinic During COVID-19

9. Schmitt L, Speckman J, Ansell J. Quality assessment of anticoagulation
dose management: comparative evaluation of measures of
time-in-therapeutic range. J Thrombosis Thrombolysis. (2003)
15:213–6. doi: 10.1023/B:THRO.0000011377.78585.63

10. Mearns ES, White CM, Kohn CG, Hawthorne J, Song JS, Meng J, et al.
Quality of vitamin K antagonist control and outcomes in atrial fibrillation
patients: a meta-analysis and meta-regression. Thrombosis J. (2014) 12:1–
20. doi: 10.1186/1477-9560-12-14

11. Telemedicine Practice Guidelines. Enabling Registered Medical Practitioners

to Provide Healthcare Using Telemedicine. Available online at: https://www.
mohfw.gov.in/pdf/Telemedicine.pdf (accessed July 1, 2020).

12. INR Pro. Rosendaal method for % INR in range. INR Pro. Available online at:
www.inrpro.com/rosendaal.asp (accessed July 8, 2020).

13. Schulman S, Kearon C, Subcommittee on Control of Anticoagulation
of the Scientific and Standardization Committee of the International
Society on Thrombosis and Haemostasis. Definition of major
bleeding in clinical investigations of antihemostatic medicinal
products in non-surgical patients. J Thrombosis Haemostasis. (2005)
3:692–4. doi: 10.1111/j.1538-7836.2005.01204.x

14. Kelly JJ, Sweigard KW, Shields K, Schneider D. Safety, effectiveness,
and efficiency: a Web-based virtual anticoagulation clinic. Joint

Commission J Quality Safety. (2003) 29:646–51. doi: 10.1016/S1549-3741
(03)29076-6

15. Chan FW, Wong RS, Lau WH, Chan TY, Cheng G, You JH. Management
of Chinese patients on warfarin therapy in two models of anticoagulation
service–a prospective randomized trial. Br J Clin Pharmacol. (2006) 62:601–
9. doi: 10.1111/j.1365-2125.2006.02693.x

16. Ryan F, Byrne S, O’shea S. Randomized controlled trial of
supervised patient self-testing of warfarin therapy using an
internet-based expert system. J Thrombosis Haemostasis. (2009)
7:1284–90. doi: 10.1111/j.1538-7836.2009.03497.x

17. Haas S, Ten Cate H, Accetta G, Angchaisuksiri P, Bassand JP, Camm AJ, et al.
Quality of vitamin K antagonist control and 1-year outcomes in patients with
atrial fibrillation: a global perspective from the GARFIELD-AF registry. PLoS
ONE. (2016) 11:e0164076. doi: 10.1371/journal.pone.0164076

18. Erkens PM, ten Cate H, Büller HR, Prins MH. Benchmark for time in
therapeutic range in venous thromboembolism: a systematic review andmeta-
analysis. PLoS ONE. (2012) 7:e42269. doi: 10.1371/journal.pone.0042269

19. Camm AJ, Lip GY, De Caterina R, Savelieva I, Atar D, Hohnloser SH,
et al. 2012 focused update of the ESC Guidelines for the management
of atrial fibrillation: an update of the 2010 ESC Guidelines for the
management of atrial fibrillation Developed with the special contribution
of the European Heart Rhythm Association. Eur Heart J. (2012) 33:2719–
47. doi: 10.1093/eurheartj/ehs253

20. National Clinical Guideline Centre (UK). Atrial Fibrillation: The Management

of Atrial Fibrillation. London: National Institute for Health and Care
Excellence (UK) (2014).

21. The Logical Indian. Internet Usage In Rural India Surpasses Urban Areas For

The First Time: Report. Avaialble online at: https://thelogicalindian.com/news/
internet-usage-rural-urban-india-20946 (accessed July 17, 2020).

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Shambu, B, Gona, Desai, B, Madhan and V. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 March 2021 | Volume 8 | Article 648265478

https://doi.org/10.1023/B:THRO.0000011377.78585.63
https://doi.org/10.1186/1477-9560-12-14
https://www.mohfw.gov.in/pdf/Telemedicine.pdf
https://www.mohfw.gov.in/pdf/Telemedicine.pdf
www.inrpro.com/rosendaal.asp
https://doi.org/10.1111/j.1538-7836.2005.01204.x
https://doi.org/10.1016/S1549-3741(03)29076-6
https://doi.org/10.1111/j.1365-2125.2006.02693.x
https://doi.org/10.1111/j.1538-7836.2009.03497.x
https://doi.org/10.1371/journal.pone.0164076
https://doi.org/10.1371/journal.pone.0042269
https://doi.org/10.1093/eurheartj/ehs253
https://thelogicalindian.com/news/internet-usage-rural-urban-india-20946
https://thelogicalindian.com/news/internet-usage-rural-urban-india-20946
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


ORIGINAL RESEARCH
published: 20 April 2021

doi: 10.3389/fcvm.2021.638954

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 April 2021 | Volume 8 | Article 638954

Edited by:

Gen-Min Lin,

Hualien Armed Forces General

Hospital, Taiwan

Reviewed by:

Bastiaan Geelhoed,

University Medical Center

Groningen, Netherlands

Christoph Sinning,

University Heart and Vascular Center

Hamburg (UHZ), Germany

*Correspondence:

Manuel Rattka

manuel.rattka@uniklinik-ulm.de

orcid.org/0000-0002-3269-3871

Armin Imhof

armin.imhof@uniklinik-ulm.de

orcid.org/0000-0001-7452-303X

Specialty section:

This article was submitted to

Cardiovascular Epidemiology and

Prevention,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 07 December 2020

Accepted: 15 March 2021

Published: 20 April 2021

Citation:

Rattka M, Stuhler L, Winsauer C,

Dreyhaupt J, Thiessen K,

Baumhardt M, Markovic S,

Rottbauer W and Imhof A (2021)

Outcomes of Patients With

ST-Segment Elevation Myocardial

Infarction Admitted During COVID-19

Pandemic Lockdown in

Germany – Results of a Single Center

Prospective Cohort Study.

Front. Cardiovasc. Med. 8:638954.

doi: 10.3389/fcvm.2021.638954

Outcomes of Patients With
ST-Segment Elevation Myocardial
Infarction Admitted During COVID-19
Pandemic Lockdown in
Germany – Results of a Single Center
Prospective Cohort Study
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Michael Baumhardt 1, Sinisa Markovic 1, Wolfgang Rottbauer 1 and Armin Imhof 1*

1Clinic for Internal Medicine II, University Hospital Ulm - Medical Center, Ulm, Germany, 2 Institute of Epidemiology and

Medical Biometry, Ulm University, Ulm, Germany

Objective: Since the outbreak of the COVID-19 pandemic, healthcare professionals

reported declining numbers of patients admitted with ST-segment myocardial infarction

(STEMI) associated with increased in-hospital morbidity andmortality. However, the effect

of lockdown on outcomes of STEMI patients admitted during the COVID-19 crisis has

not been prospectively evaluated.

Methods: A prospective, observational study on STEMI patients admitted to our tertiary

care center during the COVID-19 pandemic was conducted. Outcomes of patients

admitted during lockdown were compared to those patients admitted before and after

pandemic-related lockdown.

Results: A total of 147 patients were enrolled in our study, including 57 patients in the

pre-lockdown group (November 1, 2019 to March 20, 2020), 16 patients in the lockdown

group (March 21 to April 19, 2020), and 74 patients in the post-lockdown group (April

20 to September 30, 2020). Patients admitted during lockdown had significantly longer

time to first medical contact, longer door-to-needle-time, higher serum troponin T levels,

worse left ventricular end-diastolic pressure, and higher need for circulatory support.

After a median follow-up of 142 days, survival was significantly worse in STEMI patients

of the lockdown group (log-rank: p = 0.0035).

Conclusions: This is the first prospective study on outcomes of STEMI patients

admitted during public lockdown amid the COVID-19 pandemic. Our results suggest

that lockdown might deteriorate outcomes of STEMI patients. Public health strategies to

constrain spread of COVID-19, such as lockdown, have to be accompanied by distinct

public instructions to ensure timely medical care in acute diseases such as STEMI.

Keywords: COVID-19, STEMI, myocardial infarction, lockdown, outcome, epidemiology, Germany

479

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.2021.638954
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.638954&domain=pdf&date_stamp=2021-04-20
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:manuel.rattka@uniklinik-ulm.de
http://orcid.org/0000-0002-3269-3871
mailto:armin.imhof@uniklinik-ulm.de
http://orcid.org/0000-0001-7452-303X
https://doi.org/10.3389/fcvm.2021.638954
https://www.frontiersin.org/articles/10.3389/fcvm.2021.638954/full


Rattka et al. STEMI Patients & Outcomes During Lockdown

INTRODUCTION

Soon after the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) spread globally, physicians warned about
potential side effects of the COVID-19 pandemic compromising
medical care (1, 2). It has been suggested that the pandemic
keeps patients from seeking and receiving needed medical
attention despite suffering from physical symptoms. Social
containment measures (i.e., lockdown and stay-at-home orders),
stress, and fear of COVID-19may influence an individual’s health
behavior (3–5). Patients with ST-segment elevation myocardial
infarction (STEMI) are an especially vulnerable population, as
total ischemic time severely influences their outcome (6). There
have been several reports on diminishing numbers of STEMI
admissions during the outbreak in both epicenters and non-
epicenters of the COVID-19 pandemic. This has been associated
with significantly prolonged times from symptom onset to first
medical contact (FMC) and increased in-hospital morbidity
and mortality (7–11). However, the reasons underlying this
phenomenon have rarely been assessed. The influence of factors
such as lockdown, stress, and fear of COVID-19 on the patient’s
long-term outcome, has not yet been evaluated.

METHODS

Study Design and Study Population
In this prospective, observational cohort study, we aimed
for inclusion of all patients with STEMI admitted between
March 21, 2020 and September 30, 2020. STEMI patients
admitted between November 1, 2019 and March 20, 2020 were
enrolled retrospectively.

Patients had to be ≥18 years old and give written informed
consent to be eligible for inclusion. Diagnosis of STEMI was
made according to contemporary guidelines and all STEMI
patients underwent cardiac catheterization and subsequent
percutaneous coronary intervention (PCI) immediately after
admission as indicated by current recommendations (6). During
the COVID-19 pandemic, all patients were treated with personal
protection gear in the case of an unknown COVID-19 status.
The study complies with the Declaration of Helsinki and was
approved by the local ethics committee (number of application
and positive vote 250/20). This study adheres to the STROBE
statement (12).

Data Collection
Demographic, clinical, laboratory, interventional, and in-hospital
outcome data were extracted from our patient management
system by two medical practitioners (CW and LS) and
adjudicated by a third one (MR) in case of any kind of difference.
Left ventricular systolic function at admissions was measured
by cardiac ventriculography during cardiac catheterization and
categorized as normal, mildly impaired, moderately impaired,
or severely impaired, according to the expertise of the
attending physician. Left ventricular systolic function at follow-
up was assessed by automated echocardiographic quantification
(outpatient visit: EPIQ 7, Koninklijke Philips N.V., Eindhoven,

Netherlands; home visit: Butterfly IQ, Butterfly Network. Inc.,
Guilford, CT, USA).

Clinical Follow-Up
Patients were scheduled for outpatient clinic visits (clinical
assessment, 12-lead ECG, and echocardiography) after 1 month,
3 months and, then, at least every 3 months after discharge. If,
for any reason, an outpatient clinic visit could not be realized, a
home visit was offered to the patient.

Laboratory Measurements
Blood samples were drawn at the time of hospital admission
or at the outpatient clinic visits for measurements of high
sensitivity cardiac troponin T (hsTnT), NT-pro BNP, and
creatinine (ElectroChemiLumineszenz ImmunoAssay “ECLIA”
Roche, Cobas 8000, Modul e801 and e601) as part of the clinical
routine. In addition, every patient was tested for SARS- CoV-2
by throat swab test at admissions (Sigma-Virocult R© with 2ml
Virocult R© medium, Check Diagnostics GmbH, Germany) and
analyzed by RT-PCR at the local Institute for Virology.

Assessment of the Effect of Lockdown on
STEMI Patients
Measures of social restriction in Germany came into effect
on March 21, 2020 and public reopening was partly initiated
on April 20, 2020. Consequently, patients admitted between
November 1, 2019 and March 20, 2020 were classified as
the “pre-lockdown” (pre-COVID-19) group, patients admitted
between March 21 and April 19, 2020 were assigned to
the “lockdown” group, and patients admitted between April
20 and September 30, 2020 to the “post-lockdown” group.
Comparisons were made on patient characteristics, clinical
data, and outcomes of patients of the lockdown group
and the combined pre-/post-lockdown group. Outcomes were
heart failure symptoms as measured by NYHA class, serum
levels of cardiac biomarkers, left ventricular ejection fraction,
and survival. Additionally, baseline characteristics, laboratory
parameters, in-hospital clinical characteristics and time to FMC
were assessed and compared between the groups.

Assessment of the Effect of Stress and
Fear of COVID-19 on STEMI Patients
Admitted During the COVID-19 Pandemic
To assess the level of stress and fear of COVID-19 at baseline in
STEMI patients admitted during the pandemic, we utilized well-
established questionnaires. The COVID Stress Scales (CSS) were
used to assess COVID-19 related distress and the Fear of COVID-
19 Scale (FCV-19S) was implemented to measure COVID-19
related fear (13, 14).

Statistical Analysis
Continuous variables were described as mean ± standard
deviation or median together with interquartile range (IQR), as
appropriate. Categorical variables were described as absolute and
relative frequencies, respectively. Group comparison (lockdown
vs. pre-/post-lockdown combined) of continuous variables was
performed by two-sample t-test or Wilcoxon rank sum test
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TABLE 1 | Patient characteristics at baseline.

Total Lockdown Pre-/Post-Lockdown p-value

n = 147 n = 16 n = 131

Age 64 ± 13 69 ± 12 64 ± 14 0.1519*

Sex (male) 112 (76) 12 (75) 100 (76) 1.0000§

Arterial hypertension 89 (61) 11 (69) 78 (60) 0.4768§§

Diabetes 39 (27) 3 (19) 36 (27) 0.5608§

Family history 35 (24) 3 (19) 32 (24) 0.7627§

Smoking 71 (48) 8 (50) 63 (48) 0.8853§§

Obesity 21 (14) 2 (13) 19 (15) 1.0000§

TIA/stroke 8 (5) 2 (13) 6 (5) 0.2109§

OSAS 7 (5) 1 (6) 6 (5) 0.5616§

COPD 2 (3) 1 (6) 4 (3) 0.4427§

CKD 35 (24) 5 (31) 30 (23) 0.5345§

FCV-19S questionnaire

(score)

14 (9, 17) 12 (9, 17) 14 (9, 17) 0.8976**

CSS questionnaire

(score)

38 (25, 70) 31 (13, 50] 39 (27, 71) 0.2018**

TIA, transient ischemic attack; OSAS, obstructive sleep apnea syndrome; COPD, chronic

obstructive pulmonary disease; CKD, chronic kidney disease; FCV-19S, Fear of COVID-19

Scale; CSS, COVID-19 Stress Scales.

*two-sample t-test.

**Wilcoxon rank sum test.
§Fisher’s exact test.
§§ chi2 test.

as appropriate. Group comparison (pre-lockdown vs. lockdown
vs. post-lockdown) of continuous variables was performed by
one-way ANOVA or Kruskal-Wallis test as appropriate. The
chi² test or Fisher’s exact test was used for group comparison
of categorical variables. The Fisher’s exact test was used if
>20% of cells of the table contain expected values of <5,
as appropriate. Otherwise the chi-squared test was used. The
Kaplan-Meier estimator was used to assess the time to event and
groups were compared using the log-rank test. Logistic regression
analysis was done to investigate potential predictors on delayed
presentation. Association of outcomes and total sums of both
CSS and FCV-19S were assessed by scatter plots and either
point-biserial correlation coefficient (in the case of dichotomous
variables) or Spearman rank correlation coefficient (in the case of
continuous variables).

Statistical analysis was performed by SAS version 9.4 under
Windows. A two-sided p-value of <0.05 was considered
statistically significant. Due to the explorative nature of this
study, all results from statistical tests have to be interpreted as
hypothesis generating. An adjustment for multiple testing was
not done.

RESULTS

Patient Characteristics
From March 21, 2020, when measures of social restrictions
were implemented for the first time during the COVID-19
pandemic in Germany, until the end of our inclusion period
on September 31, 2020, 90 patients with STEMI had been

admitted to our tertiary care center. Amongst those, 16 patients
had been admitted during the lockdown period (March 21,
2020 to April 19, 2020; “lockdown group”) and 74 patients
in the post-lockdown period (April 20, 2020 to September 30,
2020; “post-lockdown group”). Furthermore, characteristics of 57
STEMI patients admitted before the COVID-19 pandemic (“pre-
lockdown group”) were assessed. For main analyses, the “pre-
lockdown group” and the “post-lockdown group” were combined
(“pre-/post-lockdown group”). In total, the mean age was 64
± 13 years with 76% (112 out of 147 patients) being male.
There were no significant differences in baseline characteristics
between groups. No patients tested positive for SARS-CoV-
2 virus during hospitalization. No patient was lost to follow-
up. Detailed baseline characteristics are shown in Table 1 and
Supplementary Table 1.

Clinical Characteristics at Admission
To assess the effect of lockdown on STEMI patients admitted to
hospital during the COVID-19 outbreak, clinical characteristics
were assessed and compared to patients admitted before
the outbreak and those admitted after measures of social
restrictions had been lifted. Remarkably, a significantly higher
rate of patients in the lockdown period reported that they
intentionally did not go to the hospital or inform the emergency
medical services immediately after the onset of symptoms
(pre-/post-lockdown: 39 out of 120 patients (33%), lockdown:
11 out of 13 patients (85%); p = 0.0004). Likewise, 46%
of patients in the lockdown group acknowledged that the
time from symptom onset to FMC was longer than 24 h
compared to 11% of patients in the pre-/post-lockdown group.
Overall, time to FMC (in hours) was significantly prolonged
in the lockdown group [pre-/post-lockdown: 2.0 (0.3, 16.0),
lockdown: 11.0 (2.0, 144.0); p = 0.0193]. Additionally, door-
to-needle time (in minutes) was significantly prolonged in
patients admitted during lockdown [pre-/post-lockdown: 46
(28, 74); lockdown: 83 (59, 117); p = 0.0277]. Interestingly,
patients in the lockdown group were more symptomatic at
admission, as measured by NYHA class. However, there was
no significant difference for measurements of vital signs at
admission. Evaluation of laboratory parameters at admissions
revealed that patients admitted due to STEMI during lockdown
had significantly higher serum troponin T levels compared
to those admitted before and after the pandemic lockdown
[pre-/post-lockdown: 244 (53, 1124) ng/L, lockdown: 746 (292,
3899) ng/L; p = 0.0105]. Additionally, measures for NT-pro
BNP and creatinine showed no significant difference. However,
mean left ventricular end diastolic pressure (LVEDP) was
significantly higher in the lockdown group compared to the pre-
/post-lockdown group [pre-/post-lockdown: 24 (17, 29) mmHg,
lockdown: 34 (27, 36) mmHg; p = 0.0116]. Lastly, STEMI
patients admitted during lockdown had significantly higher need
for circulatory support than those admitted before after the
lockdown period [pre-/post lockdown: 18 out of 122 patients
(15%), lockdown: nine out of 16 patients (56%), p = 0.0005].
Clinical characteristics at admission are summarized in Table 2

and Supplementary Table 2.
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TABLE 2 | Clinical characteristics at baseline.

Total Lockdown Pre-/Post-

Lockdown

p-value

n = 147 n = 16 n = 131

NYHA class

I 34 (27) 1 (8) 33 (29) 0.0087§

II 25 (20) 0 (0) 25 (22)

III 10 (8) 3 (23) 7 (6)

IV 57 (45) 9 (69) 48 (42)

Delayed presentation

Yes 50 (38) 11 (85) 39 (33) 0.0004§

No 83 (62) 2 (15) 81 (68)

Time to FMC

Immediately 60 (45) 2 (15) 58 (49) 0.0032§

≤ 3 h 27 (20) 2 (15) 25 (21)

≤ 12 h 14 (11) 3 (23) 11 (9)

≤ 24 h 12 (9) 0 (0) 12 (10)

> 24 h 19 (14) 6 (46) 13 (11)

Time to FMC

(hours)

2.0 (0.3, 24.0) 11.0 (2.0, 144.0) 2.0 (0.3, 16.0) 0.0193**

Systolic bp

(mmHg)

117 ± 28 116 ± 29 117 ± 29 0.9009*

Diastolic bp

(mmHg)

67 ± 20 76 ± 19 65 ± 19 0.0579*

Troponin T (ng/L) 318 (63, 1,301) 746 (292, 3,899) 244 (53,

1,124)

0.0105**

NT-pro BNP

(pg/ml)

354 (91, 1,879) 1,120 (237, 6,459) 331 (83,

1,712)

0.0717**

Creatinine

(µmol/L)

84 (71, 110) 86 (74, 115) 84 (71, 109) 0.6503**

Laevocardiography

Normal 4 (3) 0 (0) 4 (3) 0.2620§

Mildly reduced 31 (23) 4 (27) 27 (22)

Moderately

reduced

55 (40) 3 (20) 52 (43)

Severely reduced 46 (34) 8 (53) 38 (31)

LVEDP (mmHg) 26 (17, 32) 34 (27, 36) 24 (17, 29) 0.0116**

Door-to-needle-

time

(min)

54 (28, 80) 83 (59, 117) 46 (28, 74) 0.0277**

Culprit lesion

LAD 67 (49) 11 (79) 56 (46) 0.0815§

LCX 19 (14) 1 (7) 18 (15)

RCA 51 (37) 2 (14) 49 (40)

Circulatory support

Yes 27 (20) 9 (56) 18 (15) 0.0005§

No 111 (80) 7 (44) 104 (85)

Time at hospital

(days)

4 (3, 6) 5 (2, 6) 4 (3, 6) 0.9445**

FMC, first medical contact; BNP, brain natriuretic peptide; bp, blood pressure; LVED,

left ventricular end diastolic pressure; LAD, left anterior descending; LCX, left circumflex

artery; RCA, right coronary artery.

*two-sample t-test.

**Wilcoxon rank sum test.
§Fisher’s exact test.
§§chi2 test.

Boldface denotes significance of p-values.

Clinical Outcomes
Patients included in our analysis had a median follow-up time of
142 days. Intriguingly, a comparison of survival time of patients
of the lockdown group and patients of the pre-/post-lockdown
group showed that STEMI patients admitted during lockdown
had a significantly lower survival (confirmed deaths; pre-/post-
lockdown: 21 out of 131 patients; lockdown: 7 out of 16 patients;
log-rank test: p = 0.0035; Figure 1). This was associated with a
higher rate of patients in the lockdown group (30%) reporting the
presence of heart failure symptoms at rest compared to the pre-
/post-lockdown period (11%). However, the overall difference
in NYHA-class between both groups was only a non-significant
result (p = 0.1367; Table 3). Analysis of laboratory measures at
follow-up showed no significant difference. Clinical outcomes are
shown in Table 3 and Supplementary Table 3.

Effect of Stress of COVID-19 and Fear of
COVID-19 on Outcomes
Since the association of fear of COVID-19 and outcomes of
STEMI patients has not been comprehensively evaluated so far,
we assessed the level of stress and fear of COVID-19 by two well-
established questionnaires (FCV-19S and CSS). Patients in the
lockdown period had a median FCV-19S Score of 12 (9, 17) and
CSS score of 31 (13, 50), compared to a FCV-19S score of 14 (9,
17) (p = 0.8976), and CSS Score of 39 (27, 71) (p = 0.2018) in
the pre-/post-lockdown group (Table 1). Association analysis of
total test scores with baseline and follow-up parameters showed
a significant relationship between the total CCS score and left
ventricular contractile function as assessed by laevocardiography.
However, no association between the total FCS-19V score and
laevocardiography at admission could be demonstrated. There
was no relationship between anxiety of COVID-19 and other
parameters (Supplementary Table 4).

Predictors of Intentionally Delayed
Presentation
To identify predictors of delayed presentation, we performed
both univariate as well as multiple logistic regression analysis
of the parameters that potentially keep STEMI patients from
seeking timelymedical care amid the COVID-19 pandemic. After
multiple analysis, only “admission during lockdown” remained
significantly associated with intentionally delayed presentation
(Table 4).

DISCUSSION

To the best of our knowledge, this is the first study prospectively
evaluating the outcome of STEMI patients admitted during the
COVID-19 pandemic caused lockdown, which also analyzes the
effects of stress and fear of COVID-19 on patient outcomes. We
found that patients with STEMI admitted during the lockdown
period to our tertiary center showed lower survival compared to
both those admitted before the COVID-19 pandemic and after
measures of social restriction have been partly lifted. This was
associated with a longer time from symptom onset to FMC and
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FIGURE 1 | Kaplan Meier plot showing survival of STEMI patients admitted during (lockdown group), and outside of COVID-19 associated lockdown

(pre-/post-lockdown group).

a prolonged door-to-needle time. Additionally, patients in the
lockdown group had significantly higher serum troponin T levels,
a worse left ventricular end-diastolic pressure, and a higher need
of circulatory support at admission.

Effect of Fear of COVID-19 and Stress of
COVID-19 on STEMI Patients
Observations since the beginning of the COVID-19 crisis
have suggested that various factors, such as altruistic behavior,
information by the media, and especially fear of contagion with
SARS-CoV-2 in hospital, contributed to reduced admissions of
patients with acute myocardial infarction and prolonged times
from symptom onset to FMC (4, 15). It has been reported, that
patients who avoided an emergency room visit timely because
they feared getting infected with SARS-CoV-2 in hospital,
suffered catastrophic complications such as ventricular septal
defect, which has become rare due to steadily improving medical
care (16). As fear displays one characteristic of infectious disease
and is associated with its transmission rate, morbidity, and
mortality, Ahorsu et al. developed and validated a 7-item scale
(Fear of COVID-19 Scale, FCV-19S) assessing the level of fear
of SARS-CoV-2 (14). As there is currently no systematic study
on the effect of fear on patients with myocardial infarction, we

employed the FCV-19S to estimate if the extent of fear of COVID-
19 is associated with worsened outcomes in STEMI patients.
To do so, we conducted association analysis of the scores of
the FCV-19S, and relevant clinical patient characteristics. Our
results indicate that overall fear of COVID-19 is not related
to adverse outcomes in STEMI patients. To substantiate this
finding, we applied the COVID Stress Scales, a 36-item scale
developed by Taylor et al. to better understand and assess
COVID-19-related stress and anxiety (13). Besides a single
relationship between the total CSS score and left ventricular
systolic contractility as assessed by laevocardiography, we could
not demonstrate an association between the totaled item scores
and outcomes of STEMI patients. Therefore, fear of COVID-19
was not associated with lockdown, higher measures of cardiac
biomarkers, outcomes at follow-up, and prolonged times from
symptom onset to FMC. Since our study population represents
a region which has been rather spared from overwhelming
infection rates in the early phase of the pandemic, these results
might deviate if STEMI patients in epicenters of the pandemic
are interviewed.

Effect of Lockdown on STEMI Patients
Soon after SARS-CoV-2 surfaced around the world, several
countermeasures were initiated to contain further spread as
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TABLE 3 | Patient characteristics at follow up.

Total Lockdown Pre-/Post-

Lockdown

p-value

n = 147 n = 16 n = 131

NYHA class

I 46 (45) 5 (50) 41 (44) 0.1367§

II 35 (34) 1 (10) 34 (37)

III 9 (9) 1 (10) 8 (9)

IV 13 (13) 3 (30) 10 (11)

LVEF 53 (45, 60) 47 (35, 63) 53 (45, 60) 0.4327**

Troponin T (ng/L) 19 (10, 39) 26 (19, 81) 17 (10, 33) 0.1300**

NT-pro BNP

(pg/ml)

483 (187, 1,092) 1,014 (187, 3,559) 483 (195, 964) 0.4976**

Creatinine

(µmol/L)

81 (74, 93) 83 (74, 131) 80 (74, 93) 0.5377**

NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; BNP, brain

natriuretic peptide.

**Wilcoxon rank sum test.
§Fisher’s exact test.

TABLE 4 | Identification of predictors of intentionally delayed presentation.

Multiple analysis

Variables Odds Ratio (OR) 95% CI of OR p-value

Age 0.965 0.924–1.008 0.1133

Sex (female) 2.187 0.567–8.437 0.2558

Admission during lockdown 16.393 1.692–166.67 0.0159

FCV-19S questionnaire (score) 1.083 0.939–1.249 0.2760

CSS questionnaire (score) 0.986 0.952–1.021 0.4280

FCV-19S, Fear of COVID-19 Scale; CSS, COVID-19 Stress Scales. Boldface denotes

significance of p-values.

much as possible. Drastic measures of social distancing and
public lockdown were implemented, among other policies. In
Germany, public facilities were closed, sporting events were
canceled, and the physical contact of more than two persons
outside of families was prohibited (9). Depending on the region,
even curfews were enforced to minimize the inter-personal
contact. For patients suffering from acute myocardial infarction,
it has been suggested that measures of public lockdown might
interfere with timely and adequate medical care (1, 2, 4, 10). It
has been observed that the implementation of regional lockdown
was associated with a significant decline in admission numbers
of STEMI patients compared to times before the pandemic
(10, 17). Furthermore, a concomitant increase of patient-related
as well as system-related delay times, as measured by the time
from symptom onset to FMC and door-to-balloon time, has
been registered (18). However, it is difficult to distinguish if
these findings were related specifically to the lockdown or
to the COVID-19 crisis as a whole. To date, there are only
a few retrospective cohort and register studies available with
data on STEMI patients admitted during and after regional
lockdown (19, 20). While these studies confirm the decrease

in incidence during lockdown period, there is a lack of
information regarding delay times, mortality and survival (19,
20). To compensate for this issue, we prospectively assessed
and compared survival of STEMI patients admitted during the
COVID-19 pandemic and outside of lockdown. Intriguingly,
we found that the lockdown group had a significantly lower
survival. This might be attributed to our finding that during
lockdown, patients were admitted in worse condition. This is
substantiated by (1) worse symptoms as measured by NYHA-
class, (2) significantly increased serum troponin T levels, (3) a
significantly higher LVEDP, and (4) significantly higher need
for circulatory support in the lockdown-group. This could be
related to a significantly prolonged time from symptom onset to
FMC during lockdown, which is known to be associated with
larger infarct size and infarct transmurality (21). Additionally,
we observed that the door-to-needle time was significantly
prolonged in the lockdown-group, too. Evidently, this is related
to the indispensable adaptation of emergency processes, such
as employment of personal protective gear, to mitigate the
risk of getting infected with SARS-CoV-2 (22). Nevertheless,
it remains possible that the increase in system-related delay
time, as measured by door-to-needle time, contributed to the
worse outcome of STEMI patients admitted during lockdown.
Assessment of other outcomes did not show differences, which
might be related to the higher number of deceased patients in
the lockdown group, who, therefore, did not receive a follow-
up visit.

Moreover, by multiple logistic regression analysis, we show
that amongst several aforementioned factors that potentially
keep STEMI patients from seeking timely medical attention
despite experiencing ischemic symptoms, that lockdown (not
stress or fear of COVID-19) was significantly associated with an
intentionally delayed presentation. These findings substantiate
our hypothesis that measures of social distancing such as
lockdown adversely affect the health behavior and outcomes of
STEMI patients.

As a consequence, public lockdown appears to considerably
deteriorate the prognosis of patients suffering from myocardial
ischemia. In the presence of the currently rising incidence
of SARS-CoV-2 virus infections worldwide and imminent
recurrence of lockdown measures, public health policy has
to carefully decide on the extent of social policies to avoid
potential excess morbidity and mortality. Implementation of
lockdown measures have to be accompanied by distinct public
instructions on how to act in health emergencies such as STEMI
and others.

Limitations
As this is a prospective, observational explorative study on
the outcomes of STEMI patients admitted during and outside
of social lockdown related to the COVID-19 pandemic, it
inherently has limitations. Since this is a study from a single
center, only a limited number of patients could be included.
Due to the explorative character of this study, our results have
to be interpreted as hypothesis generating. Studies reporting
the outcomes a larger number of participants, which might be
achievable by a multi-center design or a prolonged time to select
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cases, are of the essence to verify our results and to further
investigate the drivers of increased mortality (e.g., by pathway
analysis). Nonetheless, these results are the first prospective data
on the outcomes of STEMI patients admitted during, before and
after lockdown, which reveal a significant decrease in survival
during lockdown. For further analysis, the raw data underlying
our analyses are available upon publication.

CONCLUSION

This is the first prospective study comparing the outcomes
of STEMI patients admitted during lockdown, to outcomes of
patients admitted before and after public lockdown in a non-
COVID-19 epicenter. Our results suggest that enforced lockdown
is associated with reduced survival of STEMI patients, which
supposedly is related to prolonged patients delay times. Patient
related factors such as the fear of getting infected in the hospital
or stress factors related to COVID-19 seem to have less impact
on outcomes among these patients. Public health care strategies
to constrain SARS-CoV-2 or other pandemics at present and
in future including public lockdown measures have to assure
timely medical treatment beyond COVID-19. Implementation of
lockdown measures should be accompanied by distinct public
instructions on how to act in acute life-threatening diseases such
as STEMI and others.
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