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Abstract

Purpose of Review Cardiac consequences occur in both acute COVID-19 and post-acute sequelae of COVID-19 (PASC).
Here, we highlight the current understanding about COVID-19 cardiac effects, based upon clinical, imaging, autopsy,
and molecular studies.

Recent Findings COVID-19 cardiac effects are heterogeneous. Multiple, concurrent cardiac histopathologic findings have
been detected on autopsies of COVID-19 non-survivors. Microthrombi and cardiomyocyte necrosis are commonly detected.
Macrophages often infiltrate the heart at high density but without fulfilling histologic criteria for myocarditis. The high
prevalences of microthrombi and inflammatory infiltrates in fatal COVID-19 raise the concern that recovered COVID-19
patients may have similar but subclinical cardiac pathology. Molecular studies suggest that SARS-CoV-2 infection of car-
diac pericytes, dysregulated immunothrombosis, and pro-inflammatory and anti-fibrinolytic responses underlie COVID-19
cardiac pathology. The extent and nature by which mild COVID-19 affects the heart is unknown. Imaging and epidemiologic
studies of recovered COVID-19 patients suggest that even mild illness confers increased risks of cardiac inflammation,
cardiovascular disorders, and cardiovascular death. The mechanistic details of COVID-19 cardiac pathophysiology remain
under active investigation.

Summary The ongoing evolution of SARS-CoV-2 variants and vast numbers of recovered COVID-19 patients portend a
burgeoning global cardiovascular disease burden. Our ability to prevent and treat cardiovascular disease in the future will
likely depend on comprehensive understanding of COVID-19 cardiac pathophysiologic phenotypes.
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Introduction

COVID-19 was introduced to the world as a respiratory
viral infection ranging from a pneumonia to acute respira-
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and treatment of cardiac complications in acute and post-
acute COVID-19.

Clinical Presentation of Cardiac
Complications in Acute and Post-Acute
COVID-19

Cardiac Effects of COVID-19 Are Heterogeneous

It became clear, early in the pandemic, that COVID-19 does
not spare the heart [1]. Many acute COVID-19 patients also
present with cardiovascular syndromes. These cardiac clini-
cal presentations are heterogenous and include arrhythmias,
acute on chronic congestive heart failure, right heart failure,
stress cardiomyopathy, cardiogenic shock, myocarditis, and
multisystem inflammatory syndrome in adults (MIS-A) [2,
3ee_ 4-10]. Occasionally, acute COVID-19 patients develop
new-onset acute heart failure or new-onset atrial fibrillation.
Despite high suspicion of its causal role, acute COVID-19
associated myocarditis is extraordinarily rare, occurring in
2.4 per 1,000 acute COVID-19 hospitalizations, according
to a recent international, retrospective, observational study
[11ee]. In the rare instances that it does occur, acute COVID-19
related myocarditis commonly presents as fulminant heart failure,
requiring inotropic support or temporary mechanical circulatory
support [11ee]. Phenotypic heterogeneity has also been noted
even among patients with acute fulminant COVID-19 myocar-
ditis. Patients with concurrent multisystem inflammatory syn-
drome in adults (MIS-A) suffered severe systemic inflamma-
tion and presented later in the post-COVID-19 period than did
those without MIS-A. The MIS-A-positive patients developed
myocardial dysfunction more gradually, rarely had detectable
SARS-CoV-2 on RT-qPCR, and frequently had positive COVID-
19 serology. Strikingly, in-hospital survival rates were better for
those patients with acute COVID-19 myocarditis and concurrent
MIS-A than those without concurrent MIS-A [3ee].

In general, pre-existing cardiac conditions (i.e., atrial
fibrillation, coronary artery disease, and congestive heart
failure) and risk factors for heart disease (i.e., obesity, diabe-
tes, hypertension, and tobacco abuse) have been associated
with an increased mortality risk in COVID-19 patients [12,
13]. Hypothesized mechanisms of the increased mortality
risk in this population include limited physiologic reserve,
a relatively immunocompromised state, and increased pro-
pensity for an inflammatory response [14]. The mechanisms
that underlie the clinical heterogeneity of COVID-19 remain
under investigation, but studies to date suggest that differen-
tial host immune responses yield the wide range of disease
acuity and severity.

With most of the US population now protected against
severe SARS-CoV-2 via infection- or vaccination-
induced immunity, the severity and mortality rate of acute
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COVID-19 illness have decreased significantly [15, 16].
Since cardiac injury is associated with worse COVID-19
severity, it is unclear whether, how, and for how long mild
COVID-19 might affect the heart. Even if its incidence
declines, the prevalence of COVID-19 cardiac effects will
remain high considering the cumulative millions of peo-
ple who have been infected with SARS-CoV-2.

Abnormalities in Systemic Inflammatory
Biomarkers, ECG, and Cardiac Imaging Are
Commonly Detected in Moderate to Severe
COVID-19 lliness

Given the heterogeneity of COVID-19 cardiac involvement,
diagnostic evaluation may include cardiac biomarkers (i.e.,
troponin and natriuretic peptides), electrocardiography, and
cardiac imaging (e.g., echocardiography and cardiac mag-
netic resonance imaging). Acute cardiac injury, defined as a
serum cardiac troponin (cTn) level above the 99th percentile
of the upper reference limit, presented in as many as a third
of hospitalized patients during the initial surge of the pan-
demic. Acute cardiac injury in COVID-19 was associated
with increased mortality risk, regardless of any underlying
chronic cardiovascular disorders [17]. Moreover, the risk
of death in COVID-19 increased with the magnitude of the
troponin elevation [18ee]. Lower elevations of cTn were
associated with approximately twice the mortality risk of
those without cardiac injury, while the highest elevations
of cTn were associated with a three-fold greater mortality
risk. Similarly, elevations in B-type natriuretic peptide and
N-terminal pro-B-type natriuretic peptide, to at least half
their normal thresholds, have also been associated with
increased mortality in COVID-19 [19].

Despite its simplicity as a diagnostic test, an ECG can pre-
dict cardiac and respiratory outcomes as well as overall sur-
vival [20]. ECG findings of atrial fibrillation/flutter, right ven-
tricular strain, and ST segment abnormalities were associated
with a two- to threefold increased risk of death or mechanical
ventilation [21]. Despite their association with severe COVID-
19 illness, ventricular arrhythmias had an overall prevalence
of less than 10% in cases of acute COVID-19 [22].

Cardiac involvement of COVID-19 can also be revealed
by imaging, most commonly transthoracic echocardiogra-
phy (TTE). Nearly half of acute COVID-19 patients with-
out a pre-existing echocardiographic abnormality had an
abnormal TTE, most commonly with findings of left and/
or right ventricular dysfunction [23, 24]. Abnormal TTE
findings reportedly changed the clinical management in a
third of hospitalized COVID-19 patients. When coupled
with serum troponin level, TTE abnormalities help identify
the highest risk patients. COVID-19 patients with elevated
cTn and abnormal TTEs were reported to have an in-hospital
mortality of 31.7% [25]. Early in the pandemic, concerns
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about intra-procedural transmission of SARS-CoV-2 led to
a marked decline of invasive diagnostic tests. For suspected
acute myocarditis, cardiac magnetic resonance (CMR) imag-
ing studies were preferred over endomyocardial biopsies for
detecting any myocardial edema and myocardial inflamma-
tion/ early fibrosis [26].

Cardiac Complications Are Common in Post-Acute
Sequelae of COVID-19 (PASC)

Among individuals who recover from COVID-19, one in 5
may suffer from post-acute sequelae of COVID-19 (PASC)
or “long COVID” [27]. Cardiac manifestations of PASC
are relatively common. A retrospective study of US veter-
ans found that those who recovered from COVID-19 within
30 days of illness onset had increased burden and risk of
cardiovascular disease compared to matched controls [28].
The greatest burden among recovered COVID-19 patients
was cardiac arrhythmia, which occurred in 20 per 1,000
patients with 1.7 times the risk of matched controls. The
arrhythmias included atrial fibrillation/flutter, ventricular
arrhythmias, and persistent sinus tachycardia. Heart fail-
ure was the next most common, occurring in 12 per 1,000
recovered patients with 1.7 times the risk of controls.
Though less prevalent than either arrhythmias or heart
failure at 4 per 1,000 people, venous thromboembolism
occurred with a risk 2-3 times that of matched controls.
Pericarditis and myocardial infarction each occurred in 1-3
per 1,000 recovered COVID-19 patients with 1.6—1.8 times
the risk. Myocarditis was rare (0.3 per 1,000 people) but
occurred with the highest risk of cardiovascular disease (5.4
times control) in this cohort of veterans. Overall, there were
23 excess cardiac events per 1,000 patients, with higher risk
among those with more severe COVID-19 illness. A CDC
study of nearly 2,000,000 patients found similar burden
and risk of cardiac disease, supporting a true association
between COVID-19 recovery and long-term cardiovascular
complications [27]. Proposed mechanisms for the elevated
cardiac risk following COVID-19 include a persistent pro-
inflammatory state, endothelial dysfunction, hypercoagu-
lopathy, and residual damage from the initial myocardial
stress. Longitudinal studies of PASC patients, including
analyses of their biospecimens and cardiac imaging, will
be vital for testing these theories.

Patients who were previously infected with SARS-CoV-2
may develop cardiac complications with or without cardio-
vascular symptoms. The American College of Cardiology
has devised an expert consensus decision pathway for the
clinical management of post-COVID-19 patients suspected
to have cardiovascular involvement [29ee]. The suggested
framework for evaluating and managing these patients
takes a multimodal approach that is centered around car-
diac imaging.

Impact of COVID-19 on Cardiac Structure
and Function

During the initial pandemic surge, cardiac imaging was heav-
ily limited by their relatively elective nature, the overwhelm-
ing patient care burden on beleaguered health care systems,
and the scarcity of personal protective equipment (PPE).
These initial constraints eased over time; clinical manage-
ment of COVID-19 advanced and PPE and hospital resources
became available. These dynamic circumstances impacted
the early data that could be obtained about the heart in acute
COVID-19 illness due to the original SARS-CoV-2 strain.
Nonetheless, cardiac imaging of acutely ill patients and
recovered patients has established some of our fundamental
understanding about the cardiac effects of COVID-19.

Severity of Ventricular Dysfunction Increases
with COVID-19 Severity and Co-Morbidities

Echocardiography studies of acutely ill COVID-19
patients commonly found biventricular dysfunction, typi-
cally of greater severity in patients with pre-existing car-
diac disease. In a study of approximately 100 patients
hospitalized with acute COVID-19, nearly 70% were
found to have some echocardiographic abnormality [24].
This cohort was largely comprised of older men (mean
age 66 years), most of whom had hypertension, diabetes,
obesity, and/or coronary artery disease. Patients with more
severe COVID-19 had right ventricular (RV) dilatation and
dysfunction. Importantly, baseline TTE findings of lower
left ventricular ejection fraction (LVEF) and elevated LV
filling pressure (reflected by E/e’) were associated with
clinical deterioration and higher death rates, consistent
with other reports [30]. Abnormal TTE findings were also
found in the majority (55%) of 1272 patients in an inter-
national COVID-19 study [23]. This study population was
also comprised chiefly of older men (70% male, median
age 62 years) with cardiovascular co-morbidities. These
patients generally had more severe COVID-19; 60% were
critically ill. In this COVID-19 cohort, 39% had LV abnor-
malities and a third had RV abnormalities. The abnormali-
ties included new myocardial infarction (3%), myocarditis
(3%), stress cardiomyopathy (2%), mild (19%) to severe
(6%) RV impairment, RV dilatation (15%), elevated pul-
monary artery pressures (8%), and RV pressure and/or
volume overload (4%). About 1% had cardiac tamponade
or endocarditis. Altogether, 15% of patients had severe
dysfunction of either the LV or RV. Notably, patients with-
out pre-existing cardiac disease were more likely to have
normal echocardiograms, suggesting that COVID-19 may
have worse effects on hearts with underlying structural or
functional abnormalities.
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Widespread, Non-Specific Myocardial Inflammation
Is More Common than Myocarditis on CMR

For suspected myocarditis, pericarditis, or myopericardi-
tis, CMR has the advantage over TTE for assessing cardiac
structure, function, and tissue characteristics. In one case
series, eight out of 10 acute COVID-19 patients with sus-
pected myocarditis were confirmed as such, based upon
CMR detection of diffuse myocardial edema and fulfill-
ment of the modified Lake Louise criteria [31]. In a study
of 100 symptomatic COVID-19 patients, 33% of whom were
hospitalized, CMR at 2 months after illness onset showed
cardiac structural and functional abnormalities in most
patients [26]. Compared with healthy controls, 78% of the
COVID-19 patients were found on CMR to have myocardial
edema and lower LVEF; 32% had late gadolinium enhance-
ment (LGE, sign of early fibrosis), and 22% had pericardial
enhancement. In some of these patients, endomyocardial
biopsy was performed and revealed active and ongoing lym-
phocytic infiltration. Hence, recently recovered COVID-19
patients with LGE on CMR may have subacute or resolved
myocarditis.

Even without fulfilling the modified Lake Louise criteria
for myocarditis, abnormal CMR findings can still have clinical
and functional significance. Cardiopulmonary exercise testing
(CPET) was coupled with CMR for 58 hospitalized COVID-19
patients who had recovered but continued to experience cardiac
symptoms beyond 3 months after initial infection [32]. In this
prospective, blinded study of PASC patients, lower maximal
oxygen consumption (VO,,,..) on CPET was associated with
initial CMR abnormalities suggestive of myocardial edema and
inflammation at 2 months. At 6 months following acute COVID-
19, all previously detected CMR abnormalities had resolved
despite ongoing symptoms in some patients. This discordance
remains to be explained but suggests the possibility that CMR is
not sensitive enough to detect residual cardiac pathology.

Myocardial Inflammation and Its Resultant Cardiac
Dysfunction in COVID-19 Are Transient

Although seldom used for diagnosing myocarditis,
18F-fluoro-deoxy-glucose (FDG) positron emission tomog-
raphy (PET) is more sensitive than CMR in detecting myo-
cardial inflammation and more specific in detecting chronic
myocarditis [33]. In a study of 47 recovered COVID-19
patients, CMR and FDG-PET were concurrently performed
at about 2 months following diagnosis and, for those with
focal FDG uptake, again at another 2 months thereafter [34].
Only a small proportion (17%) of recovered patients had
focal FDG uptake on their initial PET, indicating myocar-
dial inflammation or, more specifically, metabolically active
immune cells. CMR findings of myocardial inflammation
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were stronger for the FDG-PET positive patients; however,
a couple FDG-PET positive patients had no CMR abnor-
malities. Regardless of CMR findings, all FDG-PET positive
patients demonstrated worse ventricular systolic function
and increased blood levels of systemic inflammatory bio-
markers. On subsequent follow-up, cardiac imaging abnor-
malities, ventricular function, and inflammatory biomarker
levels of all FDG-PET positive patients improved or normal-
ized. The resolution of these abnormal findings suggests that
inflammatory cardiac dysfunction in recovered COVID-19
patients is transient. Whether and how such transient ven-
tricular dysfunction might still impact upon long-term out-
comes, including vulnerability to future cardiac injury and
risk of chronic cardiac disease or cardiovascular death, have
yet to be determined.

Cardiac Microvascular Dysfunction, Rather
than Coronary Artery Occlusion, May Underlie Acute
Cardiac Injury in COVID-19

Acute cardiac injury is not only highly prevalent but
also prognostic among hospitalized COVID-19 patients.
Elevated blood levels of cTn are associated with greater
COVID-19 illness severity and worse clinical outcomes,
including increased risk of death. For some COVID-
19 patients, acute ischemic ECG changes accompanied
their elevated cTn levels, thereby suggesting acute myo-
cardial ischemia or infarction (AMI) due to COVID-19.
However, studies using invasive coronary angiography
or computed tomography coronary angiography (CTCA)
have revealed more nuanced vascular pathology. In a case
series of 28 Italian COVID-19 patients with suspected
AMLI, focal culprit coronary obstructions were identified
on invasive coronary angiography in most but not all the
patients. Forty percent of the study cohort did not have
any obstructive coronary artery disease, thereby suggest-
ing MINOCA (myocardial infarction with non-obstructive
coronary arteries) as the etiology of their acute cardiac
injury [35]. In the general adult population, MINOCA
accounts for 6% of all AMIs [36]. The higher prevalence
of MINOCA amongst acute COVID-19 patients suggests
that coronary microvascular dysfunction is associated
with, possibly even causal to, COVID-19 cardiac injury.
Likewise, in a study of 52 patients hospitalized for moder-
ate to severe COVID-19, the majority (65%) of patients
had normal coronary arteries on CTCA at 3 months fol-
lowing illness onset [37]. Furthermore, 20% of the cohort
had mild or moderate, non-obstructive coronary disease.
It remains to be confirmed whether underlying subclini-
cal coronary artery and/or microvascular disease predis-
poses some COVID-19 patients to acute cardiac injury
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or, conversely, whether SARS-CoV-2 infection induces
coronary microvascular dysfunction, thereby injuring the
heart.

Characterization of COVID-19 Cardiac
Histopathology

The high mortality rate of COVID-19, particularly in the
first several months of the pandemic, was a devastating and
unfathomable tragedy. Its aftershocks will be felt for years
to come. At the same time, our understanding of COVID-
19 histopathology grew exponentially because of the avail-
ability of autopsy tissue samples. Histologic and molecular
analyses of post-mortem tissue samples provided some of
the earliest information about the novel coronavirus and its
pathology.

Acute Lymphocytic Myocarditis Is Rare in COVID-19

Initial suspicions ran high that SARS-CoV-2 myocardi-
tis was responsible for the cardiac presentations of some
acute COVID-19 patients. Two autopsy series early in the
pandemic supported this theory. Each reported myocar-
ditis in more than half their cases [38, 39e¢]. However,
by the end of 2020, only 20 of 277 autopsied COVID-19
hearts (7.2%) reported across 22 publications had any his-
tologic evidence of myocarditis [40]. Subsequent single-
center studies of post-mortem COVID-19 hearts corrobo-
rate the estimated low prevalence of myocarditis in fatal
COVID-19. Focal myocarditis was detected in only 2 of
50 (4%) post-mortem hearts in one study and 4 of 69 (6%)
in another [41ee, 42].

Macrophage Infiltration of Myocardial Interstitium
Is Increased in Acute COVID-19 Myocarditis

Whereas acute lymphocytic myocarditis is exceedingly rare in
fatal COVID-19, macrophage infiltrates are increased in the
interstitium of post-mortem COVID-19 hearts. Macrophage
infiltrates were seldom associated with cardiomyocyte injury
and thus qualified only as inflammatory infiltrates, not myo-
carditis as defined by the histology-based Dallas criteria [43].
Yet, the density of interstitial myocardial CD68 + macrophages
was significantly higher in post-mortem COVID-19 hearts with
myocarditis than in those without myocarditis [44e, 45e]. In the
rare cases of COVID-19 lymphocytic myocarditis, the densi-
ties of myocardial CD3 + T-cells and CD4 + helper T-cells, but
not CD8 + cytotoxic T-cells, were also increased compared to
COVID-19 hearts without myocarditis [44e, 45e].

Hence, COVID-19 myocarditis demonstrates the heteroge-
neity of myocarditides with regards to inflammatory cell type

infiltrates. Cell signaling underlying these distinct inflamma-
tory responses in COVID-19 is still being studied. It is widely
believed that the infiltrating macrophages in the COVID-19
heart likely derive from circulating monocytes recruited to the
myocardium, as is the case in the lungs of COVID-19 non-sur-
vivors. In severe COVID-19, SARS-CoV-2 infects the tissue
resident macrophages of the lung, alveolar macrophages, and
induces pyroptosis. The inflammatory cell death of infected
alveolar macrophages further attracts inflammatory monocytes
and monocyte-derived macrophages [46, 47e, 48].

Most Commonly Detected Acute Histopathology
in Post-Mortem COVID-19 Hearts Is Microthrombi

Other acute histopathologic findings have also been reported
in post-mortem COVID-19 hearts, including microvascular
endothelial cell damage, cardiomyocyte degeneration, focal car-
diac necrosis, focal inflammatory infiltrates, and microthrombi
[41ee 44 4Qee 50, 51ee 52]. Determining the prevalences
of these histopathologic findings is difficult given limitations
of autopsy studies. Different studies analyzed different patholo-
gies, often focusing on a specific cardiac finding (e.g., cardiac
necrosis, endothelial injury, or inflammatory infiltration).
Some studies used routine hematoxylin and eosin (H&E)
staining alone; others included immunohistochemical staining.
Neither uniform methods nor standardized criteria were used
across all studies. As such, even systematic reviews are lim-
ited by selection and reporting bias. Furthermore, COVID-19
autopsy studies span the multiple waves of the pandemic, and
different strains of SARS-CoV-2 may differ in their effect upon
the heart. During the initial wave of the pandemic, a single-
center study used both H&E and immunohistochemical stain-
ing to assess all 6 abovementioned acute cardiac histopatho-
logic findings in post-mortem COVID-19 hearts. Microthrombi
were detected in 48 (70%) of the 69 COVID-19 non-survivors,
rendering it the most commonly detected acute cardiac histopa-
thology in this fatal COVID-19 cohort. Two thirds of the cohort
exhibited 2 or more of the 6 cardiac histopathologic features
[41ee]. In another COVID-19 study, 14 (35%) of 40 post-mor-
tem hearts had evidence of cardiomyocyte necrosis. Of the 14
hearts with necrosis, 9 also had microthrombi, suggesting that
microthrombi are a major cause of cardiac necrosis in COVID-
19 [51ee]. However, the prevalence and extent of cardiac necro-
sis, in this and other autopsy studies, appear modest relative to
the prevalence and magnitude of cardiac troponin level eleva-
tions in COVID-19 non-survivors. The discrepancy suggests
that non-necrotic cardiomyocyte cell death (i.e., pyroptosis or
necroptosis) may instead underlie the acute cardiac injury associ-
ated with fatal COVID-19. The role of these alternate forms of
cardiomyocyte cell death remain to be proven.

@ Springer



176 Current Cardiology Reports (2023) 25:171-184
NEUTROPHILS MACROPHAGES ENDOTHELIAL CELLS
a infected infected infected & activated damaged
& actlvated -l
(C3b} * ‘ PRS- o ' WULLTI
LB & e e b "
2 Cuassica '-ECT'N ALTERNATIVE . A "y o
8 \ / R, e [9)
AN c
3 A S
= — { >, o -
= & - 5
S (Csa) ‘ 2
5 A @K g
s q A ~E 7
E (l:\gé-(':_:) / (THROMBIN) g
8y 2 Tum gt i
;:x L —
CELLLYSIS ~ Bl

COMPACT FIBRIN
NETWORK

/V
e NET—OSIS {
activated ! .
activated
ENDOTHEHIAL PLATELETS

b INTRAMYOCARDIAL
MICROVASCULATURE MYOC

ARDIUM

PERICYTES #CARDIAC
K1

MYOCYTES MONOCYTES/

MACROPHAGES

Contractile Dysfunction
PYROPTOSIS EN D((:)ETHESLIAL PYROPTOSIS
Damage &
Inﬂammatory Dysfunction Infiltration & Activation
Cytokines Chemoattractants Inflammasome Activation

N\
)

PYROPTOSIS

NEUTROPHILS
Infiltration & Activation
NET-osis

Elevated Systemic Inflammatory Biomarkers,
Extensive Neutrophil Infiltration, and Clot
Composition and Structure Highlight Dysregulated
Immunothrombosis in Critically Ill COVID-19
Patients

Inflammation plays an important role in both epicar-
dial coronary artery thrombosis and intra-myocardial
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microthrombosis. Yet, how inflammation initiates clot
formation differs significantly between the two processes.
In the case of coronary thrombosis, chronic low-level and
acute, local coronary inflammation, respectively, initiate
and propagate atherosclerosis and cause plaque rupture and
erosion. Blood comes into contact with exposed thrombo-
genic contents of the atherosclerotic plaque—tissue fac-
tor within the necrotic plaque core or collagen in areas of
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«Fig. 1 a SARS-CoV-2 infection triggers reciprocal activation of the
complement and coagulation cascades. Activation of these pathways
induces platelet activation and the release of neutrophil extracellu-
lar traps (a processes known as NET-osis). Consequently, a network
of NETs and compact fibrin traps activated platelets, erythrocytes,
and terminal complement component (membrane attack complex
or MAC), thereby forming microthrombi. Green arrows point to
cell types that are recruited by specified complement subunit. Solid
orange arrow point to cell type activated by specified complement
subunit. Dashed arrows highlight the effect of specified activated cell
type on the extrinsic (purple) and intrinsic (orange) pathways of the
coagulation cascade. b SARS-CoV-2 infection of cardiac and immune
cells lead to excessive and dysregulated proinflammatory responses
and cell death. Studies thus far suggest that SARS-CoV-2 infects car-
diac pericytes and possibly cardiomyocytes through ACE2 receptors
and, in the case of cardiomyocytes, type-II transmembrane serine
proteases (TMPRSS2) co-receptor. Viral infection of these two car-
diac cell types has been shown by in vitro studies to be productive.
In vivo evidence of direct infection by SARS-CoV-2 is limited for
cardiac pericytes and cardiomyocytes. Infected pericytes and cardio-
myocytes are thought to undergo pyroptosis, a highly inflammatory
programmed cell death. Endothelial cells are not infected by SARS-
CoV-2 but become impaired when infected pericytes die. The result-
ing release of proinflammatory cytokines and chemoattractants then
perpetuate the cycle of innate immune response dysregulation and
pyroptosis. SARS-CoV-2 infects, and thereby activates, monocytes/
macrophages and neutrophils. Circulating monocyte-derived mac-
rophages and neutrophils are then recruited to the heart. Activated
neutrophils release NETs into the circulation. NETSs entangle erythro-
cytes, activated platelets, MAC, and compact fibrin, thereby promot-
ing immunothrombosis/microthrombosis. Color of arrows and labels
correspond to the respective cell type of the same color. Created with
BioRender.com

plaque endothelial denudation. In contrast, microthrombosis
is a thromboinflammatory or immunothrombotic event—a
reciprocally, synergistic, physiological response of the innate
immune system and the coagulation cascade to defend
against circulating pathogens (Fig. 1A). Coronary throm-
bosis is always pathologic. Microthrombosis is physiologic,
unless immunothrombosis becomes dysregulated, as occurs
in critical COVID-19.

The role of systemic inflammation in the pathophysiology of
critical COVID-19 was clear early in the pandemic. Critically
ill COVID-19 patients were reported to have markedly elevated
biomarkers of systemic inflammation (i.e., lactate dehydroge-
nase, C-reactive protein (CRP), erythrocyte sedimentation rate
(ESR), and interleukin-6) [53ee, 54, 55]. The role of dysregu-
lated immunothrombosis became more evident upon micro-
scopic examinations of microthrombi and clinico-histological
analyses of COVID-19 non-survivors [39ee, 4]ee S]ee 50].
Many COVID-19 non-survivors had extensive inflammation
in multiple organs with a disproportionate presence of neutro-
phil infiltrate, and neutrophil extracellular traps (NETs) were
detected in both macro- and microthrombi [39ee]. Compared to
non-COVID-19 coronary thromboemboli, COVID-19 cardiac
microthrombi had more fibrin and abundant terminal comple-
ment complex C5b-9 [S1ee]. Not only was clot composition

different but the architecture of COVID-19 fibrin clots was
also distinct from that of non-COVID-19 patients and influ-
enza-ARDS patients. Clots formed from plasma of severely ill
COVID-19 patients demonstrated increased fibrin density, mak-
ing them more resistant to fibrinolysis [56].

Mechanistic details of cardiac microthrombosis in
COVID-19—the signaling that trigger and then promulgate
immunothrombosis—have yet to be fully defined. However,
molecular and cellular analyses of cardiac tissue samples
and other biospecimens from COVID-19 non-survivors pro-
vide some insights.

Understanding Pathophysiology

of COVID-19 Cardiac Effects

via High-Resolution Molecular and Cellular
Analyses

Cardiac injury in COVID-19 is heterogeneous in its causes and
extent. Hence, its pathophysiology also varies with regards to
the contribution of direct cardiac infection, microthrombi-asso-
ciated local damage, and/or systemic inflammation. Hereafter, we
describe the profile of COVID-19 associated cardiac damage as
characterized by state-of-the-art molecular and imaging-based
techniques. We also highlight the key insights into the important
cellular players, molecular mechanisms, and potential therapeutic
targets of COVID-19 cardiac injury.

Infection Potential of Cardiac Cells Is Estimated
by Expression of ACE2 and Viral Entry Co-Factors

Now three years into this pandemic, the true extent of direct
cardiac infection by SARS-CoV-2 and its subsequent impact
on cardiac function remain controversial. Single cell/nucleus
RNA sequencing (sc-/snRINA-seq) approaches have been used
to identify the cell type populations most vulnerable to SARS-
CoV-2 infection. By characterizing the cellular composition of
the heart, these techniques have profiled the expression distribu-
tion of the primary SARS-CoV-2 receptor (ACE2) and target
cell viral entry cofactors (e.g., TMPRSS2 and cathepsins). These
expression data help determine the relative “infection potential”
for each cell type. The expression of ACE?2 is most abundant in
the microvasculature-lining pericytes and lower, but still appre-
ciable, in vascular smooth muscle cells, fibroblasts, and cardio-
myocytes. Notably, in the failing heart, the relative expression of
ACE2 changes—increasing in cardiomyocytes but decreasing in
all other cell types [57¢]. Whether this altered ACE2 expression is
associated with worse clinical outcomes for those with pre-exist-
ing cardiovascular disease is unclear. Prior to the pandemic, these
snRNA-seq techniques largely focused on studying healthy tis-
sues. Even when employed on COVID-19 cases, snRNA-seq
analyses are insensitive to viral RNA due to the cytoplasmic
(extra-nuclear) residence of SARS-CoV-2 [58].
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Evidence of SARS-CoV-2 Infection of the Heart

Estimates of viral presence in the heart vary widely
from cohort to cohort when viral RNA is measured by
real-time PCR amplification from tissue samples. This
variability may in part be due to the temporal dynam-
ics of viral clearance and/or tissue sampling error. In
one study that examined tissue samples of both the left
and right ventricles, SARS-CoV-2 was detected in 60%
of COVID-19 non-survivors [41ee]. In others, however,
virus was detected in heart tissue in the minority of cases
[49e6e, 59-63]. The low rates of viral detection in autopsy
cardiac tissue mirror those reported in endomyocardial
biopsies [64e, 65]. Even though viral particles have been
observed across series of organs, the low viral presence
in cardiac tissue is consistent with the limited viremia
observed in COVID-19 patients [66—68]. Microscopic
analysis of SARS-CoV-2-positive cardiac tissue show that
internalized virions reside locally, around microthrombi
or in large regions of immune cell infiltrates [69, 70],
rather than diffusely throughout the myocardium. This
focused distribution pattern of SARS-CoV-2 in cardiac
tissue supports the possibility and likelihood that tissue
sampling error contributed to reported low rates of car-
diac tissue viral load.

Identifying Cardiac Cellular Tropism of SARS-CoV-2
Cardiomyocytes

While the detection of SARS-CoV-2 in heart tissue has
varied across studies of COVID-19 patients, basic car-
diovascular scientists have interrogated the infection
potential of different cardiac cell types across various
experimental platforms. In vitro cardiomyocyte infec-
tion via endosomal internalization of SARS-CoV-2 has
been shown in stem cell models of human cardiomyo-
cytes [69, 71]. Cardiomyocyte infection leads to viral
replication and release, cell death, impaired contractile
and electrophysiological function, and increased expres-
sion of pro-inflammatory pathways [69, 72-76]. Despite
such easy in vitro infection of isolated cardiomyocytes,
cardiomyocytes in organoid models, and cardiomyocytes
within cardiac tissue slice preparations, in vivo evidence
for cardiomyocyte infection in COVID-19 patients is
limited. Transmission electron microscopy and in situ
labeling of viral RNA have sporadically detected viral
particles in cardiomyocytes of a small fraction of post-
mortem cardiac samples [72, 77]. Given the elevated
cTn levels commonly observed in severely ill COVID-19
patients, the paucity of evidence for direct viral infection
of cardiomyocytes suggests the predominance of indirect
mechanisms of cardiomyocyte damage.
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Vascular Endothelial Cells and Pericytes

A notable pathology of acute COVID-19 is endothelial
dysfunction of the coronary microvasculature, but not the
larger epicardial coronary vessels. Microvascular endothe-
lial dysfunction observed in COVID-19 hearts includes pro-
inflammatory endothelial cell activation, loss of junctional
integrity, and cell death [78]. Early studies suggested that
direct infection of the vascular endothelium initiated the
observed microvascular damage [50, 78]. However, the most
recent evidence indicate that endothelial cells in fact have
low SARS-CoV-2 “infection potential” since they lack ACE?2
expression [74, 79, 80]. Instead, the detection of viral RNA
in the microvasculature may be explained by the direct infec-
tion of pericytes—multifunctional, vascular mural cells with
multiple processes that wrap around endothelial cells lining
the microvasculature. In in vitro studies, mere exposure to
the SARS-CoV-2 spike protein is sufficient to alter pericyte
function, thereby reducing endothelial cell support, stimulat-
ing pro-inflammatory cascades, and promoting endothelial
cell death [81]. As detection of SARS-CoV-2 in the heart is
significantly associated with endothelial damage [41ee], infec-
tion of pericytes rather than endothelial cells may in fact serve
as the primary mechanism (Fig. 1B). In fact, a recent study
demonstrated ex vivo SARS-CoV-2 infection of human pri-
mary cardiac pericytes via an endosomal pathway [82ee].
The same study reported two cases of COVID-19 myocar-
ditis, wherein SARS-CoV-2 RNA was detected, via in situ
hybridization, in PDGFR-f (platelet derived growth factor
receptor beta, a receptor tyrosine kinase expressed by mural
cells)+ cells located in the perivascular space of the post-mor-
tem hearts. Despite its limitations, this evidence strongly sug-
gests that direct SARS-CoV-2 infection of cardiac pericytes
occurs in acute, fatal COVID-19 myocarditis.

Molecular and Cellular Signaling of Cardiac
Microthrombosis

A predominant aspect of microvascular pathology in COVID-
19 is the presence of microthrombi, a feature of COVID-19
that has been found in the heart, lungs, and other organs [41ee,
49ee 5]ee 83ee 84] Hyperactivated platelets, including
those which contain viral RNA, express and secrete fac-
tors (e.g. SI00A8/S100A9) which stimulate microvascular
endothelial activation and weaken endothelial junctions,
thereby initiating immunothrombosis [85—-87]. This pro-
thrombotic interaction between endothelial cells and platelets
does not exist in isolation; snRNA-seq analysis comparing
microthrombi-positive and microthrombi-negative ventricu-
lar tissue samples of COVID-19 non-survivors demonstrated
specific alterations in fibroblast autocrine signaling and tran-
scriptional response as well [41ee]. While canonical fibroblast
activation was not widespread, genes encoding prothrombotic,
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anti-fibrinolytic, and pro-inflammatory responses (e.g., SER-
PINEI and THBS?2) were specifically upregulated in cardiac
fibroblasts of hearts with observable microthrombi.

Importantly, the temporal and causative relationship of
these events is challenging to disentangle. To do so, ade-
quate clinical stratification, robust sample sizes, uniform and
standardized analytic frameworks, and generous amounts of
primary tissue samples will be necessary. Animal models
must innately have SARS-CoV-2 infectivity or be genetically
modified to be so. More complex human cellular models
will need to be developed to reflect the multicellular events
that injure the heart. New models and new tools must have
the flexibility to assess and incorporate both past strains of
SARS-CoV-2 and future variants.

Management of Patients with COVID-19 Cardiac
Complications

At present, there is limited literature on the use of guide-
line directed medical therapy (GDMT), anti-inflammatory
agents, or anti-viral drugs specifically for treating COVID-19
cardiac complications. Consensus decision pathway guide-
lines for management of COVID-19 cardiovascular com-
plications essentially align with major cardiovascular soci-
ety guidelines, regardless of patient history of COVID-19
[29ee]. Whether during acute illness or post-acute sequelae
of COVID-19, the cardiac presentation determines clinical
management. As such, COVID-19 patients presenting with
acute myocardial ischemia and infarction should be managed
with anticoagulation, anti-platelet therapy, f-blocker, statin,
and immediate coronary angiography and coronary reperfu-
sion or revascularization, as indicated by early risk stratifica-
tion [88, 89]. Critically ill COVID-19 patients with fulminant
myocarditis should receive intensive care as aggressive as
that for non-COVID-19 fulminant myocarditis patients [90].
In fact, case series have reported that early intervention with
veno-arterial extracorporeal membrane oxygenation (VA
ECMO) improved the survival of COVID-19 patients with
fulminant myocarditis [91-93]. Similarly, the four major pil-
lars of heart failure GDMT—--blockers, mineralocorticoid
receptor antagonists (MRA), angiotensin receptor/neprily-
sin inhibitor (ARNI), and sodium-glucose co-transporter-2
inhibitors (SGLT2i)—should be initiated in patients with new
onset heart failure, whether associated with acute COVID-19
illness, PASC, or recovery from acute COVID-19 [94, 95].
Despite increasing insights into the pathophysiologi-
cal mechanisms of COVID-19 microvascular dysfunction
and microthrombosis, effective therapeutic interventions
remain elusive. In a retrospective, multi-center study of
178 critically ill COVID-19 patients in Europe, treatment
with dexamethasone was associated with reduced peak bio-
marker levels of inflammation and cardiac injury, as well as
decreased rates of pulmonary embolism [96]. Such findings

suggest that an anti-inflammatory approach may be neces-
sary as an adjunctive therapy against COVID-19 cardiac
complications.

Given the relationship between cardiac injury severity
and acute COVID-19 illness severity, the most effective
management of COVID-19 cardiac complications may
in fact be vaccination against SARS-CoV-2 which lowers
COVID-19 hospitalization rates [17, 18ee, 97]. Only time
will tell whether cardiac effects are less likely or less sig-
nificant with “breakthrough” COVID-19. In the meanwhile,
clinical and translational scientists continue to investigate
the epidemiology and pathophysiological mechanisms of
COVID-19 cardiac effects.

Conclusion

This review only touches upon a small portion of all that
researchers have learned about COVID-19 and its cardiac
effects. Even as our scientific understanding rapidly grows,
much remains unknown regarding clinical and immune phe-
notypes, optimal imaging modalities and diagnostic tests,
risk stratification, and long-term cardiac consequences. Hun-
dreds of millions of people around the world have recovered
from acute COVID-19 and, on average, almost a million
new cases of COVID-19 worldwide continue to be reported
daily [98, 99]. Our current understanding of the cardiac
effects of COVID-19 portend a potentially overwhelming,
global cardiovascular disease burden in the not-so-distant
future. Multi-disciplinary collaborations between clinicians
and scientists that employ wide-ranging approaches will be
essential for staving off and overcoming this challenge. The
global response to COVID-19 has shown that collectively
and collaboratively, we can accelerate scientific and medical
advances at an historic rate.
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