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Two years into the pandemic caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), it is now clear 
that novel COVID-19 is mild or even asymptomatic in the 

majority of infected individuals. However, 4–5% of infected indi-
viduals develop severe disease that requires hospitalization. It was 
evident from the very beginning of the pandemic that preexisting 
comorbidities are highly prevalent among people hospitalized with 
COVID-19. In particular, admitted patients have a high prevalence 
of cardiovascular risk factors such as hypertension and diabetes 
mellitus as well as chronic cardiovascular conditions such as isch-
emic heart disease and heart failure1–5. Severe COVID-19 is a mul-
tisystem disease; beyond pneumonitis and hypoxia, other features 
may include systemic coagulopathy and thrombosis, cardiac injury, 
renal failure, hepatic dysfunction, gastrointestinal abnormalities 
and neurocognitive dysfunction. Moreover, incident cardiovascular 
complications may be life-threatening during severe COVID-19. As 
such, the bidirectional relationship between cardiovascular disease 
and COVID-19 is highly pertinent to the pathophysiology and out-
come of this complex disease (Fig. 1).

Here, we review the available evidence on the involvement of the 
cardiovascular system in COVID-19.

Epidemiology of COVID-19 and cardiovascular disease
The early descriptions of clinical characteristics among patient 
cohorts hospitalized with COVID-19 in China, Europe and the 
United States consistently noted a high prevalence of individuals 
with cardiovascular disease and diabetes3,5,6. Subsequent large cohort 
studies and population-based analyses have confirmed the associa-
tion between preexisting cardiometabolic comorbidities and severe 
COVID-19; these studies have also identified age >60 years, male 
sex, other comorbidities, obesity, a non-white ethnic background, 
socioeconomic deprivation and occupational exposure as additional 
factors associated with severe COVID-19 disease4,7. Age is by far the 
strongest risk factor; individuals over the age of 80 have a more than 
20-fold higher risk of mortality than 50–59 year olds, after adjusting 
for other risk factors4. Hypertension, however, does not appear to be 

associated with an increased risk of death even though it is highly 
prevalent among those admitted with COVID-19 disease4.

What is the underlying basis for the association between preexist-
ing cardiovascular disease and COVID-19? The first possibility to 
consider is whether these individuals have a higher susceptibility to 
become infected upon exposure to SARS-CoV-2. Obtaining good 
direct evidence to support this idea is challenging because exposure 
to the virus is uncertain or unknown in most studies. However, sys-
tematic longitudinal community-based household surveys such as 
the UK Office of National Statistics Coronavirus Infection Survey 
in approximately 150,000 people have not provided much evidence 
to support the idea8. An early hypothesis was that treatment with 
angiotensin-converting enzyme (ACE) inhibitors or angiotensin 
receptor blockers, which are prescribed to many individuals with 
cardiometabolic conditions, may increase infection with SARS-
CoV-2. The rationale was that these drugs increase the expression of 
the ACE2 viral receptor9 and thus viral internalization, a process that 
can occur directly at the plasma membrane or after endocytosis (Fig. 
2). However, numerous studies have now convincingly demonstrated 
a lack of detrimental impact of treatment with these drugs10–13.

An alternative possibility is that individuals with cardiometabolic 
comorbidities may be more prone to develop severe COVID-19 and 
life-threatening complications. As mentioned earlier, this possibil-
ity is strongly supported by numerous large population-based and 
cohort studies4,7. It is possible that the higher propensity to develop 
severe disease may not be specific to COVID-19 as it is well estab-
lished that people with cardiometabolic comorbidities develop more 
severe illness with other infective disorders14,15. This may be related 
to the fact that these individuals already have a variety of subclinical 
pathophysiological abnormalities, such as endothelial dysfunction 
and activation, platelet hyperreactivity and propensity to coagu-
lopathy and dysfunctional immune responses, such that they are 
more likely to develop systemic inflammation and thromboem-
bolic complications to infection and/or increased cardiovascular 
complications16. Moreover, they might also be more likely to develop 
cardiac dysfunction in the face of severe lung injury (see below).
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A specific additional aspect worth mentioning is the intersection 
between ethnicity and cardiometabolic morbidities. In the multieth-
nic populations of the United Kingdom and the United States, it was 
evident from the very beginning of the pandemic that individuals 
of non-white minority background are disproportionately affected 
by severe COVID-19. This is especially the case for Black and south 
Asian people in the United Kingdom and for African Americans 
and Hispanics in the United States4,17–20. While the relationship 
between ethnicity and COVID-19 is complex and multifactorial, it 
is clear that an important component of the higher mortality rate 
observed in minority groups may be attributed to socioeconomic 
factors (such as living conditions, household size, type of occupa-
tion, adherence/ability to socially distance and access to healthcare) 
that may affect exposure to the virus and ability to take mitigat-
ing measures21,22. In addition, a high prevalence of cardiometabolic 
comorbidities may be a contributory factor to higher mortality in 
some ethnic groups, for example, south Asians20,23. Indeed, south 
Asians in the general population as well as those admitted with 
COVID-19 tend to have a substantially higher prevalence of dia-
betes and cardiovascular disease than other ethnic groups, both 
in the United States and the United Kingdom24,25. Moreover, in the 
pre-COVID-19 era, the rate of cardiovascular complications such 
as myocardial infarction was disproportionately high in UK south 
Asians after controlling for the prevalence of comorbidities25,26, sug-
gesting an enhanced susceptibility to complications.

Together, it appears that the association between cardiometa-
bolic morbidities and COVID-19 may in large part be related to an 
increased likelihood of more severe disease due to the preexisting 
clinical and subclinical abnormalities in these individuals, which 
are exacerbated by the additional insult of SARS-CoV-2 infection.

Cardiovascular complications in COVID-19
Patients hospitalized with severe COVID-19 have a significantly 
higher rate of incident clinical cardiovascular complications27,28. 

These include acute heart failure, arrhythmias, venous thromboem-
bolism, cardiogenic shock, arterial thrombosis, myocardial ischemia 
or infarction, acute stroke and myocarditis. The rates of individual 
complications are highly variable among studies, which may reflect 
selection bias impacting publications, variations in the investiga-
tions that are performed and/or improvements in the prevention 
and management of COVID-19 during the pandemic. A retrospec-
tive study early in the pandemic on 1,000 patients in New York 
indicated that the commonest clinical complications are arrhyth-
mias (up to 20%), thromboembolism (>25%) and heart failure27. 
The rates of thromboembolism may be even higher as it may be 
occult in a large proportion of patients. A retrospective cohort study 
on 13,217 hospitalized patients in the Netherlands reported that 
the risk of thrombotic complications, in particular venous throm-
boembolism, is markedly higher in COVID-19 (25%) than influ-
enza (11%)29. Acute heart failure is a frequent complication among 
patients in intensive care units (up to 30%), and a substantial com-
ponent of this may relate to right ventricular (RV) failure second-
ary to severe lung injury and pulmonary thromboembolism. Overt 
myocardial infarction or acute coronary syndromes are relatively 
infrequent in most studies that reported on hospitalized patients 
(<10%)30. A recent population-based study from Sweden is one of 
the first to carefully quantify the increased risk of acute myocardial 
infarction or stroke among individuals with COVID-19 as com-
pared to controls without COVID-19 but matched for comorbidi-
ties and other risk factors31. These authors reported an odds ratio 
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Fig. 1 | Pathogenic mechanisms of cardiovascular dysfunction in patients 
with COVID-19. Severe COVID-19 is a multisystem disease, in which the 
lung–heart axis has an essential role. Lung infection causes systemic 
inflammation, predisposition to microthrombosis and hypoxia, which can 
damage the myocardium. This in turn can worsen lung function, leading to 
right heart failure. The presence of predisposing conditions is fundamental 
to worsen this vicious cycle. AF, atrial fibrillation; CVD, cardiovascular 
disease (including ischemic heart disease, heart failure and stroke).
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Fig. 2 | Cell internalization of SARS-CoV-2. The spike protein on the 
envelope of SARS-CoV-2 virions (orange) binds the ACE2 receptor and 
then needs activation by a cellular protease. This priming step, which is 
essential for membrane fusion, can be carried out by furin or TMPRSS2 
at the plasma membrane level (left) or after endocytosis in the acidic 
environment of late endosomes by endosomal low pH-activated proteases 
such as cathepsin B and cathepsin L (right and bottom). Proteases are 
in red. In infected cells, a fraction of the spike protein is present on the 
plasma membrane. When this surface-expressed spike is activated by the 
plasma membrane proteases, infected cells can fuse to neighboring cells 
expressing the ACE2 receptor, thus mimicking the event occurring during 
fusion of the virion envelope with the cell plasma membrane.
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of 6.61 for acute myocardial infarction and 6.74 for acute ischemic 
stroke in 86,742 patients with acute COVID-19 as compared to the 
matched cohort. Contrary to speculation in the early stages of the 
COVID-19 pandemic, clinical acute myocarditis appears to be rare 
(<1%) in this group.

Cardiac injury and dysfunction
A substantial proportion of patients hospitalized with COVID-
19 have elevated biomarkers of myocardial injury (as assessed by 
increased levels of high-sensitivity (hs) cardiac troponin) but often 
in the absence of overt cardiac symptoms or impairment. The prev-
alence of elevated hs-troponin is 30% or higher in many studies 
and is strongly associated with a worse outcome28,32,33. Lala et al.28 
analyzed a US cohort of 2,736 hospitalized patients and found that, 
after adjustment for disease severity and clinical factors, the haz-
ard ratio for death was 1.75 with even a small increase in hs-tro-
ponin I ( > 0.03 to 0.09 ng ml−1), while greater elevation (>0.09 ng 
dl−1) was associated with an adjusted hazard ratio of 3.03. Patients 
with raised hs-troponin levels also have more frequent malignant 
arrhythmias34. In a multivariable logistic regression analysis in 671 
hospitalized patients in Wuhan (China), older age, comorbidities 
and a high level of C-reactive protein (indicative of inflammation) 
were predictors of myocardial injury32.

An important question has been whether myocardial injury is a 
major causative factor contributing to poor outcomes in COVID-19 
or whether it is the consequence of critical systemic infective illness 
per se. This is because it is well established that myocardial injury as 
evidenced by increases in hs-troponin frequently occurs in critically 
ill patients (especially those with sepsis) and is a predictor of poor 
outcomes35,36. A recent small study comparing 76 patients admitted 
with COVID-19 with those admitted with other pneumonias found 
that myocardial injury biomarkers were no worse in patients with 
COVID-19, but that these patients did have higher rates of venous 
thromboembolism37. This raises several important questions, 
including what is the mechanistic basis of the myocardial injury; 
whether it is related to myocardial ischemia (macro or microvascu-
lar), infection of the myocardium with SARS-CoV-2 (that is, viral 
myocarditis) or inflammation; what is the relationship of myocar-
dial damage with preexisting chronic cardiovascular disease; and to 
what extent cardiac damage might have long-term consequences. 
The answers to some of these questions are emerging from clinical 
analyses, cardiac imaging studies and autopsy data.

Analysis of cardiac function by echocardiography. Assessment 
of cardiac function by transthoracic echocardiography has been 
undertaken in numerous studies. Dweck et al.38 reported an analysis 
involving 1,216 patients across multiple continents who underwent 
echocardiography during hospital admission. These authors found 
that 55% of patients had an abnormal echocardiogram with equal 
numbers showing left ventricular or right ventricular abnormalities. 
Findings suggestive of new myocardial infarction or myocarditis 
were, however, observed only in a small minority (3% each). The 
hs-troponin level was an independent predictor of left ventricular 
dysfunction, whereas COVID-19 severity was an independent pre-
dictor of right ventricular dysfunction in this study. Another inter-
national collaborative study reported left ventricular dysfunction 
in 20% and right ventricular dysfunction in 30% of hospitalized 
patients and found that both left and right ventricular dysfunc-
tion were independently associated with mortality in a multivari-
able analysis39. Szekely et al.40 reported a high proportion of right 
ventricular dysfunction in 100 consecutive patients who underwent 
echocardiography. Given the high prevalence of established cardio-
vascular disease among those admitted with COVID-19, a key ques-
tion is whether such observed left ventricular dysfunction is new 
or long-standing. A direct answer is problematic, firstly because of 
the lack of pre-illness imaging data and secondly because those that 

undergo echocardiography represent a selected group even among 
hospitalized patients. A recent study assessing first-phase ejection 
fraction (EF1), an index associated with preclinical heart failure41, 
in patients admitted with COVID-19 and a control group with 
similar comorbidities42 offers a potential answer to the question. 
This study found that impaired EF1 was strongly associated with 
mortality independent of other risk factors but that it was similar 
between patients and controls, suggesting that it reflects preexisting 
cardiovascular disease. Along similar lines, a cohort study in 1,721 
multiethnic UK patients found that most cardiovascular complica-
tions or hs-troponin elevation occurred in patients with preexisting 
cardiovascular disease43. This is likely to represent an enhanced sus-
ceptibility of individuals with preexisting cardiovascular abnormali-
ties (for example, latent cardiac dysfunction, an arrhythmogenic 
substrate due to cardiac fibrosis and endothelial dysfunction) to the 
pathophysiological stresses imposed by COVID-19, such as severe 
lung injury and systemic inflammation.

Cardiac assessment by magnetic resonance imaging. Cardiac 
magnetic resonance (CMR) imaging may provide more mechanis-
tic insight into the etiology of cardiac dysfunction with COVID-19. 
However, there are important logistic issues in performing CMR in 
the acute phase of severe COVID-19 and published data are even 
more prone to selection bias than for echocardiography. As such, 
there are only a few case series available during the acute phase44. 
Chen et al.45 reported a series of 25 patients who underwent CMR 
imaging within 10 days of an acute COVID-19 diagnosis and found 
evidence of minor left ventricular dysfunction (reduced longi-
tudinal strain) and increased extracellular volume fraction (sug-
gesting myocardial edema) as compared to healthy controls. The 
major limitations are that the control group was not matched for 
preexisting comorbidities and the study design does not demon-
strate whether such findings might also be found in other critical 
illness conditions. An interesting analysis in the UK Biobank took 
advantage of the routine CMR phenotyping in this large prospective 
population-based study. Raisi-Estabragh et al.46 found that preexist-
ing abnormal CMR phenotypes were associated with greater odds 
of COVID-19 positivity independent of classical cardiovascular risk 
factors, consistent with the suggestion that a notable component 
of left ventricular dysfunction in patients with COVID-19 might 
reflect preexisting disease.

Several studies have reported on CMR imaging performed in 
the convalescent phase 2 months or longer after COVID-19. A 
large German study in 100 patients reported a very high preva-
lence (78%) of abnormal findings including slightly impaired left 
ventricular function and raised native T1 and T2 values (suggest-
ing possible diffuse fibrosis or edema and inflammation, respec-
tively)47. A major limitation of this study is, again, the use of healthy 
controls as the comparator group and the absence of a convalescent 
group with other serious illnesses. In a multicenter series of 148 
patients, 25% had evidence of ischemic heart disease (which may 
have been preexistent), and some had limited features consistent 
with myocarditis-like injury but with minimal functional impact48. 
In a very well-designed study in healthcare workers, Joy et al.49 
showed that CMR findings were essentially similar in 74 seroposi-
tive individuals 6 months after mild COVID-19 and 75 matched 
seronegative individuals. Raman et al.50 compared 58 convalescent 
patients who had suffered moderate-to-severe COVID-19 and 30 
age-, sex- and comorbidity-matched controls and found similar left 
and right ventricular function in the two groups but modest differ-
ences in native T1 and late gadolinium enhancement (suggestive 
of fibrosis).

Together, these CMR studies have not sufficiently illuminated the 
possible cardiac pathology in patients with acute severe COVID-19 
but are consistent with at least a component of detected abnormali-
ties being related to preexisting cardiovascular disease.
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Heart failure during acute COVID-19
New left heart failure appears to be relatively uncommon in severe 
COVID-19 with a rate of <3% among 1,000 consecutive patients in 
a large US study27. Rates of overt left ventricular systolic dysfunc-
tion are also reported to be only around 10% among consecutive 
patients undergoing comprehensive echocardiography40. By con-
trast, right heart failure is a common feature in critically ill patients 
with COVID-19 and may be related to a combination of lung injury, 
pulmonary thromboembolism and pulmonary hypertension51. The 
prevalence of pulmonary hypertension in severely ill COVID-19 
patients in intensive care units as assessed by echocardiography 
was estimated to be between 40% and 58% and of right ventricular 
dysfunction was over 35%52,53. Although patients with lung injury 
and acute respiratory distress syndrome due to other causes develop 
increased pulmonary microvascular resistance, interestingly, it has 
been reported that patients with COVID-19 disproportionately 
exhibit pulmonary venous (post-capillary) hypertension54, which is 
due to left heart dysfunction. This is probably related to the higher 
prevalence of preexisting cardiovascular comorbidities in patients 
with COVID-19, with associated structural and functional left ven-
tricular dysfunction. Indeed, as described earlier, these patients 
tend to have abnormal values of EF1 (ref. 42), an index that sensi-
tively detects subclinical left ventricular dysfunction and relates 
to a high likelihood of diastolic (that is, left ventricular filling) 
dysfunction41,55. This combination of post-capillary hypertension 
and severe lung injury with right ventricular dysfunction can read-
ily be envisaged to lead to a vicious cycle of heart and lung dysfunc-
tion in severe COVID-19 (Fig. 1) and may be another important 
mechanism contributing to the higher mortality in those with pre-
existing cardiovascular disease.

Autopsy data in acute COVID-19
Several autopsy series have examined the hearts of patients who 
died of COVID-19. Halushka and Vander Heide56 reviewed 277 
autopsy reports across 22 studies and concluded that histological 
evidence of myocarditis was present in <2% of reports. Findings 
that were noted in nearly half of the autopsies included macrovascu-
lar or microvascular thrombi, inflammation or intraluminal mega-
karyocytes, all of which may also occur with other critical illnesses. 
The low prevalence of myocarditis is also in line with our own study 
on a series of patients deceased with severe SARS-CoV-2 infec-
tion during the first wave of the pandemic in Italy57. A report on 
39 consecutive autopsies identified viral RNA in the heart by PCR 
and in situ hybridization but found no evidence of virus in cardio-
myocytes and no histological evidence of myocarditis58. Another  
recent study undertook detailed histological and transmission 
electron microscopic examination of 15 COVID-19 autopsies and 
12 control hearts (including patients who died from other infec-
tions)59. These authors also found no evidence of cardiomyocyte 
infection nor any viral particles in myocardial endothelial cells but 
did note a high prevalence of nonocclusive fibrin microthrombi 
without ischemic injury in the COVID-19 cohort. Pellegrini et al.60  
similarly found a high prevalence of cardiac thrombi in small 
vessels and capillaries among 40 autopsies along with some evi-
dence of left ventricular cardiomyocyte necrosis. A small study 
of seven hearts from deceased COVID-19 patients found no evi-
dence of endothelial activation but, interestingly, noted extensive 
neutrophil–platelet aggregates and neutrophil-rich clusters within 
macrothrombi as well as evidence of neutrophil extracellular trap  
(NET) formation61.

Together, these data suggest that viral infection of cardiomyo-
cytes is very rare or absent in COVID-19. Histological evidence of 
myocarditis also appears to be uncommon. The most prominent 
histopathological feature is microvascular thrombosis and associ-
ated cardiomyocyte necrosis, which is a strong candidate etiological 
mechanism to explain the biomarker evidence of myocardial injury 

in severe COVID-19. The totality of evidence so far suggests that 
cardiac injury is likely to be a consequence of the thromboembolic 
abnormalities associated with COVID-19, especially in individuals 
with preexisting cardiovascular disease.

The finding that cardiomyocytes are not a frequent target of 
SARS-CoV-2 in vivo contrasts with the detectable expression of 
ACE2 in these cells62 and the possibility of infecting cardiomyocytes 
in the laboratory, either in two-dimensional cultures or within tis-
sue organoids62–65. Other barriers to productive infection, besides 
receptor interaction, evidently exist in cardiomyocytes in vivo com-
pared to tissue culture conditions.

COVID-19 and thrombosis
Early studies in 2020 already reported a high incidence of throm-
bosis (31%)66 and pulmonary embolism (20.6%)67 in hospital-
ized patients with severe disease. Subsequent meta-analyses of  
clinical studies have indicated that thrombosis is present clini-
cally in over 20% of patients with COVID-19 and in at least half of 
patients requiring intensive care68–71. Compared to non-thrombotic 
patients, patients with thrombosis have a notably increased risk  
of death.

While a thrombotic response is common in other respiratory 
infections and other forms of acute respiratory distress syndrome, 
the magnitude of this response is increased in COVID-19. For 
example, a recent postmortem study reported that severe vascu-
lar injury, including alveolar microthrombi, was nine times more 
prevalent in the lungs of patients with COVID-19 than in patients 
with influenza72. Postmortem investigation indicates that overt 
thrombosis is largely confined to the lung, resulting in diffuse alveo-
lar damage and the formation of pulmonary microthrombi affect-
ing both ventilation and perfusion. Our postmortem analysis of 
41 patients with COVID-19 revealed macroscopic appearances of 
thrombosis of large pulmonary vessels in four patients and the pres-
ence of microthrombosis in 83% of patients requiring intensive care 
and 75% of the other patients at microscopic examination73. These 
features resonate with those of several other pathological investi-
gations over the last year72,74–77. The presence of macrovascular or 
microvascular thrombosis was less frequently detected in other 
organs in most of these studies.

Additional support for the local origin of thrombosis comes 
from the observation that fibrin deposition and thrombi in 
COVID-19 lungs show signs of heterochronicity, with several fresh 
thrombi infiltrated by inflammatory cells’ neighboring thrombi in 
an advanced, fibrotic stage of organization. The high levels of fibrin 
degradation D-dimers and fibrinogen in the blood are the conse-
quence of this state of pulmonary intravascular coagulopathy78, 
which thus appears distinct from disseminated intravascular coagu-
lation, a rare observation in coronavirus-infected patients79. This 
conclusion is also consistent with the observation that thrombocy-
topenia is usually mild, and most patients do not exhibit an increase 
in prothrombin time or a decrease in antithrombin levels, arguing 
against a consumptive coagulopathy. This increased pro-throm-
botic state, however, is likely to be responsible for the substantially 
increased risk of developing venous thromboembolism (deep vein 
thrombosis and pulmonary embolism), which is observed in 8–69% 
of critically ill patients with COVID-19 despite thromboprophylaxis 
(reviewed in ref. 80) and with the microthrombotic events observed 
in the heart, as discussed earlier.

Pathogenic mechanisms of thrombosis
Although the local nature of the thrombotic status appears evident 
from these considerations, the pathogenic mechanisms connecting 
SARS-CoV-2 infection to the development of thrombosis remain 
poorly explained and probably involve all the main players of the 
hemostasis process, including the endothelium, platelets, inflam-
matory cells, coagulation system and complement (Fig. 3).
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The role of the endothelium. The lung vascular endothelium plays 
a fundamental role in the pathogenesis of COVID-19 thrombosis. 
Vessels display features of endothelialitis, characterized by hyper-
plastic endothelium, intimal proliferation and adherence of mac-
rophages and lymphocytes to the endothelium and perivascular 
space72,81 and markers of endothelial dysfunction are detectable in 
the blood82. Lung endothelial cells express markers of activation 
(such as VCAM-1 and E-selectin) and dysfunction (tissue fac-
tor)73. Similar microangiopathy and thrombosis are also character-
istically detectable in rhesus macaques infected with SARS-CoV-2  
(ref. 83). Endothelial dysfunction can be the consequence of the 
hyper-inflammatory state that accompanies COVID-19, including 
highly elevated pro-inflammatory cytokines (in particular, inter-
leukin (IL)-6, tumor necrosis factor (TNF) and IL-1β)84–88. These 
are part of a hyperactive immune reactivity, characterized by the 
release of interferons, interleukins, chemokines and other media-
tors that belong to a conserved innate response to clear infectious 
agents. A specific connection between inflammation and throm-
bosis is immunothrombosis, a mechanism by which neutrophils 
and monocytes activate the coagulation cascade as a host immune 
defense against infection89–91. In the lungs of patients with COVID-
19, NETs released by neutrophils may contribute to vascular occlu-
sion and formation of thrombi92,93. This process might be enhanced 
by the presence, in several of these patients, of antiphospholipid 
autoantibodies94. By contrast, anti-platelet factor 4 autoantibodies, 
which have been causally related to vaccine-induced immune throm-
botic thrombocytopenia following SARS-CoV-2 vaccination95,96, do 
not appear different in patients with natural COVID-19 nor do they 
participate in the thrombotic predisposition of these patients97.

In addition to being the target of the exaggerated production 
of inflammatory cytokines, the vascular endothelium itself can be 
directly infected by SARS-CoV-2. This conclusion is supported by 
the detection of viral RNA and the expression of viral antigens by 
endothelial cells of patients with COVID-19 (refs. 73,81) and evidence 
for viral inclusion bodies by electron microscopy in these cells in 
both the lung72 and other body districts—even if interpretation of 
electron microscopy data have recently been questioned (reviewed 
in ref. 98). While the levels of ACE2 are relatively low in the nor-
mal vasculature, inflammation-induced activation of endothelial 
cells increases receptor expression, which is consistent with the  

augmented ACE2 levels observed in the lungs of patients with 
COVID-19 (ref. 72). Increased ACE2 can exert a protective role in 
limiting excessive vascular dysfunction99, but, at the same time, would 
render endothelial cells more susceptible to direct viral infection.

A central activator of the COVID-19 coagulopathy is tissue fac-
tor, the expression of which can be activated both directly by SARS-
CoV-2 infection and by inflammatory cytokines80,100,101. Recent work 
also indicates that patients with COVID-19 have increased levels 
of circulating extracellular vesicles containing tissue factor, which 
could contribute to the pro-thrombotic state102.

The role of platelets. Several observations point to a specific involve-
ment of platelets in the pathogenesis of COVID-19 thrombosis. A 
specific characteristic that accompanies the pro-thrombotic state 
in patients is thrombocytopenia, which is observed in the absence 
of overt disseminated intravascular coagulation80,103–105. Lungs 
from patients with COVID-19 show increased numbers of pulmo-
nary megakaryocytes106. SARS-CoV-2 infection is associated with 
platelet hyperreactivity, including increased P-selectin expression, 
increased activation and spreading on both fibrinogen and collagen, 
increased levels of circulating platelet–neutrophil, platelet–mono-
cyte and platelet–T cell aggregates, and increased platelet degran-
ulation and extracellular vesicle-mediated inflammation107–109. 
Increased levels of von Willebrand factor, a key mediator of platelet 
adhesion and aggregation110, are detectable in most patients with 
severe disease82. Finally, a recent study based on massive single-cell 
image-based profiling in 110 patients with COVID-19 has revealed 
the anomalous presence of excessive platelet aggregates in nearly 
90% of all analyzed patients111.

The specific mechanisms linking SARS-CoV-2 infection to 
platelet hyperreactivity remain elusive. We have recently identified 
a new mechanism that regulates spike protein-induced cell–cell 
fusion, which involves cellular factors of lung epithelial cells that 
may also be relevant for platelet function. We discovered that spike, 
when expressed on the plasma membrane, is primed by furin and 
triggers fusion of the SARS-CoV-2-infected cells with neighbor-
ing cells expressing ACE2 (Fig. 2). Formation of these syncytial 
cells depends on the activation, by spike, of the calcium-depen-
dent chloride channel and scramblase transmembrane protein 
16F (TMEM16F; also known as anoctamin 6), with consequent  
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Fig. 3 | Pathogenic mechanisms leading to lung micro- and macro-thrombosis. The main involved events include endothelial dysfunction, which can be 
caused by inflammation or direct infection of endothelial cells by SARS-CoV-2; immunothrombosis, in which NETs are released by activated neutrophils; 
platelet direct stimulation by the SARS-CoV-2 spike protein, when either on the virion envelopes or on the plasma membrane of infected cells; or the direct 
activation of complement.
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externalization of phosphatidylserine onto the outer leaflet of the 
plasma membrane112 (Fig. 4). Of note, the TMEM16F channel is also 
expressed in platelets, where it is essential for the activation of plate-
let procoagulant activity113–115. Our recent data indicate that spike, 
either on the surface of SARS-CoV-2-infected cells or on the enve-
lope of virions, is a potent activator of platelet adhesion and aggre-
gation, eventually inducing a procoagulant phenotype characterized 
by increased calcium levels, phosphatidylserine externalization  

and thrombin generation116. A drug that we identified as an inhibi-
tor of spike-induced epithelial syncytia formation, the antihelmin-
thic agent niclosamide112, acts as a TMEM16F inhibitor and also 
blocks platelet activation.

The finding that spike activates TMEM16F, which in turn stim-
ulates phosphatidylserine externalization in platelets, could also 
explain the thrombocytopenia commonly observed in individuals 
with COVID-19, as platelets with increased phosphatidylserine on 
their membranes are cleared by splenic reticuloendothelial cells 
and macrophages117. This is known to occur in other conditions 
of thrombocytopenia in animal models, for example, in knock-
out mice for the Bcl2l1 antiapoptotic gene117 or in mice deficient in 
sphingomyelin synthase 1, a platelet membrane enzyme that nor-
mally blunts TMEM16F activity117.

The role of complement. Finally, patients with severe COVID-19 
show elevated plasma levels of the C5b-C9 components of comple-
ment as compared with patients with influenza and other causes of 
acute respiratory distress syndrome118,119, and deposits of terminal 
complement components have been reported in the lung microvas-
culature of patients with COVID-19 disease120. As the complement 
system represents a first-line innate response to SARS-CoV-2, it is 
tempting to speculate that its hyperactivation might play a role in 
both inflammation and endothelial cell dysfunction, including the 
COVID-19 pro-thrombotic state. In this respect, both the spike121 
and N122 proteins of SARS-CoV-2 can activate the alternative and 
the lectin pathways of complement, respectively. To what extent 
complement activation might be the main trigger of thrombosis 
or, more likely, a potentiator of the thrombotic state remains to be 
understood.

Cardiovascular disease and COVID-19 in children
The vast majority of children who are infected with SARS-CoV-2 
may be asymptomatic or develop very mild disease123. There is also 
some evidence from meta-analyses that the susceptibility to infec-
tion upon exposure to virus may be lower in children, and espe-
cially those below the ages of 10–14 years, than in adults. However, 
a very small proportion of children develop multisystem inflamma-
tory syndrome in children (MIS-C). This condition occurs a few 
weeks after acute COVID-19 and may have a predilection for those 
of Black and Hispanic background124–127. It is thought that MIS-C 
may represent the consequences of a dysregulated inflammatory 
response to SARS-CoV-2 infection. The commonest features of 
MIS-C are persistent pyrexia and gastrointestinal disturbance, but 
cardiac manifestations are also prominent. These include ventricu-
lar impairment, arrhythmia, conduction abnormalities, coronary 
artery dilation, coronary aneurysms and cardiogenic shock. In con-
trast to acute COVID-19 in adults, myocarditis may be a promi-
nent feature of MIS-C. The acute outcome is reported to be good in 
the vast majority of children presenting with MIS-C, who typically 
recover within days or a couple of weeks. However, the longer-term 
consequences of the condition are still unclear126.

The cardiovascular system and COVID-19 vaccination
Although no cases of myocarditis or pericarditis were observed 
in the original phase 3 clinical trials of the BNT162b2 (Pfizer–
BioNTech)128, mRNA-1273 (Moderna)129 or ChAdOx1 nCoV-19 
(AstraZeneca)130 vaccines, a few cases later started to be reported 
during immunization of the population. The largest epidemio-
logical data derive from studies in Israel, where approximately 5.12 
million residents had received two doses of the BNT162b2 mRNA 
vaccine by the end of May 2021. A survey of over 880,000 vacci-
nated individuals initially revealed an excess risk of myocarditis 
(2.7 events per 100,000 persons) after vaccination, as compared 
with after natural SARS-CoV-2 infection (11.0 events per 100,000 
persons)131. Two further studies on the same population later  
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Fig. 4 | Potential mechanism for the activation of platelets by the 
SARS-CoV-2 spike protein. Current data indicate that spike can lead to 
the activation of the TMEM16F protein, which in platelets acts as the 
main calcium-dependent scramblase that promotes externalization of 
phosphatidylserine onto the outer leaflet of the plasma membrane. This is 
an essential step in the activation of the procoagulant activity of platelets.

Nature Cardiovascular Research | VOL 1 | March 2022 | 200–210 | www.nature.com/natcardiovascres 205

http://www.nature.com/natcardiovascres


Review Article NATure CArDIOVAscuLAr ReseArch

confirmed these findings, reporting 136 cases of myocarditis in over 
5 million people in one study132 and 54 cases in 2.5 million people 
in the other133. The highest incidence (10 cases per 100,000 persons) 
was reported in male patients between the ages of 16 and 29 years133, 
with the first week after the second vaccine dose being the main 
risk window. Female patients had a probability of myocarditis of less 
than 1 in 100,000 persons. Most of the observed cases were mild 
or moderate in severity, with resolution of symptoms and improve-
ment in imaging markers with or without treatment.

The pathogenic mechanisms underlying these rare myocarditis 
and pericarditis events are still unclear. Acute onset of chest pain, 
commonly 3–5 days after vaccine administration, as is reported 
in several cases of myocarditis, suggests an immune-mediated 
mechanism134. As discussed earlier, SARS-CoV-2 infection itself 
can lead to CMR findings suggestive of myocarditis, and some of 
the postvaccination cases of myocarditis were in individuals with 
prior documented SARS-CoV-2 infection. These observations are 
again consistent with an autoimmune mechanism triggered by the 
viral spike protein135. In two cases in which a cardiac biopsy was per-
formed, there was no histological evidence of myocardial infiltrate 
in one136 or even signs of myocarditis in the other137. Myocarditis 
and pericarditis can be the consequence of an exaggerated inflam-
matory response fueled by excessive activation of innate immunity 
pathways135. The mRNA-based spike vaccines consist of a modi-
fied mRNA molecule encoding the spike protein encased in a lipid 
nanoparticle formed by four different lipids according to the sta-
ble nucleic acid lipid particle technology128,129. The inflammatory 
response is probably a consequence of SARS-CoV-2 spike protein 
as the four lipid components of the vaccine nanoparticle are not 
reported to elicit immune or inflammatory responses. Chemical 
modifications of the mRNA include incorporation of modified 
nucleosides138, which are known to reduce innate immunogenicity. 
However, the modified mRNA could still evoke a strong response in 
some predisposed individuals139.

Alternatively, myocarditis could be a consequence of molecular 
mimicry between spike and an unknown cardiac protein. As far as 
this possibility is concerned, the presence of autoantibodies has long 
been postulated as a pathogenic mechanism for myocarditis, both as 
a consequence of viral infection or in the apparent absence of it140. 
In support of this possibility, autoantibodies against spike have been 
reported experimentally to cross-react with cardiac antigens141. The 
clinical significance of this observation remains to be confirmed.

Cardiovascular complications in long COVID
The term ‘long COVID’ has come to be used for symptoms that 
persist or develop beyond 4–12 weeks after an initial episode of 
acute COVID-19 infection and cannot be explained by an alterna-
tive diagnosis. The syndrome is highly heterogeneous with a wide 
variety of symptoms that are potentially attributable to multiple 
organ systems, including myalgia, fatigue, breathlessness, impaired 
concentration and sleep quality, joint pain or swelling, short-term 
memory loss, chest pain and palpitations142. Rarer cardiovascu-
lar problems include late venous and arterial thromboembolism, 
stroke, acute coronary syndromes and pericarditis. There are also 
reports of postural orthostatic tachycardia syndrome (POTS) after 
acute COVID-19 (ref. 143). The specific condition of MIS-C was dis-
cussed earlier.

In the UK population-based Office for National Statistics 
Coronavirus Infection Survey, around 1 in 50 people in the United 
Kingdom who tested positive for COVID-19 (including very mild 
disease) were experiencing self-reported long COVID based on 
self-reported symptoms (https://www.ons.gov.uk/peoplepopula-
tionandcommunity/healthandsocialcare/conditionsanddiseases/
articles/coronaviruscovid19latestinsights/infections/; last accessed 
31 January 2022). An analysis of people enrolled in the COVID 
Symptom Study app144 indicated that 2.3% of individuals with a  

positive SARS-CoV-2 test (predominantly nonhospitalized indi-
viduals) reported symptoms lasting for ≥12 weeks, which was more 
common in women145. These authors also found that experiencing 
more than five symptoms during the first week of illness was associ-
ated with long COVID. Looking at patients discharged from hospital 
after acute COVID-19, 1,077 patients were assessed at 2–7 months 
in the PHOSP-COVID UK study146. Only 29% had fully recovered 
and 20% had developed a new disability. Common cardiovascular 
symptoms included chest tightness (27%), chest pain (21%) and pal-
pitations (20%). Female sex, middle age (40–59 years), the presence 
of ≥2 comorbidities (most commonly cardiovascular, respiratory 
and type 2 diabetes) and more severe acute illness were associated 
with persistence of symptoms. Other studies of patients who had 
been hospitalized also suggest a higher prevalence of long COVID 
in women147.

The pathogenesis of cardiovascular symptoms and complica-
tions in long COVID remains unclear. In patients who suffered 
severe acute COVID-19, it seems likely that myocardial injury and 
vascular thrombotic complications superimposed on preexisting 
cardiovascular and metabolic comorbidity are the primary drivers. 
A combination of lung injury and cardiac dysfunction also exacer-
bates symptoms as discussed earlier. In the PHOSP-COVID study, 
symptom persistence and severity were associated with a continued 
elevation of C-reactive protein, suggesting that persistent inflam-
mation may be an additional etiological mechanism. The pathogen-
esis of long COVID in previously healthy individuals who suffered 
only mild acute illness is less clear and may have overlap with other 
post-viral syndromes. There have been a number of studies in 
which competitive athletes have undergone CMR imaging after an 
episode of mild COVID-19. An early study suggested a high inci-
dence of abnormalities but was flawed in that there was no control 
group148, but the athletic heart is well known to undergo remodel-
ing. A more recent analysis compared athletes who had recovered 
from acute COVID-19 with a COVID-negative athletic control 
group and found a much lower prevalence of abnormalities by CMR 
imaging149. However, they did identify features suggestive of myo-
carditis in 2 out of 59 athletes, who were both asymptomatic. There 
are many ongoing large prospective studies of patients who have 
recovered from acute COVID-19 of varying severity, which should 
in time shed light on the important question of long-term damage 
and symptom persistence.

Conclusion
Cardiovascular disease has a bidirectional relationship with 
COVID-19. On the one hand, preexisting chronic cardiovascular 
disease is a major risk factor for severe COVID-19 while, on the 
other, cardiovascular complications have an important role in its 
pathophysiology. While there is limited evidence that the heart 
itself is directly affected by SARS-CoV-2, mild-to-moderate myo-
cardial injury is a common and adverse prognostic feature of severe 
COVID-19. The causes of such myocardial injury are multifacto-
rial and include systemic inflammation, microvascular thrombosis, 
hypoxia and a higher susceptibility in those with preexisting dis-
ease. Importantly, cardiac impairment may aggravate pulmonary 
dysfunction and lead to a downward spiral in patients. More still 
needs to be learnt about the pathogenesis of cardiovascular prob-
lems in patients who recover from initial acute illness.

Unfortunately, a major limitation of studies in this area is a lack 
of suitable animal models. Although some animal coronaviruses can 
recapitulate a few characteristics of human disease and SARS-CoV-2 
can infect other animal species or humanized rodents150,151, none of 
these fully recapitulate all the clinical features of human disease.

A specific area that deserves deeper investigation is thrombosis, 
as this is a major clinical aspect of severe COVID-19, with several 
features that are more pronounced than in other common severe 
pulmonary infections. Recent findings raise the possibility that 
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SARS-CoV-2-specific mechanisms may be involved in platelet acti-
vation, potentially opening up specific therapeutic avenues.
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