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KEY POINTS

� Cardiovascular manifestations are common in COVID-19 patients with prognostic implications.

� Most COVID-19–related cardiovascular complications are mainly the consequences of myocardial
injury, although the pathophysiological mechanisms are still under investigation.

� Common COVID-19-related cardiovascular manifestations include acute coronary syndromes,
myo/pericarditis, pulmonary embolism, and heart failure.

� Advanced cardiac imaging plays an essential role in the diagnosis of cardiac complications and the
risk stratification of COVID-19 patients.
INTRODUCTION tool for prompt diagnosis, risk stratification, moni-
At the end of 2019, the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) was iden-
tified as a novel cause of respiratory infection in
Wuhan, which spread rapidly resulting in the
global pandemic of coronavirus disease (COVID-
19).1 It is widely recognized that patients with car-
diovascular (CV) risk factors, or established CV
disease (CVD), are at increased risk of developing
severe COVID-19, and those with myocardial
injury have a worse prognosis.2–5 Studies have
shown that COVID-19 can cause a broad spec-
trum of CV complications including myocarditis,6

myocardial infarction (MI),7 stress cardiomyopa-
thy,8 heart failure (HF),9 arrhythmias,10 thrombo-
embolic events,11 and cardiogenic shock.12

Advanced cardiac imaging is a reliable diagnostic
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toring, and management of patients with COVID-
19–related CV manifestations. This review is
focused on the role of multimodality imaging in
identifying cardiac involvement in COVID-19 and
the potential CV side effects of the available treat-
ment and vaccines against SARS-CoV-2.

PATHOGENESIS OF COVID-19–ASSOCIATED
CV COMPLICATIONS

Although the pathophysiological mechanisms of
the myocardial injury caused by SARS-CoV-2
have not been entirely elucidated, multiple factors
have been hypothesized to contribute directly or
indirectly to the development of CV complications.

a. Direct virus-mediated cytotoxicity. Although
this theory is supported by an autopsy series,
Guys and St Thomas NHS Foundation Trust, Sydney
University Hospitals Bristol and Weston NHS Trust

8HW, UK; c Royal Brompton and Harefield Hospitals,
don, London, SW3 6NP, UK; d Royal Brompton and
King’s College London, Sydney Street, London, SW3

ey Street, London, SW3 6NP, United Kingdom

ca
rd
ia
cE
P
.th

ec
li
ni
cs
.c
om

mailto:c.bucciarelli-ducci@rbht.nhs.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccep.2021.10.008&domain=pdf
https://doi.org/10.1016/j.ccep.2021.10.008
http://cardiacEP.theclinics.com


Nakou et al80
which confirmed the detection of viral genome
detection within the myocardium,13,14 in clinical
practice, the histologic evidence of myocardial
injury in COVID-19 is limited. Low loads of viral
genome were detected in histology specimens
in 5 cases out of 104 patients undergoing endo-
myocardial biopsy (EMB) for myocarditis or un-
explained HF during the COVID-19
pandemic.15 However, there was no evidence
of myocardial injury detected in the autopsy
of a patient with COVID-19 and acute respira-
tory distress syndrome, who died of sudden
cardiac death, challenging the theory of a direct
cardiotoxic effect of SARS-CoV-2.16

b. Dysregulation of renin-angiotensin-aldosterone
system. There is evidence that SARS-CoV-2
infection might cause downregulation of
angiotensin-converting enzyme 2 (ACE2),17

which has a cardioprotective role as an antifi-
brotic, antioxidating, and anti-inflammatory
factor.17 In addition, the connection of the viral
protein S to human ACE2 can downregulate the
degradation of angiotensin 2 to angiotensin 1-
7.18 The accumulation of angiotensin 2 might
activate the p38 Mitogen-Activated Protein Ki-
nase (MAPK) pathway promoting thrombotic
events19 and might also induce the production
of reactive oxygen species (ROS) causing
myocardial injury.20

c. Endothelial cell damage and thromboinflamma-
tion. The direct invasion of the vascular endo-
thelial cells via ACE2 receptors may result in
inflammation and endothelial dysfunction
contributing to thrombosis. There is early histo-
logic evidence of direct toxic effects to endo-
thelial cells caused by SARS-CoV-2.21 In this
case series, there was evidence of lymphocytic
endotheliitis in the lungs, heart, and kidneys in a
patient who died from COVID-19 and multior-
gan failure. This was also observed in the lungs,
heart, kidneys, and liver in a patient who died
with COVID-19, multisystem inflammatory
response (MIS), and MI with ST elevation.

d. Dysregulation of immune response. It is hypoth-
esized that the SARS-CoV-2 infection can
induce an excessive activation of immune cells
and inflammatory response causing a cytokine
storm. The overproduction of proinflammatory
cytokines can lead to endothelial dysfunction
and the activation of complement pathways,
platelets, von Willebrand factor, and tissue fac-
tor; increasing the risk of thrombosis in the cir-
culation including in the coronary system, and
therefore increasing the risk of an acute coro-
nary syndrome.22,23 SARS-CoV-2 infection
can also promote a disproportionate produc-
tion of factor VIII and neutrophil extracellular
traps, which can facilitate the development of
thrombotic events.22–24 Apart from type I MI,
the exaggerated systemic inflammatory
response increases the metabolic demand
causing myocardial mismatch in oxygen de-
mand and supply and, as a consequence, a
type II MI.23–25

e. Hypoxic injury. Hypoxia caused by SARS-CoV-
2 infection induces intracellular acidosis and
the release of ROS from mitochondria in cardi-
omyocytes, which destroys the cell membrane
contributing to cardiomyocyte apoptosis.4,26

f. Cardiovascular side effects of drugs and vac-
cines. It is widely known that antiretroviral ther-
apy and other drugs used in the management
of COVID-19 patients (azithromycin, tocilizu-
mab, chloroquine, and hydroxychloroquine)
can induce arrhythmias, or interact with some
CV treatments.27 In addition, cases of thrombo-
embolic events have been reported after ChA-
dOx1 nCov-19/AZD1222 (AstraZeneca
COVID-19 vaccine) and Ad26.COV2.S (Jans-
sen COVID-19 vaccine)28,29 vaccinations.
More recently, there is a potential association
of the mRNA vaccines, BNTb162b (Pfizer) and
mRNA-1273 (Moderna) with myocarditis.30 It
is currently believed that the thrombotic events
have been associated with autoantibodies
directed against the platelet factor 4 (PF4)
antigen.31

The underlying pathophysiological mechanisms
causing COVID-19–related CV complications are
presented in Fig. 1.
THE ROLE OF IMAGING TECHNIQUES IN
DIAGNOSIS, PROGNOSIS, AND
MANAGEMENT OF COVID-19–RELATED CV
COMPLICATIONS

There is increasing evidence that patients with
pre-existing CVD are at an increased risk of devel-
oping acute myocardial injury, with high troponin
levels associated with a poorer prognosis.2,3

Studies show that 12% to 15% of hospitalized
COVID-19 patients had an elevated troponin sug-
gestive of myocardial damage, whereas up to
31% with severe COVID-19 presentation had car-
diac involvement.32,33 Another study with 112 pa-
tients with COVID-19 showed that troponin levels
were mostly normal at admission. Troponin
increased during hospitalization in 37.5% of the
patients, especially in those who died, whereas
typical signs of myocarditis were not detected on
echocardiography.34 These findings suggested
that myocardial injury might be the consequence
of the systemic inflammatory response rather



Fig. 1. The pathophysiological interaction between cardiovascular system and COVID-19 showing the potential
underlying mechanisms in the development of cardiovascular complications. COVID-19, coronovirus disease
2019; RAAS, renin-angiotensin-aldosterone system; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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than the direct invasion and damage by SARS-
CoV-2.

Transthoracic Echocardiography

In a study of 305 hospitalized patients with COVID
19, myocardial injury (defined by elevated troponin
levels) was observed in 190 patients.35 Echocar-
diographic abnormalities, including global or
regional left ventricular (LV) wall motion abnormal-
ities, LV diastolic dysfunction, right ventricular (RV)
dysfunction, and pericardial effusions were noted
in almost two-thirds of patients with myocardial
injury. In the same study, the detection of struc-
tural abnormalities by transthoracic echocardiog-
raphy (TTE) was an independent predictive factor
of mortality in the subgroup with myocardial injury.
An international prospective study of 1216 patients
from 69 countries with clinical indication for TTE
revealed the spectrum of echocardiographic ab-
normalities.36 Abnormal TTE was found in 55%,
including LV and RV abnormalities at 39% and
33% respectively, whereas the prevalence of
echocardiographic abnormalities was slightly
lower (46%) in the subgroup with no pre-existing
CVD. The LV abnormalities were predominantly
nonspecific in nature and the mechanism of
dysfunction was often not identified unless the
TTE findings were suggestive of acute MI (3%),
myocarditis (3%), and stress cardiomyopathy
(2%). In the same study, severe LV, RV, or biven-
tricular systolic dysfunction was observed in
14% and cardiac tamponade occurred in 1%. In
contrast, another study showed that RV dilatation
and systolic dysfunction were more common
(39%) compared with LV systolic dysfunction
(10%) in 100 hospitalized patients with COVID-19
37. The most common echocardiographic findings
among those with subsequent clinical deteriora-
tion were worsening RV and LV function (12 and
5 patients respectively).

Myocardial infarction, myocarditis, or acute pul-
monary hypertension might be the cause of iso-
lated RV dysfunction in COVID-19 patients.38

Acute cor pulmonale precipitated by acute
pulmonary embolism (PE) or adult respiratory
distress syndrome has also been reported.39–41

In addition, the implementation of positive end-
expiratory pressure in the respiratory support of
critically ill COVID-19 patients can contribute to
RV dysfunction.42 Interestingly, RV dysfunction
has been shown to correlate with poor prognosis
in COVID-19.38,42–44

Cases of pericardial effusion in the context of
pericarditis detected on TTE, either in association
with myocarditis or as an isolated presentation,
along with rare cases of pericardial tamponade in
patients with COVID-19 have also been re-
ported.45–49 Although there are no studies
currently investigating the prevalence of pericar-
dial involvement in COVID-19, the diagnosis of
pericarditis should be considered in COVID-19 pa-
tients presenting with chest pain, ST elevation in
the electrocardiogram (ECG), and normal coronary
arteries.

Speckle tracking echocardiography is a novel
echocardiographic technique. It allows quantifica-
tion of myocardial deformation, providing early
detection of cardiac dysfunction and plays an
important prognostic role in HF and patients with
end-stage renal disease.50,51 In addition, impaired
LV and RV longitudinal strain are suggestive of
early ventricular dysfunction with prognostic value
in COVID-19 patients.44,52 A specific pattern of
prominent longitudinal strain reduction of the basal
LV segments has been described in COVID-19 pa-
tients suggesting that these areas might be vulner-
able to myocardial injury during SARS-CoV-2
infection.53

Cardiovascular Magnetic Resonance

Cardiovascular magnetic resonance (CMR) imag-
ing is increasingly recognized as an essential tool
in the assessment of COVID-19–induced myocar-
dial injury because of the unique capability of CMR
for noninvasive tissue characterization. Fig. 2
shows the specific CMR techniques used for the
characterization of tissue damage in clinical prac-
tice. Guidelines have been published for safe CMR



Fig. 2. Specific CMR sequences for the characterization of tissue damage in clinical practice. Steady-state free pre-
cession (SSFP) MRI cine: for the assessment of wall motion. T2-weighted imaging: for the assessment of edema.
Perfusion imaging: for the assessment of inducible ischemia. Coronary MR angiography (MRA): for the evaluation
of the origins of the coronary arteries. Late gadolinium enhancement (LGE): marker of acute myocardial injury,
fibrosis, or infarction. Native T1 and T1 postcontrast/extracellular volume (ECV) mapping: for the evaluation of
diffuse fibrosis, or infiltration. T2 mapping: a marker of myocardial edema.
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scanning during the COVID-19 pandemic54,55 and
the Society for Cardiovascular Magnetic Reso-
nance recommends a specific protocol to perform
in patients with suspected COVID-19 cardiac
involvement.56 The primary advantage of CMR is
the ability to differentiate between ischemic and
nonischemic pathologies.57 Although EMB re-
mains the gold standard for the diagnosis of acute
myocarditis, its use in routine clinical practice is
limited because of low diagnostic accuracy and
periprocedural risks. The Lake Louise Criteria
(LLC) were initially established in 2009 using spe-
cific CMR techniques, including T2-weighted se-
quences, early and late gadolinium enhancement
sequences (EGE and LGE, respectively), for the
diagnosis of acute myocarditis58; expanding
them to the use of parametric mapping in the
updated version.59 Therefore, CMR represents a
robust noninvasive technique for the diagnosis of
COVID-19–related myocarditis. CMR typically
shows diffuse myocardial edema, noninfarct pat-
terns of LGE, and increased signal on T2-
weighted imaging, T1- and T2-mapping se-
quences60 (Fig. 3). CMR can also confirm the
involvement of pericardium revealing edematous
and enhancing pericardial layers suggestive of
pericardial inflammation. Moreover, it has incre-
mental value in differentiating COVID-19–associ-
ated stress (Takotsubo) cardiomyopathy and MI
in patients with SARS-CoV-2 infection presenting
with chest pain, high troponin, and ECG abnormal-
ities. The absence of LGE in dysfunctional LV seg-
ments with the evidence of edema allows the
differentiation from MI when transmural or suben-
docardial LGE with a coronary distribution is
detected (Fig. 4).61 There is also an increased inci-
dence of stress cardiomyopathy in patients
without COVID-19 during the pandemic compared
with the prepandemic era indicating the intense
emotional stress.62

CMR abnormalities have been reported in pa-
tients who have recently recovered from COVID-
19, though most of them have been nonspecific
and it is unclear whether they were pre-existing
findings and thus unrelated to COVID-19. A study
of 100 patients investigated the outcomes of
CMR in patients recently recovered from COVID-
19, including 18 patients with asymptomatic
SARS-CoV-2 infection, 49 patients with mild to
moderate symptoms, and 33 patients with severe
symptoms requiring hospitalization. Comparisons
were made with healthy controls as well as with



Fig. 3. CMR findings in a 21-year-old COVID-19 patient with acute myopericarditis who presented with chest
pain, high troponin levels (1143 ng/L, normal range <14 ng/L), and global mild left ventricular systolic dysfunction
on the bedside transthoracic echocardiography (TTE). (A, B) Steady-state free precession (SSFP) MRI cine 4 cham-
ber (4ch) and short axis (SA), the arrows show the small pericardial effusion. (C) T2-weighted imaging showing
slightly increased signal in the basal anterior wall (arrow) extending to basal anterolateral wall suggestive of
myocardial edema. (D, E) Extensive patchy subepicardial and midwall late gadolinium enhancement (LGE) in
the basal inferior, midinferoseptal, anterolateral, and anterior walls (arrows).
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risk factor-matched controls.63 CMR was per-
formed 2 to 3 months after the initial positive
COVID-19 test. Significant high-sensitivity
troponin I (hs-cTnI) elevation at the time of CMR
was noted in 5% of the patients. Notably, high
myocardial native T1 (73%), elevated myocardial
native T2 (60%), myocardial LGE (32%), and peri-
cardial LGE (22%) were detected in patients who
recovered from COVID-19, whereas CMR abnor-
malities found in the risk-factor matched controls
Fig. 4. Coronary angiogram and CMR in a 69-year-old man
infarction (STEMI) in the context of COVID-19. CMR perfo
Coronary angiogram showing proximal occlusion (arrow
burden of thrombus. (B) CMR axial Half-Fourier Acquisitio
bilateral lung changes of high signal in keeping with COVID
in endsystole showing thinning and akinesia of mid to ap
apical cap. (E, F) Late gadolinium enhancement (LGE) imag
walls extending to the apical lateral walls and apical cap (
enhancement into the basal septal segments with evidenc
tum (yellow arrow).
were less frequent including high native T1 and
T2 (40% and 9%, respectively), myocardial LGE
(17%), and pericardial LGE (15%). There was
also mild LV and RV systolic dysfunction
compared with healthy and risk-factor matched
controls (LVEF 56% vs 60% and 61%, respec-
tively; RVEF 56% vs 60% and 59% respectively).
Similarly, a smaller study of 26 patients who
remained symptomatic after recovery from
COVID-19 found myocardial edema in 54%, LGE
who presented with anterior ST-elevation myocardial
rmed 25 days after the acute coronary syndrome. (A)
) of left anterior descending (LAD) artery with high
n Single-shot Turbo Spin Echo (HASTE) showing patchy
-19. (C, D) Steady-state free precession (SSFP) MRI cine
ical septal walls extending to apical lateral walls and
ing showing transmural LGE in the mid to apical septal
blue arrows). In addition, there is partial extension of
e of microvascular obstruction in the basal anterosep-
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31%, and decreased RV functional parameters in
the subgroup with positive conventional CMR find-
ings.64 A larger study included 148 patients with
severe COVID-19 [all requiring hospital admission,
48 of whom (32%) requiring ventilatory support]
and troponin elevation who underwent CMR at a
median of 68 days after discharge.65 LV function
was normal in 89%, myocarditis-like scar noted
in 26%, infarction and/or ischemia in 22%, and
dual pathology in 6%. However, whether these ab-
normalities represent de novo COVID-19–associ-
ated changes or pre-existed in the context of
clinically silent disease remains unclear. Impor-
tantly, the extent of these abnormalities was quite
limited and with minimal functional consequences.
CMR findings have also been reported among

athletes who have recovered from COVID-
19.66–68 In a study of 145 university student-
athletes who were asymptomatic or experienced
mild to moderate symptoms, CMR was performed
at a median of 15 days after the positive COVID-19
tests.67 CMR findings consistent with updated
LLC for myocarditis were found in only 2 patients
(1.4%), whereas 40 patients (27.6%) had small
nonspecific foci of LGE. A smaller study of 26
competitive collegiate athletes who underwent
CMR examination 11 to 53 days after diagnosis
of COVID-19 showed that 4 athletes (15%) met
the updated LLC for clinically suspected myocar-
ditis and 8 athletes (30%) had nonspecific LGE.66

In the same study, none of the athletes had
elevated serum troponin I levels or diagnostic
ST/T wave changes on ECG and biventricular
size and function were both normal on TTE and
CMR.
CMR abnormalities detected in convalescent

COVID-19 raised concerns for long-term CV com-
plications even in asymptomatic patients. Howev-
er, the clinical significance of these findings
remains uncertain and further studies are needed
to confirm the clinical role of imaging in a long-
term setting. The potential role of CMR in
screening athletes is debated in the literature.69

The COVID-HEART trial is an ongoing multicentre
UK trial, which will clarify the association of
COVID-19–related cardiac involvement with co-
morbidity, genetics, patient-reported quality of
life measures, and functional capacity.70

Table 1 summarizes the studies of TTE and
CMR findings in patients with COVID-19.
Computed Tomography

For patients with active COVID-19 and non-ST-
elevation MI, noninvasive diagnostic testing before
catheterization was recommended during the
pandemic.71 In hemodynamically stable cases
with low or intermediate CV risk, computed to-
mography coronary angiography (CTCa) could be
considered as an alternative to invasive coronary
angiogram.72 CTCa also provides information on
lung parenchyma and pulmonary vessels, while
excluding significant coronary artery disease with
almost 100% negative predictive value.73

A retrospective study of 100 COVID-19 patients
who underwent computed tomography pulmonary
angiography (CTPA) showed that 23% had acute
pulmonary embolism (PE).74 Those with PE had
more severe disease requiring more intensive
care admissions and mechanical ventilation (PE
vs non-PE: 74% vs 22%, and 65% vs 25%,
respectively, P 5 .001 for both comparisons).74

These findings were confirmed by several
studies22,40,75 highlighting the important diag-
nostic and prognostic role of CTPA in COVID-19
patients. Moreover, the detection of subepicardial
hyperattenuation in contrast-enhanced computed
tomography combined with cardiac gating can be
useful in the evaluation of COVID-19 patients with
suspected myocarditis.76
CARDIOVASCULAR EFFECTS OF DRUGS AND
VACCINES AGAINST SARS-CoV-2: IS THERE A
ROLE FOR CARDIAC IMAGING?

Chloroquine and hydroxychloroquine are well-
established treatments in non-CV conditions and
have now been used in the treatment of COVID-
19.77,78 Although there are inconsistent data
regarding their efficacy, and large, randomized
controlled trials are needed to establish their use
in clinical practice, they are widely known to cause
arrhythmias.79,80 Azithromycin used in combina-
tion with hydroxychloroquine is known to prolong
QT interval.81 A retrospective cohort study of
1438 patients hospitalized with COVID-19 showed
that cardiac arrest was more likely in patients
receiving both hydroxychloroquine and azithromy-
cin than in patients receiving neither drug.82 In the
clinical scenarios of arrhythmia, CMR plays an
important role in risk stratification identifying
possible pathologic substrates (myocardial
edema, ischemia, fibrosis) in patients with new-
onset arrhythmias.
Cases of thromboembolic events associated

with thrombocytopenia have been reported after
vaccination with both ChadOx1 nCoV-19/
AZD1222 (AstraZeneca COVID-19 vaccine) and
Ad26.COV2.S (Janssen COVID-19 vaccine).28,29

Cases of myocarditis and pericarditis have also
been reported after mRNA vaccines, BNTb162b
(Pfizer) and mRNA-1273 (Moderna),30,83–85 but a
similar pattern of these complications have not
been reported after Ad26.COV2.S (Janssen



Table 1
Studies of imaging findings (TTE/CMR) in patients with COVID-19

Authors Study Design
Imaging
Modality Population Results

Giustino et al,35 2020 International, multicenter
retrospective study

Cardiac Injury Research in COVID-
19 Registry (CRIC-19)

TTE N 5 305 hospitalized patients
with COVID-19

Age, range (y): 63 (53–73)
Male/Female, n: 205/305

Myocardial injury was observed
in 190 patients (62.3%)

TTE abnormal in 2/3rds of
patients with myocardial
injury:

� LV wall motion abnormalities
(N 5 45, 23.7%)

� LV global dysfunction (N 5 35,
18.4%)

� RV dysfunction (N 5 50, 26.3%)
� Pericardial effusion (N 5 22,

7.2%)
� Diastolic dysfunction grade II or

III (N 5 25, 13.2%)
In-hospital mortality:
� 5.2% in patients without

myocardial injury
� 18.6% in patients with

myocardial injury and without
TTE abnormalities

� 31.7% in patients with
myocardial injury and TTE
abnormalities

Dweck et al,36 2020 Prospective international survey
(www.escardio.org/eacvi/
surveys)

TTE N 5 1216 hospitalized patients
with COVID-19, 69 countries

Age, range (y): 62 (52–71)
Male/Female, n: 844/365

667 (55%) patients had
abnormal TTE:
� 39% LV abnormalities

(predominantly not
specific)

� 33% RV abnormalities
(more common in patients
with more severe COVID-
19)

(continued on next page)
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Table 1
(continued )

Authors Study Design
Imaging
Modality Population Results

� 14% severe LV, RV, or bi-
ventricular systolic
dysfunction

Independent predictors of LV
abnormalities: elevated NPs
(OR 2.96; 95% CI, 1.75–5.05)
and troponin (OR 1.69; 95% CI,
1.13–2.53)

Independent predictor of RV
abnormalities: severity of
COVID-19 symptoms (OR 3.19;
95% CI, 1.73–6.10)

Szekely et al,37 2020 Prospective observational single-
center study

TTE N 5 100 hospitalized patients
with COVID-19

Age, mean � SD (y): 66.1 � 17.3
Male/Female, n: 63/37

68 (68%) patients had abnormal
TTE:
� 39% RV
dilatation � dysfunction

� 16% LV diastolic
dysfunction

� 10% LV systolic dysfunction
� 3% valvular heart disease

60% among deteriorating
patients had RV dilatation and
dysfunction (1/-DVT)

Kim et al,43 2020 Prospective Multicenter Registry TTE N 5 510 hospitalized patients
with COVID-19

Age, mean � SD (y): 64 � 14
Male/Female, n: 335/175

� 35% RV dilatation
� 15% RV dysfunction
� RV dysfunction increased step-

wise with RV dilatation
� Adverse RV remodeling pre-

dicted mortality independent
of clinical and biomarker risk
stratification (HR 2.73; 95% CI,
1.72–4.35; P < .001)

Li et al,44 2020 Prospective observational single-
center study

TTE N 5 120 hospitalized patients
with COVID-19

RVLS was a powerful predictor of
higher mortality in patients
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Age, mean � SD (y): 61 � 14
Male/Female, n: 57/63
N 5 37 healthy volunteers

with COVID-19 (HR 1.33; 95%
CI, 1.15–1.53; P < .001)

The best cut-off value of RVLS for
prediction of outcome was
�23% (AUC: 0.87; P < .001;
sensitivity, 94.4%; specificity,
64.7%).

Goerlich et al,53 2020 Retrospective observational
single-center study

TTE N 5 75 hospitalized patients with
COVID-19

Cases (n 5 39): basal LS <13.9%
(absolute value)

Controls (n5 36): basal LS >13.9%
(absolute value)

Age, mean � SD (y): 61.9 � 13.5
Male/Female, n: 44/31

52% had a reduced basal strain
on STE (basal LS 10.0 � 2.9% vs
16.9 � 2.3%, P < .001)

GLS was significantly lower in
COVID-19 cases vs controls
(13.9 � 4.1% vs 18.8 � 2.7%,
P < .001)

LVEF (%) was similar between
groups (62.5 [55.0–64.4] vs 57.5
[47.5–62.5], P 5 .11

Puntmann et al,63 2020 Prospective observational single-
center study

CMR N 5 100 patients recovered from
COVID-19, CMR 71 (64–92) days
from positive test

Age, mean � SD (y): 49 � 14
Male/Female:53/47
N 5 50 age and sex matched

healthy controls
N 5 57 risk factor matched

controls

Patients recovered from COVID-
19 had lower LVEF and RVEF,
higher LVEDVi, and raised
native T1 and T2 values
compared with both control
groups.

Greater proportions of patients
with ischemic (32% vs 17%)
and nonischemic (20% vs 7%)
LGE patterns than the risk
factor matched control group.

There was a greater proportion
of cases with pericardial
enhancement (22% vs 14%)
and pericardial effusion (20%
vs 7%) compared with the risk
factor matched control group.

Huang et al,64 2020 Retrospective observational
single-center study

CMR N 5 26 patients recovered from
moderate-severe COVID-19

Age, range (y): 38 (32–45)
Male/Female: 10/16

58% had abnormal CMR:
� Myocardial edema in 14 pa-

tients (54%)
� LGE in 8 patients (31%)

(continued on next page)
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Table 1
(continued )

Authors Study Design
Imaging
Modality Population Results

N 5 20 age and sex matched
healthy controls

Global native T1, T2, and ECV
values were significantly
elevated in recovered COVID-
19 patients with positive
conventional CMR findings,
compared with patients
without positive findings and
healthy controls

Decreased RV function
parameters (RVEF, RVCO, RVCI,
and RVSV) were found in
patients with positive
conventional CMR findings,
compared with healthy
controls (P < .05)

Kotecha et al,65 2021 Prospective observational
multicentre study

CMR N 5 148 recovered COVID-19
patients (moderate-severe
COVID-19)

Age mean � SD (y): 64 � 12
Male/Female: 104/44
N 5 40 risk factor matched

controls
N 5 40 healthy volunteers

� LV function was normal in 89%
� Myocarditis-like scar noted in

26%
� Infarction and/or ischemia in

22%
� Dual pathology in 6%
No difference in LVEDVi, LVESVi,
LVEF between recovered
COVID-19 patients and risk
factor matched controls.

No difference in native T1, T2
values between recovered
COVID-19 patients and risk
factor matched controls.

Higher proportion of
subepicardial LGE noted in
recovered COVID-19 patients
compared with risk factor
matched controls (22% vs 5%,
P 5 .018).
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Higher levels of RVEDVi, RVESVi,
RVEF noted in recovered
COVID-19 patients compared
with risk factor matched
controls

Rajpal et al,66 2021 Case Series (single centre) TTE, CMR N 5 26 competitive college
athletes recovered from
COVID-19 (14 asymptomatic, 12
mild symptoms)

Age, mean � SD (y): 19.5 � 1.5
Male/Female: 15/11

Normal biventricular size and
function by TTE and CMR

None had troponin elevation or
diagnostic ST/T wave changes
on ECG

4 athletes (15%) met the updated
LLC for clinically suspected
myocarditis

8 athletes (30%) had nonspecific
LGE

Starekova et al,67 2021 Case Series (single centre) TTE, CMR N 5 145 competitive college
athletes recovered from
COVID-19 (17% asymptomatic,
49% mild, 28% moderate
symptoms)

Age, range (y): 20 (17–23)
Male/Female: 108/37

TTE was unremarkable
2 athletes (1.4%) had myocarditis
by LLC, troponin abnormal in
the more severe case

40 patients (27.6%) had small
nonspecific foci of LGE

Gorecka et al,70 2021 COVID-
HEART Investigators

Prospective observational
multicentre study (COVID-
HEART study)

CMR Inclusion criteria: hospitalized
patient population
(age� 18 y), or those recently
discharged from hospital
(within 28 d after discharge),
with a diagnosis of COVID-19

Exclusion criteria: unable or
unwilling to consent,
contraindication to CMR,
pregnancy or breast-feeding

Risk factor matched controls:
matched on age and CVD risk
factors cohort

Ongoing trial

AUC, area under the receiver operating characteristic curve; CI, confidence interval; CMR, cardiac magnetic resonance; COVID-19, coronavirus disease 2019; DVT, deep vein throm-
bosis; ECG, electrocardiogram; ECV, extracellular volume fraction; GLS, global longitudinal strain; HR, hazard ratio; LGE, late gadolinium enhancement; LLC, Lake Louise criteria; LS,
longitudinal strain; LV, left ventricular; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVESVi, left ventricular end-systolic volume index;
NPs, natriuretic peptides; OR, odds ratio; RV, right ventricular; RVCI, right ventricular cardiac index; RVCO, right ventricular cardiac output; RVEDVi, right ventricular end-diastolic
volume index; RVEF, right ventricular ejection fraction; RVESVi, right ventricular end-systolic volume index; RVLS, right ventricular longitudinal strain; RVSV, right ventricular stroke
volume; SD, standard deviation; STE, speckle tracking echocardiography; TTE, transthoracic echocardiogram.
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Fig. 5. CMR findings in a 46-year-old lady with acute myocarditis 1 week after the second dose of mRNA-1273
(Moderna vaccine), who was admitted with chest pain, high troponin T levels (113 ng/L, cut off 14 ng/L), and in-
ferolateral T-wave inversion on electrocardiogram (ECG). Computed tomography pulmonary angiogram (CTPA)
was negative for pulmonary embolism. (A) Steady-state free precession (SSFP) MRI cine 4 chamber (4ch) showing
mild impairment of left ventricular systolic function. (B) T2-weighted imaging showing high signal suggestive of
myocardial edema (arrow) in the apical septum. (C, D) Late gadolinium enhancement (LGE) imaging 4 chanber
(4ch) and short axis showing midwall LGE in the apical septum matching the relevant myocardial edema.

� CV involvement in athletes after COVID-19 is
rare.

� There may be a link between mRNA vaccines
and myocarditis, but the clinical course seems
benign. More evidence is needed.

Nakou et al90
COVID-19 vaccine). However, presentations were
mild, none with evidence of acute SARS-CoV-2
infection, nor met criteria for MIS. The CMR find-
ings were consistent with myocarditis in all cases
highlighting the role of CMR in detecting pathology
even in less aggressive diseases. Fig. 5 shows the
CMR findings of a patient admitted with acute
myocarditis 1 week after mRNA-1273 vaccination.

SUMMARY

Advanced cardiac imaging plays an essential role
in the diagnosis, prognosis, and management of
COVID-19 patients. It provides noninvasive tools
for the recognition of the broad spectrum of CV
complications in COVID-19, along with the poten-
tial CV side effects of the available vaccinations
against SARS-CoV-2. However, the clinical signif-
icance of the imaging findings after COVID-19 re-
covery remains unclear and needs further study
in large, randomized clinical trials.

CLINICS CARE POINTS
� Cardiovascular (CV) disease increases the risk
of severe COVID-19 presentation.

� CV manifestations may occur during the
acute phase of COVID-19, and cardiac
involvement appears to be correlated with
COVID-19 severity.

� Evidence suggests sustained CV involvement
is uncommon. Even if patients have scar,
structural and functional abnormalities, there
is no difference to carefully matched control
groups in the entire COVID-19 severity
spectrum.
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