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Abstract

The cardiovascular system is frequently affected by coronavirus disease-19 (COVID-19), particularly in hospitalized cases,
and these manifestations are associated with a worse prognosis. Most commonly, heart involvement is represented by myo-
carditis, myocardial infarction, and pulmonary embolism, while arrhythmias, heart valve damage, and pericarditis are less
frequent. While the clinical suspicion is necessary for a prompt disease recognition, imaging allows the early detection of
cardiovascular complications in patients with COVID-19. The combination of cardiothoracic approaches has been proposed
for advanced imaging techniques, i.e., CT scan and MRI, for a simultaneous evaluation of cardiovascular structures, pul-
monary arteries, and lung parenchyma. Several mechanisms have been proposed to explain the cardiovascular injury, and
among these, it is established that the host immune system is responsible for the aberrant response characterizing severe
COVID-19 and inducing organ-specific injury. We illustrate novel evidence to support the hypothesis that molecular mim-
icry may be the immunological mechanism for myocarditis in COVID-19. The present article provides a comprehensive
review of the available evidence of the immune mechanisms of the COVID-19 cardiovascular injury and the imaging tools
to be used in the diagnostic workup. As some of these techniques cannot be implemented for general screening of all cases,
we critically discuss the need to maximize the sustainability and the specificity of the proposed tests while illustrating the
findings of some paradigmatic cases.
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Introduction

The disease associated with an acute infection by SARS-

CoV-2 was coined COVID-19 and became a pandemic by
March 2020, causing over 5.5 million deaths worldwide as

Maria Elena Laino and Angela Ammirabile contributed equally to of December 2021 [1, 2]. The clinical manifestations of
this work. . o . . .

COVID-19 typically include respiratory involvement with

54 Carlo Selmi cough and dyspnea, as well as systemic signs and symp-

carlo.selmi@hunimed.eu toms such as fever, fatigue, myalgia, and arthralgia, among

others [1]. Some degree of cardiovascular involvement is
observed in 20-30% of hospitalized cases, raising to 55% in
the presence of a pre-existing cardiovascular disease [3, 4].
Acute heart injury in COVID-19 may include myocarditis,
myocardial infarction, pulmonary embolism, and less fre-
quently arrhythmias, valvular damage, and pericarditis [5,
6]. Data from hospitalized COVID-19 cases in our highly
impacted area demonstrated that myocardial injury (defined
by elevated troponin and/or elevated B natriuretic peptide
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— BNP) is associated with a risk of death comparable to
the coexistence of renal failure and inferior only to being
older than 70 [7].

Prompted by this observation and moving from our clini-
cal experience, we evaluate the literature regarding the heart
involvement in COVID-19, to discuss the pathogenic role of
the immune system and the use of imaging to better define
the myocardial damage for the management and risk strati-
fication of patients with COVID-19.

Immunopathogenetic Mechanisms
of COVID-19 Myocardial Injury

Several mechanisms have been proposed to explain the
COVID-19-related myocardial injury [8—11], and among
these, an important role is played by the host immune system
[12], which is responsible for the aberrant response charac-
terizing severe infections and causing organ damage [13].

Cytokine release syndrome Cardiomyocyte injury

“—

Figure 1 illustrates the proposed mechanisms of COVID-
19-related injury mediated by the immune system, which
are detailed below.

Cytokine Release Syndrome

In a subset of patients with COVID-19, the host immune
system is aberrantly activated, resulting in acute systemic
inflammation leading to the injury of multiple organs,
including the heart [14]. Released cytokines have profound
cardiovascular consequences and may cause the onset of
tachycardia, hypotension, and left ventricular dysfunction,
by the activation of different signalling pathways. In fact,
tumor necrosis factor alpha (TNF-a) induces negative ino-
tropic effects in vivo and in vitro, with mechanisms medi-
ated by the sphingomyelinase pathway and by nitric oxide
(NO), which reduce p-adrenergic signaling. On the other
hand, two major cytokines involved in the cytokine release
syndrome, namely interleukin (IL)-1 and IL-6, may also
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Fig. 1 Immunopathogenetic mechanisms of COVID-19 myocardial
injury. Mechanisms illustrated are cytokine release syndrome; car-
diomyocyte injury mediated by cytotoxic T cells primed with viral
antigens; pro-thrombotic status due to cytokine release, up-regulation
of adhesion molecules, platelets activation, and antiphospholipid anti-
body formation; netosis; local endotheliitis of artery vessels leading
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mediate ventricular dysfunction through the production of
NO [15] and, indirectly, through the activation and release
of IL-18 [16].

Elevated proinflammatory cytokines are involved in the
development of cardiac disease, and overexpressed TNF-a,
IL-1p, IL-6, and matrix metalloproteinases (MMPs) in the
heart can contribute to the onset of myocardial infarction.
Furthermore, these changes have been associated with the
impaired intracellular calcium and potassium current regu-
lation and altered expression of proteins in cardiomyocytes
lining the infarct border zone, promoting electrical distur-
bances. The cytokine release syndrome has been correlated
with the development of atrial fibrillation and more gener-
ally the increased risk of cardiac arrhythmias [17, 18]. Fur-
ther associations have been proposed with the development
of sustained cardiac injury, characterized by elevated plas-
matic levels of BNP and other myocardial injury markers
[17]. We note that there is significant evidence suggesting
that chronic inflammation is a pathogenic driver of heart
failure, leading to an abnormal thickening and fibrosis of
cardiac tissue, and ultimately to cardiac dysfunction [19], as
well represented by the cardiovascular risk associated with
rheumatoid and psoriatic arthritis [20]. Proinflammatory
cytokines induce myocyte hypertrophy, alteration in gene
expression, and activation of MMP, resulting in myocardial
apoptosis and development of fibrosis [16].

In the pediatric population, COVID-19 generally induces
a less severe disease, with lower mortality rates, but in a
subgroup of children, fever and signs of systemic inflam-
mation occur, mimicking the feature of Kawasaki disease, a
medium-vessel vasculitis associated with infections. Kawa-
saki disease is an acute and usually self-limiting disease,
occasionally complicated by hemodynamic instability, a
condition known as Kawasaki disease shock syndrome or by
a macrophage activation syndrome (MAS) [21]. The mani-
festations occurring in some pediatric cases of COVID-
19 differ from classical Kawasaki disease, as patients
are usually older, with more pronounced signs of cardiac
involvement, shock, and MAS and more frequently require
adjunctive glucocorticoid treatment [22]. Based on the clini-
cal differences, the syndrome has been coined “pediatric
inflammatory multisystem syndrome temporally associ-
ated with SARS-CoV-2 infection” (PIMS-TS) in Europe
and “multisystem inflammatory syndrome in children”
(MIS-C) in the USA. Although it has been demonstrated
that hyperinflammation in MIS-C differs from the COVID-
19-related cytokine storm [23], children with this syndrome
present high levels of IL-1, IL-6, and IL-18, which can be
responsible for shock and negative cardiac outcomes [24,
25]. Relevant to the present review article, a similar syn-
drome has been proposed for adults developing delayed-
onset myocarditis after SARS-CoV-2 infection. In a small
series, patients with a recent recovery from COVID-19

presented with cardiogenic shock, significant increase of
inflammatory markers, fever, pulmonary infiltrates, and
mucocutaneous and gastrointestinal involvement, similarly
to what occurs in MIS-C [26].

T Cell-Mediated Myocardial Injury

The entry of SARS-CoV-2 into cells is mediated by
the binding of the viral spike protein to the membrane
protein angiotensin-converting enzyme 2 (ACE2) [27]
which is found also on cardiomyocytes [28], beside the
epithelial cells of the respiratory tract, type II pneumo-
cytes. ACE2 is upregulated [29] in patients with dilated
or ischemic cardiomyopathy independent of COVID-19,
and this observation may explain why patients with a
preexisting heart disease are at higher risk of developing
COVID-19-related complications. Furthermore, the virus
directly damages cardiomyocytes, but a T cell-mediated
cytotoxicity may also occur as viral antigens expressed
by infected cardiomyocytes prime naive T lymphocytes
via antigen-presenting cells, and primed CD8 + T lym-
phocytes, chemoattracted by the hepatocyte growth fac-
tor (HGF) produced by damaged myocardiocytes, may in
turn be cytotoxic to the cardiovascular tissues. This pro-
cess is amplified during the COVID-19 cytokine release
syndrome, when proinflammatory cytokines disseminate
and T cells become hyperactivated, in a positive feedback
loop of immune activation and myocardial damage [28].
T lymphocytes have been found in the damaged myocar-
dium independent of the presence of cardiomyocytes viral
infection. [30] In fact, the SARS-CoV-2 genome has been
found only in some cases of endomyocardial biopsy or at
autopsy [31-33], suggesting a potential perpetuation of
the damage after the viral clearance, or that T lymphocytes
are primed in other sites and subsequently cross-react with
myocardial antigens.

Moreover, the presence of myocarditis has been ques-
tioned altogether by some authors, as the presence of the
virus was not associated with an increased infiltration of
mononuclear cells in the myocardium and histology was not
fully consistent with the criteria of myocarditis.

On the other hand, the reduced lymphocytic infiltrate
found in the hearts of SARS-CoV-2-infected individuals
compared to controls may be attributed to the systemic
lymphopenia associated with the viral infection. It has been
shown that a proportion of patients recovered from COVID-
19 had alterations consistent with myocarditis at cardiac
magnetic resonance (CMR), including myocardial edema,
fibrosis, and impaired ventricular function, suggesting the
possibility that cardiac inflammation may persist months
after the resolution of the acute infection, with resulting
ventricular dysfunction [34-36].
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Pro-thrombotic Status

The altered cytokine and chemokine levels occurring in
COVID-19 may disrupt the endothelial function and integ-
rity and lead to the upregulation of cell adhesion molecules
(ICAM-1, integrins, P- and E-selectin), the release of Von
Willebrand factor (VWF), inducing endothelial production
of cytokines and chemokines, with recruitment of platelets
and leukocytes [17].

In this scenario, the activated platelets can release the
chemokines stored in their granules, such as PF-4 (plate-
let factor-4), CXCL1 (chemokine (C-X-C motif) ligand),
CXCL5, CXCL7, CCL3 (chemokine (C-C motif) ligand),
CCLS5, and CCL7. This leads to further leukocyte recruit-
ment, vascular injury, and increased proinflammatory and
procoagulant factors [37]. Neutrophil activation can also
cause thrombosis, and in the serum of patients with COVID-
19, high level of neutrophil extracellular traps (NETs) has
been reported. NETs are extracellular networks of nucleic
acid wrapped with histones, extruded by neutrophils with a
controlled process that allows the mixing of chromatin with
granular proteins. The web-like structure formed is involved
in virus entrapment and physical containment of the infec-
tion. On the other hand, NET release triggers an intense
inflammation, with complement activation, formation of
complexes of NETS, platelets, and thrombin [38].

COVID-19 is also associated with higher levels of com-
plement, tissue factor—enriched NETs and tissue factor activ-
ity. Compared to mild COVID-19, neutrophils from patients
requiring ventilatory support are characterized by enhanced
NETosis, suggesting that levels of NETs correlate with dis-
ease severity [39], as well represented by the highest levels
of NETs in patients needing invasive ventilation and cor-
relating with mortality. In a small case series of COVID-19
with myocardial infarction, NETs were detected at high den-
sity in the coronary aspirates and thrombi were composed of
fibrin and polymorphonuclear cells, without showing frag-
ments of atherosclerotic plaques [40]. Post mortem, micro-
thrombi containing NETS, neutrophils, and platelets were
reported in the lung tissue of COVID-19.

COVID-19-related thrombosis can be also linked to the
presence of serum antiphospholipid antibodies (aPLs),
including anti-cardiolipin (aCL) IgG and IgM, anti-beta2-
glycoprotein I (f2-GPI) IgG and IgM, and lupus anticoagu-
lant (LAC), which induce both arterial and venous throm-
bosis. It has been well established that infections trigger
aPLs, either transiently or chronically with or without the
development of thrombosis [41], and several cases of aPLs-
associated thrombosis occurring in COVID-19 have been
reported, occurring both in severe and mild disease. Among
these, a few had myocardial infarction, while the majority
presented deep vein thrombosis or pulmonary embolism [21,
42, 43].
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Local prothrombotic factors have also been advocated in
COVID-19 manifestations, and IL-1, IL-6, and other pro-
inflammatory cytokines produced by activated leukocytes
are known to induce endothelial activation, adhesion mol-
ecules, further inflammatory cell infiltration, and vascular
inflammation. These processes may be locally enhanced
during a viral infection in the adjacent vascular smooth
muscle cells, and local macrophages release plasminogen
activators as pro-coagulant factors. The altered endothelium
becomes activated and pro-coagulant, predisposing to micro-
thrombosis leading to the COVID-19-induced endotheliitis,
occurring in several organs as a result of the host inflam-
matory response to the presence of the virus [17]. This
microembolism triggered by the damaged endothelium or
hypercoagulation state further leads to the destabilization
of the existing coronary artery plaques, thus precipitating
a myocardial ischemia [44, 45]. Patients with COVID-19
may also manifest higher complement pathway activation.
In a few cases, deposits of C5b-9 and C4d were found in the
lung microvasculature [46], indicating the activation of the
alternative and lectin-based complement system.

Anti-heart Autoantibody

One report illustrates the correlation between serum anti-
heart autoantibodies and COVID-19-related cardiovascular
disease. Anti-endothelial cell, anti-cardiomyocytes, anti-
smooth muscle, and anti-cardiac conductive tissue antibod-
ies have been measured in a small cohort, and their levels
correlated with cardiovascular manifestations and with
the presence of systemic inflammation. In particular, anti-
cardiomyocyte antibodies correlate with low QRS complex
voltage, anti-smooth muscle antibody levels with atrial
fibrillation, and antinuclear and anti-cardiomyocyte anti-
bodies with pericardial effusion. Anti-smooth muscle and
anti-cardiomyocyte antibodies were associated with poor
prognosis [47]. These data suggest a possible involvement
of these antibodies in the development of inflammatory car-
diac injury, other than being an epiphenomenon of systemic
inflammation.

Another hypothesis is that a molecular mimicry mecha-
nism may trigger the adaptive immune response, leading to
the development of specific, potentially pathogenic autoan-
tibodies, as discussed in previous studies for other diseases
[12, 48, 49]. In an earlier study, it was demonstrated that
idiopathic inflammatory cardiomyopathy is caused by the
activation of MYHG6-specific CD4 +T cells and B cells by
a mimic peptide of a commensal gut bacteria, Bacteroides
theta, in genetically susceptible individuals [50]. To sup-
port this hypothesis, we searched for homologies between
the reported immune-dominant epitopes of MYH6 [50, 51],
troponin [52], and SARS-CoV-2 proteins (Table 1) and
identified relevant alignments for amino acids 6291-6297
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Table 1 Homology between myosin heavy chain 6 (MHY6) and troponin I and SARS-CoV-2 peptides, with class Il HLA predicted binding

Heart epitopes Alignment SARS-CoV-2 protein Putative SARS-CoV-2 Class IT HLA binding®
query E epitope®
value®

Human MHY6 epitopes

SLKLMATLESSYATAD 0.11

ORFlab

VNPYKWLPVYNAEVV ~ 0.13

EATLQHEATAAALRK 0.77

lab

YHIFYQILSNKKPEL >1 -
PHIFSISDNAYQYML >1 -
RVQLLHSQNTSLINQ >1 -
KSSLKLMATLFSSYA >1 -
Human troponin I epitopes
VDKVDEERY- >1 -
DIEAKVTKN

QKIFDLRGKFKRPTLRRV  >1 -

EELEYSYATHSDKFT
(226289-6303)

Replicase polyprotein lab LVLSVNPYVCNAPGC

(aa5365-5379)

HLA-DRB1*04:05
(adjusted rank 5.8)
HLA-DRB1*04:01
(adjusted rank 8.5)
HLA-DRB3*02:02
(adjusted rank 8.9)

HLA-DRB3*02:02
(adjusted rank 3.5)

Replicase polyprotein 1a/
replicase polyprotein

HLA-DRB1*15:01
(adjusted rank 7.1)
HLA-DRB1*13:02
(adjusted rank 8.1)
LEFGATSAALQPEEE (aa960- HLA-DQA1*03:01/DQB1%#03:02
974) (adjusted rank 0.11)
HLA-DQA1*04:01/DQB1%#04:02
(adjusted rank 0.20)
HLA-DQA1*01:02/DQB1*#06:02
(adjusted rank 3.5)
HLA-DQA1*05:01/DQB1*02:01
(adjusted rank 4.2)

*Research performed using the non-redundant UniProt/SwissProt sequences database from the Basic Local Alignment Search Tool (BLAST,
https://blast.ncbi.nlm.nih.gov/Blast.cgi), E value set < 1. Amino acids matching to SARS-CoV-2 are highlighted by underlining

YResearch performed with NCBI Reference, SARS-CoV-2

“Class II HLA binding prediction determined using the immune epitope database and analysis resource (IEDB) online prediction tool (http://
tools.iedb.org/mhcii/). The binding threshold was set at 10: Lower percentile ranks predict better binding to HLA molecule. The full HLA refer-
ence set has been used, which provides >99% of coverage of the HLA allele usage

of SARS-CoV-2, with homology with MYH6-aa614-629.
This sequence also corresponds to a fragment of the ORF1ab
protein, an exonuclease which provides error-correcting
capability to the RNA synthesis complex of SARS-CoV-2
while other homologies were identified with two sequences
of the viral replicase polyprotein 1a and 1ab, encoded by
ORFlab. Furthermore, the predicted binding of SARS-
CoV-2 peptides homologous to MYH6 epitopes was rel-
evant for class II HLA, especially for HLA-DRB1*04:05,
HLA-DRB3%#02:02, and HLA-DQA1*03:01/DQB1#03:02.
We believe that our analysis supports the hypothesis that
molecular mimicry between SARS-CoV-2 peptides and
immune-dominant epitopes of human MYH6 is involved in
the pathogenesis of inflammatory cardiomyopathy, which
can be presented by HLA-DQ and -DR4 alleles associ-
ated with myocarditis [51]. To demonstrate that molecular

mimicry is effectively involved in SARS-CoV-2-mediated
cardiac damage would require the identification of autoreac-
tive T cells and/or autoantibodies reacting against the spe-
cific epitopes of MYH6 and SARS-CoV-2.

Imaging for the Detection of COVID-19
Cardiovascular Injury

Myocardial injury is a frequently observed complication
in hospitalized COVID-19 patients, but it has been poorly
studied during the first pandemic wave. Advanced cardiac
imaging (cardiac MR and cardiac CT) plays a major role
both in the early detection of the COVID-19 cardiovascu-
lar involvement in a setting of pre-existing cardiovascular
conditions (Fig. 2) and in the definition of cardiovascular
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Fig.2 Chest CT scan of

a patient before and after
COVID-19 infection. The CT
scan on panel A was performed
during an ER evaluation due
to suspected nephrolithiasis;
the imaging in panel B was
performed on the same patient
18 days later demonstrating
bilateral consolidations and
ground-glass opacities, septal
thickening, mainly located
within the upper lobes

complications, but its widespread use was challenging dur-
ing the first months of the pandemic due to often unmanage-
able organizational issues.

Table 2 illustrates the radiological indications and the
main imaging findings in COVID-19-related cardiovascular
complications. We believe that CMR represents the imaging
modality of choice to assess myocardial injury while signs

of cardiac failure can be described at chest X-ray, chest com-
puted tomography (CT), and echocardiography [53].

Imaging of Myocardial Injury

The prevalence of acute damage in hospitalized COVID-19
patients is estimated in the range of 12-36%, especially in

Table 2 Main applications of advanced imaging techniques in the assessment of COVID-19-related cardiovascular complications

Clinical setting

MRI

CT

Elevated troponin levels (myocardial injury) Non-invasive gold standard for structural and

Suspected myocardial infarction

Suspected myocarditis

Suspected pulmonary thromboembolism

functional evaluation of myocardium

Differential diagnosis of ischemic and non-
ischemic injury

Cine-imaging: estimation of LV and RV
volumes, function, and mass

T2 sequences: myocardial edema with coronary
distribution

Post-contrast sequences:

e Subendocardial or transmural LGE with
coronary distribution (extent of irreversibly
injured myocardium)

e Presence and extent of viable myocardium

e Detection of intracardiac thrombi

Hyperemic pharmacological stress: assessment
of myocardial perfusion

T1-based criteria:

o EGE for hyperemia and capillary leakage

e LGE of necrotic/fibrotic areas with a non-
ischemic pattern

e Native T1 measurement

o ECV measurement

T2-based criteria:

e Myocardial edema on T2 STIR sequences,
mainly for focal edema

e Native T2 measurement for both diffuse or
focal edema

Quadruple rule-out
Cardiovascular parameters: PA diameter and
CAC

High negative predictive value for significant
coronary artery stenosis

Detection of intracardiac thrombi

Post-contrast myocardial enhancement: early
focal decrease and late iodine enhancement
(LIE)

Multiphase CT: Evaluation of LV ejection
fraction and RWMA

Post-contrast images: LIE of fibrotic
myocardium

Current standard of care: demonstration of
arterial filling defects

Detection of complications: signs of right-heart
failure with hepatic congestion and increased
RV/LV ratio, pulmonary infarction (wedge-
shaped parenchymal consolidation)
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the presence of prior cardiovascular conditions or severe
COVID-19 manifestations [54]. The myocardial injury
is defined as an increase in cardiac troponin (cTn) val-
ues exceeding the 99th percentile and encompasses both
ischemic and non-ischemic causes. Evidence of cardiac
involvement in hospitalized COVID-19 patients is signifi-
cant because this finding is associated with higher mortality.
According to cTn variations, the damage is defined as either
acute or chronic (the latter defined as a stable elevation with
a variation <20%) [55]. The diagnostic approach includes
a careful medical history and ECG, followed by imaging
techniques for the evaluation of myocardial morphology and
function. Transthoracic echocardiography (TTE) is com-
monly the first-line imaging test while advanced imaging
techniques, i.e., cardiac CT and MR, are less used in acute
settings for practical organizational/management issues,
despite their usefulness in the differential diagnosis of myo-
cardial conditions for therapeutic decision-making [56].
Specifically, CMR is the gold standard for structural and
functional non-invasive evaluation of the myocardium and
its high accuracy in the detection of tissue edema allows to
discriminate among ischemic and non-ischemic causes of
acute myocardial damage according to the distribution pat-
tern [57]. Galea et al. proposed a combined cardiothoracic
MRI (CaTh-MRI; overall length of the standard protocol
45-60 min) protocol in COVID-19 patients hospitalized
with myocardial damage which allowed a simultaneous eval-
uation of cardiovascular structures, pulmonary arteries, and
lung parenchyma [58]. In the authors’ experience, abnormal
T2 mapping was the most commonly observed abnormality
and significantly correlated with hs-cTnT values, reflecting
the predominant inflammatory nature of myocardial dam-
age observed during the active phase of the disease [59].
The acute or hyperacute inflammatory myocardial damage
observed in COVID-19, associated to an elevated myocardial
T2 signal at CMR, has been directly related to the pres-
ence of virus-mediated cardiomyocyte injury characterized
by the physical presence of viral particles in the myocar-
dium [60]. The main limitation of CMR in acute COVID-19
is the scan duration that might not be tolerated in case of
hemodynamic and/or respiratory instability. Shorter proto-
cols lasting 10-15 min overall are recommended in patients
with active infection and poor functional status for a focused
evaluation of cardiac function and structure [61]. Similar
to CaTh-MRI, cardiothoracic CT in COVID-19 has been
reported in the literature, considering that chest CT has a
central role in the diagnosis of COVID-19 pneumonia and
is already routinely performed [62]. Pontone et al. intro-
duced the idea of a quadruple rule-out with CT for the
simultaneous evaluation of signs of interstitial pneumonia,
pulmonary embolism, and ischemic or non-ischemic car-
diac disease [63]. Moreover, CT may provide cardiovascu-
lar parameters with clinical and prognostic relevance also if

acquired without ECG gating, as usually performed in the
acute phase. An increased diameter of the pulmonary artery
— indirect expression of pulmonary hypertension — and
elevated coronary artery calcium (CAC) score — expression
of subclinical atherosclerosis and coronary artery disease —
can be in fact predictors of myocardial injury and mortality
in COVID-19 patients [64, 65]. The obvious advantage of
CT to evaluate both the lung parenchyma and the cardiovas-
cular features should not be underestimated particularly in
conditions of high clinical burden.

Long COVID

Approximately one in four COVID-19 cases have linger-
ing symptoms, even after recovering from the virus; long-
term cardiovascular sequelae of COVID-19, coined “long
COVID,” are not completely understood, but, as already
reported with SARS-CoV-1 [66], chronic manifestations
may occur after recovery. Symptoms are generally aspe-
cific and include chest pain, syncope, palpitation, persistent
dyspnea, possibly underlying arrhythmias, ventricular dys-
function, and new-onset heart failure [67]. These conditions
have been identified as complications of COVID-19-related
immune activation [28] in which chronic forms may mani-
fest with persistent cardiac failure, which may progress to
dilated cardiomyopathy [68]. In a recent paper [69], long
COVID has been reported as the clinical expression of the
presence of “anti-idiotype antibodies” of SARS-CoV-2
infection and/or vaccination. Briefly, the protective anti-
bodies created against the virus can subsequently trigger a
new antibody response toward themselves, leading to their
disappearance over time. These secondary antibodies, called
anti-idiotype antibodies, can bind to — and deplete — the
initial protective antibody responses. These have the poten-
tial to mirror or act like the original antigen itself, and anti-
idiotype responses against the enterovirus coxsackievirus B3
can cause autoimmune myocarditis in mice [70]. Ultimately,
this mechanism may be involved in the persistent myocardial
inflammation described in earlier reports of long COVID-19
[71] and the implications of cardiac injury in the subacute
and chronic COVID-19 forms have been evaluated by CMR
which represents the standard reference of cardiac involve-
ment assessment [72].

Myocardial Infarction

Myocardial infarction is a subtype of myocardial injury char-
acterized by clinical evidence of ischemia. Type 1 myocar-
dial infarction is due to coronary athero-thrombosis after
plaque disruption, and type 2 myocardial infarction is related
to a mismatch between oxygen supply and demand [55].
The relationship between acute infections and myocar-
dial infarction has been already established [73], and the
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potential mechanisms are similar in COVID-19 patients.
The instability of atherosclerotic plaques increases for the
higher intraplaque inflammatory activity, and a systemic pro-
thrombotic and procoagulant state raises the risk of coronary
thrombosis after plaque rupture. According to the literature,
type I myocardial infarction in COVID-19 is less common
[54] while type II myocardial infarction may be precipitated
by multiple factors related to both systemic inflammation
and severe hypoxia (the most common clinical manifestation
of COVID-19) [54]. In COVID patients, systemic inflamma-
tion, as represented by elevated CRP, has been associated to
coagulopathies such as venous thrombo-embolism (VTE)
and disease severity such as acute kidney injury (AKI), criti-
cal illness, and in-hospital mortality [74]. Consequences
include coronary thrombosis without evident atheroscle-
rotic plaque, decreased coronary perfusion because of the
combination of tachycardia (increased metabolic needs of
peripheral organs), and pneumonia-related hypoxemia.
The definition of a myocardial infarction diagnostic
algorithm in COVID-19 is challenging because invasive
unnecessary examinations should be avoided to minimize
the risk of dissemination [57]. The choice of the appropriate
imaging tests is key for the accurate diagnosis and man-
agement; in a patient presenting with chest pain, the initial
diagnostic workup should include a careful medical history
and physical examination, ECG, chest X-ray, and biomark-
ers to confirm the suspicion of acute coronary syndrome.
Apart from patients with a high probability of acute coro-
nary syndrome (STEMI or high-risk non-STEMI) that are
immediately evaluated with invasive coronary angiography
(ICA), echocardiography should be performed to confirm
a regional wall motion abnormality (RWMA), typical of
myocardial infarction. Subsequently, advanced imaging
techniques can be used to confirm the suspicion or for a dif-
ferential diagnosis [67]. Coronary CT angiography (CTCA)
is associated with a high negative predictive value to rule
out clinically significant coronary artery disease and may
avoid unnecessary invasive procedures, especially in patients
without indications for revascularization [75]. In fact, 40%
of ICA performed in patients with COVID-19 and STEMI
were not able to identify a culprit lesion, because type 2
myocardial infarction is common in this group of patients
[76]. The proposed cardiothoracic CT protocol in COVID-
19 with low or intermediate probability of acute coronary
syndrome includes a non-enhanced chest CT focused on
involvement of lung parenchyma and calculation of CAC
score and a CTCA (ECG-gated CT angiography) for the
simultaneous evaluation of the patency of pulmonary and
coronary arteries. On one hand, the detection of a severe
stenosis in coronary arteries may be an indication for ICA
while, on the other hand, a delayed CT acquisition after
7-10 min from the contrast injection can be performed to
identify other causes of non-obstructive coronary artery
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disease or myocardial injury [77]. Contrast-enhanced CT
scan can demonstrate the presence of intracardiac thrombi
that may cause coronary or systemic embolisms and type
2 myocardial infarction [78] and infarcted areas appear
initially as focal decreased enhancement and demonstrate
myocardial late iodine enhancement [55]. Multiphase
CCTA, i.e., acquisition during an entire cardiac cycle, can
be useful to evaluate also left ventricular ejection fraction
and RWMA [79]. However, elevated heart rate and diffi-
culty to reduce it adequately may be a major limiting factor
for CCTA, reducing the global diagnostic accuracy and the
potential advantages of CCTA in many hypoxemic patients.
CMR should be limited to cases of diagnostic uncertainty
after assessment by echocardiography and, if applicable, by
cardiac CT. In acute myocardial infarction, CMR can assess
myocardial viability and function, microvascular obstruc-
tion, and intramyocardial hemorrhage. A typical protocol
would include performing (a) short-axis cine imaging to
determine cardiac size and function, (b) T2-weighted imag-
ing, (c) delayed post-contrast (after the administration of
contrast material) imaging, and (d) T1 and T2 mapping, if
available. In T2 sequences, subendocardial or transmural
edema is a common finding of myocardial infarction and it
has a typical distribution in myocardial segments according
to coronary distribution [57]. Cine-imaging with CMR is the
gold standard for the measurement of ventricular volumes,
mass, and function, and late gadolinium enhancement deter-
mines the extent of irreversibly injured myocardium [80].
Moreover, pharmacological stress MRI might be performed
in symptomatic patients with known coronary artery disease
and abnormal ECG, avoiding exercise tests to minimize the
risk of COVID-19 spread (Fig. 3) [67]. Gadolinium-based
contrast agents have a late washout from fibrotic areas, and
this mechanism enhances myocardial fibrosis [55]. The esti-
mate of transmural extent of an infarcted area is a predictor
of the functional recovery, acting as an independent prog-
nostic marker.

Myocarditis

Myocarditis is a non-ischemic cardiac cause of acute myo-
cardial injury [55], already described in previous outbreaks
of Coronaviridae [81-83], being in some cases the main
clinical manifestation of COVID-19 [84]. The clinical pres-
entation is variable, and acute forms can mimic myocar-
dial infarction since patients report chest pain and dyspnea,
in some cases associated with troponin elevation. Fulmi-
nant forms may also occur and manifest with acute-onset
heart failure [68]. ECG is usually abnormal with aspecific
changes, such as sinus tachycardia, PR depression, or ST/T-
wave anomalies; serum troponin and inflammatory markers
(IL-6, CRP, procalcitonin) are usually elevated. Echocar-
diography is usually the first-line imaging, but findings are
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Fig.3 Myocardial infarction. Cardiac MRI (panel A: SSFP image,
panel B: late gadolinium enhancement image, panel C: native T1
map) illustrating an extensive anterior myocardial infarction (white
arrows in panels B and C) involving the anterior and anteroseptal
segments, the apex, and the apical inferior segment of left ventricle.

generally non-specific; echocardiography allows an exclu-
sion diagnosis with other causes of acute chest pain; usual
findings are diffuse wall motion abnormalities, reduced ejec-
tion fraction with left ventricular hypokinesis, and pericar-
dial effusion [85]. Endomyocardial biopsy is the diagnostic
gold standard but, especially during the early phases of the
pandemic [68], was rarely employed for its invasive nature.

CMR is the non-invasive gold standard test for the study
of the myocardium [57] and can be performed in the acute
forms for immediate management [86] (Fig. 4). The diag-
nosis of acute myocarditis using CMR should fulfil the
Lake Louise Criteria, which allows a 91% specificity and
a 67% sensitivity using conventional sequences [87]. More
recently, new diagnostic criteria were released based on the
introduction of novel acquisition techniques with T1 and
T2 mapping, measuring specific relaxometry-based changes
characterizing active inflammation [88]. The T1-based cri-
terion refers to hyperemia and capillary leakage or to myo-
cardial necrosis and fibrosis with the former appearing as
regional or global enhancement before and shortly after con-
trast injection (early gadolinium enhancement — EGE) and
the latter resulting in late gadolinium enhancement (LGE) of
the necrotic/fibrotic area in a non-ischemic distribution pat-
tern after 10 min from contrast injection. The T2-based cri-
terion refers to myocardial edema that appears in a regional
or global enhancement, generally subepicardial or middle
wall. Pericardial effusion or systolic LV wall motion abnor-
malities in cine CMR images are included in the supportive
criteria (Fig. 4) [88].

This redefined diagnostic approach proved to be par-
ticularly useful in atypical forms of myocarditis, including

Infarcted area is characterized by a low-signal intensity component
consistent with the presence of severe microvascular obstruction
(black arrows in panel B). There is a concomitant apical thrombus
(white star in panel A), appearing as a low-signal intensity non-
enhancing mass on post-contrast images (white star in panel B)

those with cardiomyopathic or arrhythmic disease onset that
have been observed in COVID-19 patients, where subtle tis-
sue changes may be underestimated using a conventional,
qualitative-based imaging approach [89]. However, CMR
cannot discriminate myocarditis due to direct viral damage
and an immune-mediated myocardial damage. ECG-gated
cardiac CT may be an alternative to CMR when the lat-
ter is not available because iodine- and gadolinium-based
contrast media have similar properties. In clinical practice,
images acquired 6-8 min after contrast injection can assess
the increase in myocardial extracellular volume (ECV) frac-
tion and identify LIE in areas of focal fibrosis. As previously
discussed, CT may have advantages in COVID-19 for the
simultaneous cardiothoracic evaluation and differential diag-
nosis of acute myocardial injury — coined as “quadruple-
rule out” [77].

In patients with COVID-19-related myocardial injury,
the prevalence of myocardial structural abnormalities at
CMR is around 56-78%, mainly as non-ischemic myocar-
dial damage. This represents a tenfold increase if compared
to age-matched control population [90]. This initial finding
deserves more studies, since it is well known that myocardial
scars do have prognostic implications over time.

Even if in lower percentage, asymptomatic patients could
have encountered abnormal CMR findings. Simultane-
ous active pericarditis can be detected in areas with peri-
epicardial LGE in combination with pericardial effusion [35,
36, 91, 92]. However, in subacute and chronic myocarditis,
CMR has a lower sensitivity than in acute forms because
edema is less evident. LGE incidence is similar in acute and
chronic stages, and only T2 sequences allow the diagnosis of
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Fig.4 Myocarditis. Cardiac
MRI of 2 COVID-19 patients
with chest pain and troponin
elevation during hospitaliza-
tion. Panel A/B: late gadolinium
enhancement (LGE) images of
a patient with ECG changes.
Subepicardial areas of LGE
(white arrows) are visible in the
inferior and infero-lateral wall
of the left ventricle. In the right
ventricle inflow, further areas
of LGE indicate bi-ventricular
myocardial damage. Panel C/D:
late gadolinium enhancement
(LGE) images of a patient with-
out ECG changes. White arrows
show spotty subepicardial
enhancement in the mid-lateral
wall; there is a mild pericardial
effusion (asterisk): black in
PSIR images and white in IR
images (panel C/D)

acute myocardial inflammation [68]: Increased native T1 and
T2 indicate an active inflammation, while increased native
T1 and normal native T2 point to a residual or resolving
inflammation [35]. T1-mapping has a high overall negative
predictive value in ruling out acute or chronic myocarditis
due to a high sensitivity in the detection of increased myo-
cardial free water content [86].

Other authors detected an impaired RV function in cine
CMR (right ventricular strain); it can be easily affected by
increased pulmonary vascular resistance due to typical lung
involvement of COVID-19 [36, 93, 94].

Pulmonary Thromboembolism

Pulmonary thromboembolism is included among the most
frequent vascular complications of COVID-19, but data
about its incidence are conflicting [95]. According to a
recent meta-analysis, pulmonary thromboembolism occurs
in 16.5% of COVID-19 cases and exceeds 20% in patients
admitted to ICU [96]. Pulmonary thromboembolism is
usually a consequence of deep vein thrombosis, but in situ
microvascular thrombosis may also coexist, defined as pul-
monary artery thrombosis (PAT) [97-99]. The pathogenesis
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of PAT is not completely understood and evidence supports
a hypercoagulability state [100], as demonstrated also in
other viral respiratory infections [101].

Ciceri et al. encourage the use of the term MicroCLOTS
(microvascular COVID-19 lung vessel obstructive thrombo-
inflammatory syndrome) to define a progressive endothelial
thromboinflammatory syndrome secondary to alveolar viral
damage [102]. This hypothesis is supported by a peculiar
arterial localization that has been evaluated on CT pulmo-
nary angiography (CTPA), the current standard of care to
show arterial filling defects and to provide a rapid diagno-
sis of pulmonary thromboembolism (Fig. 5) [103]. A high
rate of distal pulmonary thromboembolism in segmental or
subsegmental arteries is suggestive of immunothrombosis,
especially in the absence of reported DVT [97, 104], and is
frequently localized in lung segments with COVID-related
parenchymal abnormalities [105].

CT may also detect pulmonary thromboembolism
complications, as signs of right-heart failure leading to
increased central venous pressure, hepatic congestion, or
lung infarction. The typical radiological appearance of an
infarcted area is a wedge-shaped parenchymal consolida-
tion, eventually associated with evident filling defects in
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Fig.5 Pulmonary thrombo-
embolism. CT pulmonary
angiography showing pul-
monary thromboembolism
(white arrows) in a patient

with COVID-19 with elevated
D-dimer. There is disease
mainly involving the inferior
right and the upper left superior
lobar pulmonary arteries

obstructed vessels, ground-glass opacities in areas of pul-
monary hemorrhage and less commonly to a reverse halo
sign or cavitation (sign of septic pulmonary embolism). It is
important to differentiate ground-glass opacities and consol-
idations as complications of pulmonary thromboembolism
or as primary parenchymal manifestations of COVID-19
[106]. Moreover, CT scan allows the estimation of RV/LV
diameter ratio measured on transverse images: Its increase,
sign of right ventricular dysfunction, is associated with a
fivefold higher risk of pulmonary thromboembolism-related
mortality [107]. An additional advantage of CTPA is the
possibility to evaluate the volume of perfused and ventilated
lungs without further imaging examinations. In fact, a spe-
cific analytical software allows to reconstruct parenchymal
maps to identify low-perfusion areas, i.e., with pulmonary
thromboembolism, resulting in ventilation-perfusion (V/Q)
mismatch [108].

There is currently no consensus on the appropriate use
of CTPA in COVID-19 and on the D-dimer threshold to
perform diagnostic imaging. In fact, D-dimer values are
routinely elevated in COVID-19 as an acute phase reactant
[109] and may also have a prognostic role in the predic-
tion of in-hospital mortality [110]. Elevated D-dimer values
do not justify testing for pulmonary thromboembolism in
absence of suspicious clinical symptoms/signs — cough,
dyspnea, hemoptysis, tachycardia, and chest pain — or addi-
tional supportive information — history data, sonographic
evidence, or previous deep vein thrombosis [95]. These
parameters are included in the Wells score to determine the
pretest probability of PE presence: A total score <4 indi-
cates that PE is unlikely and warrants D-dimer testing; a
total score >4 indicates that PE is likely and needs rapid
imaging evaluation with CTPA as first-line, especially in
patients with a high bleeding risk that cannot start a full
therapeutic anticoagulation therapy [111]. The accuracy
of Well score in COVID-19 patients seems lower due to
the possibility of immunologically driven thrombosis and
the absence of the classical risk factors for DVT [112]. For
this reason, different studies have focused on the identifi-
cation of an adjusted D-dimer threshold for pulmonary

thromboembolism imaging in COVID-19 to account for the
inflammatory confounders. According to Suh et al., the con-
ventional cutoff values of 500 if age-adjusted or 1000 pg/L
can be used also in COVID-19 with high sensitivity, 96%
and 91%, respectively, taking into consideration also the
pretest clinical probability [96]. Higher threshold values
(> 1000 pg/L) reduce the sensitivity of D-dimer, decreasing
its usefulness [113] while obviously increasing its specific-
ity. A peak D-dimer value > 6000 pg/L during hospitaliza-
tion may represent an independent risk factor for pulmonary
thromboembolism, especially if correlated to high values of
CRP for a systemic inflammatory state [114]. Daily monitor-
ing of D-dimers levels may identify patients at risk of pul-
monary thromboembolism [115], and significant increases
during hospitalization (>2000-4000 pg/L) should be an
indication for CTPA, especially in the presence of worsen-
ing clinical conditions (dyspnea, refractory hypoxemia, or
unexplained new-onset tachycardia or hypotension) [116].
According to the European Society of Radiology and the
European Society of Thoracic imaging, CTPA may rule out
pulmonary thromboembolism in COVID-19 in need for sup-
plementary oxygen and with limited parenchymal disease
extension seen in a previous non-enhanced CT scan [117].
It is uncertain if pulmonary thromboembolism develops
in the earliest phases of COVID-19 as Whyte et al. asserted
that almost half of positive CTPA have been performed in
the first 72 h of admission, indirectly suggesting that pulmo-
nary thromboembolism may predate hospitalization [118].
Other authors described a higher pulmonary thromboem-
bolism risk in the second or third week of symptomatic
disease (11-20 days from onset) [119, 120]. In fact, Birk
et al. demonstrated that PTD detection rate is low if CTPA
is performed in all patients admitted to ER undergoing non-
enhanced chest CT for COVID-related parenchymal evalu-
ation; this finding may reflect a lower pulmonary thrombo-
embolism prevalence in the early stages of the disease [121].
Pulmonary scintigraphy is the traditional nuclear scan
test for the study of lung V/Q, but it cannot be performed in
COVID-19 patients for the risk of airborne aerosol contami-
nation and increased infectious risk for healthcare workers
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Nuclear medicine evaluation of PE is still important in case
of contraindication or non-diagnostic CTPA: Perfusion
SPECT/CT has been proposed as an alternative imaging test
to rule out pulmonary thromboembolism without increased
risk of contagious droplets [122, 123].

Conclusions

The predominant clinical involvement of acute SARS-
CoV-2 infection manifests as acute lung injury of varying
severity, but the cardiovascular system can also be signifi-
cant involved. The aberrant immune response to the viral
infection accounts for many pathogenic pathways leading
to heart damage, as in the case of myocarditis or pulmo-
nary thromboembolism. Cardiovascular involvement can be
underrecognized, and heart and lung multimodality imag-
ing plays a central role in different clinical settings and is
essential for diagnosis, risk stratification, and management
of patients with COVID-19.
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