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STATE-OF-THE-ART REVIEW
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ABSTRACT

COVID-19 is associated with myocardial injury caused by ischemia, inflammation, or myocarditis. Cardiovascular magnetic

resonance (CMR) is the noninvasive reference standard for cardiac function, structure, and tissue composition. CMR is a

potentially valuable diagnostic tool in patients with COVID-19 presenting with myocardial injury and evidence of cardiac

dysfunction. Although COVID-19–related myocarditis is likely infrequent, COVID-19–related cardiovascular histopathol-

ogy findings have been reported in up to 48% of patients, raising the concern for long-term myocardial injury. Studies to

date report CMR abnormalities in 26% to 60% of hospitalized patients who have recovered from COVID-19, including

functional impairment, myocardial tissue abnormalities, late gadolinium enhancement, or pericardial abnormalities. In

athletes post–COVID-19, CMR has detected myocarditis-like abnormalities. In children, multisystem inflammatory syn-

drome may occur 2 to 6 weeks after infection; associated myocarditis and coronary artery aneurysms are evaluable by

CMR. At this time, our understanding of COVID-19–related cardiovascular involvement is incomplete, and multiple studies

are planned to evaluate patients with COVID-19 using CMR. In this review, we summarize existing studies of CMR for

patients with COVID-19 and present ongoing research. We also provide recommendations for clinical use of CMR for

patients with acute symptoms or who are recovering from COVID-19. (J Am Coll Cardiol Img 2022;15:685–699) Crown
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A s of July 2021, the worldwide num-
ber of confirmed COVID-19 cases
has reached more than 180 million,

with almost 4 million related deaths (1).
SARS-CoV-2, which causes COVID-19,
preferentially infects epithelial cells of
the respiratory tract via the angiotensin-
converting enzyme 2 (ACE2) receptor (2).
However, both the heart and myocardial
vessels are also potential targets of SARS-
CoV-2 via the ACE2 receptor. Myocardial
injury in association with COVID-19 has
been linked to greater risk of in-hospital
mortality (3).

Cardiovascular magnetic resonance (CMR) is the
reference standard for the evaluation of myocardial
structure and function. In addition, CMR is unique
in its capability to probe myocardial tissue
composition. The American College of Cardiology,
the European Society of Cardiology, and the Soci-
ety for Cardiovascular Magnetic Resonance
concur that CMR is a potentially valuable diag-
nostic tool in patients with COVID-19 presenting
with myocardial injury and evidence of cardiac
dysfunction (4-7).

The purpose of this report is to review the use of
CMR to evaluate cardiac disease in association with
COVID-19. (The Society of Cardiovascular Magnetic
Resonance has endorsed the contents of this
report.) We assess the clinical evidence for
myocardial injury and pathologic findings of
COVID-19 relevant to the diagnostic use of CMR for
patients. Next, we summarize reports to date that
have used CMR for patients and athletes recovering
from COVID-19. Expert opinion is presented
regarding the appropriate use of CMR in the setting
of COVID-19.

BACKGROUND: MYOCARDIAL INJURY IN COVID-19

MANIFESTATIONS OF MYOCARDIAL INJURY. Reports of
myocardial injury in association with COVID-19 have
included acute ischemic injury (type 1 myocardial
infarction [8]) as well as nonischemic injury (ie,
myocarditis) (9-11), stress cardiomyopathy (12), acute
heart failure (13), and secondary cardiac injury caused
by sepsis and critical illness (14). Mechanisms of
myocardial injury may be direct (viral infection,
thought to be less common) or indirect via systemic
inflammatory response. Activation of a proin-
flammatory response secondary to an immune
response to SARS-CoV-2 results in cytokine release
and a prothrombotic state (15,16). Giustino et al (17)
reported 305 patients hospitalized with COVID-19
from 7 hospitals in Milan and New York. Myocardial
injury (defined as cardiac troponin [cTn] elevation
above the 99th percentile upper reference limit [18]) at
any time during admission was common—present in
62% of patients. Elevated cTn was associated with
older age, pre-existing cardiovascular disease, COVID-
19 severity, and clinical deterioration (15,19). In other
studies, patients with elevated cTn were at higher risk
for adverse events during hospitalization, including a
higher death rate, acute respiratory distress syn-
drome, and malignant arrhythmias (19-21).

Myocardial injury in patients with COVID-19 can be
detected by cardiac imaging. Giustino et al (17) indi-
cated that nearly two thirds of patients with
myocardial injury by cTn had major echocardio-
graphic abnormalities. Abnormalities included left
ventricle (LV) wall motion abnormalities (24%), right
ventricular (RV) dysfunction (26%), global LV
dysfunction (18%), diastolic dysfunction grades II or
III (13%), and pericardial effusion (7%). In-hospital
mortality was 5.2% without cardiac involvement but
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rose to 32% in those with myocardial injury and
echocardiographic abnormalities (17). These findings
were supported by Rath et al (22), who showed a
significantly higher mortality in patients with
impaired LV ejection fraction, impaired RV function,
and tricuspid regurgitation. In 100 consecutive in-
dividuals hospitalized with COVID-19, Szekely et al
(23) reported RV dilatation and dysfunction in 39% of
patients. Dweck et al (24) performed a prospective
multicenter survey of 1,216 hospitalized acute COVID-
19 patients with clinical indications for echocardiog-
raphy. They reported abnormal echocardiograms in
55% of patients. In most cases, the underlying cause
of LV abnormalities was not identified. Thus,
although echocardiography is a first-line imaging
tool, its ability to discern specific diagnoses is
suboptimal.

Given the high rate of acute COVID-19–associated
cardiac abnormalities, concern exists for long-term
myocardial injury in convalescent patients. In a
report of 1,733 previously hospitalized patients eval-
uated 6 months after symptom onset, 11% of patients
reported palpitations and 5% reported ongoing chest
pain, raising the question of long-term cardiac injury
(25). In a multicenter study, cardiopulmonary damage

in 109 hospitalized patients and 37 outpatients
recovering from COVID-19 was assessed (26). At
follow-up, echocardiography revealed a high rate of
diastolic dysfunction (55%), but only 2.8% had
reduced LV ejection fraction; N-terminal pro–brain
natriuretic peptide was elevated in 23% of patients
with COVID-19 (26).

HISTOPATHOLOGY EVIDENCE FOR MYOCARDIAL

INJURY IN COVID-19. The histopathologic basis of
myocardial injury caused by COVID-19 has been
studied. In the heart, the ACE2 receptor is more
highly expressed in pericytes that line the vascula-
ture compared to myocytes (27). Basso et al (28) re-
ported myocarditis (defined as lymphocytic
infiltration plus myocyte necrosis) in 3 of 21 (14%)
selected autopsy cases of COVID-19. Halushka and
Vander Heide (29) reviewed 22 publications
describing autopsy results in 277 patients who died of
COVID-19. These investigators suggested that
myocarditis was infrequent (1.4%). However, at least
1 acute, potentially COVID-19–related cardiovascular
histopathology finding (eg, micro- or macrovascular
thrombi, interstitial inflammation, and/or intra-
luminal megakaryocytes) was common (48% of cases)

TABLE 1 CMR Terminology and Methods for Tissue Characterization

CMR Method or Terminology Definition CMR Application
Interpretation in

Patients With COVID-19

T1 relaxation parametersa

T1-weighted images Images dominated by T1 relaxation magnetic
relaxation. Signal intensity is relative (not
quantitative).

Typically used for depiction of myocardial anatomy.
Post–gadolinium administration images depict
the distribution of the intravenous contrast
agent

Acute: evidence for myocardial
injury

Chronic: evidence for myocardial
fibrosis/scar

Native T1 mapping Pixel-by-pixel presentation of T1 values (in
milliseconds) of the myocardium without a
gadolinium-based contrast agent.

Increased T1 times indicate increased interstitial
space (eg, collagen or amyloid deposits) or
increased (intracellular or extracellular) tissue
water (ie, myocardial edema).

Decreased T1 times indicate intracellular lipid or iron
deposition.

Late gadolinium
enhancement

T1-weighted images acquired 10-15 min after
intravenous administration of a gadolinium-
based contrast agent.

Infarction/scar: typically subendocardial
involvement in a coronary artery distribution.

Nonischemic necrosis/scar: typically mid or
epicardial myocardial involvement, not in a
coronary artery distribution.

ECV fraction Proportion of the ECV in the myocardium
compared to total myocardial volume.
Estimated using native T1 and
postgadolinium T1 mapping methods

Increased ECV is present in diffuse myocardial
fibrosis and myocardial inflammation. ECV may
also be elevated in infiltrative disease such as
amyloidosis.

T2 relaxation parametersb

T2-weighted images Images dominated by effects of T2 magnetic
relaxation. Signal intensity is relative (not
quantitative).

Signal intensity is markedly increased in areas of
tissue edema. Evidence for myocardial edema

may be associated with
inflammationT2 mapping Pixel-by-pixel presentation of T2 values (in

milliseconds) of the myocardium.
Increased T2 time indicates myocardial edema.

aT1 relaxation, or longitudinal magnetic relaxation time, in milliseconds. After a radiofrequency pulse, T1 is the time constant for regrowth of (1 � 1/e) or approximately 63% of its initial maximum magnetic
strength. bT2 relaxation, or transverse magnetic relaxation time, in milliseconds. After a radiofrequency pulse, T2 is the time constant for transverse magnetization to fall to approximately 37% (1/e) of its
initial value.

CMR ¼ cardiac magnetic resonance; ECV ¼ extracellular volume.

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 1 5 , N O . 4 , 2 0 2 2 Petersen et al
A P R I L 2 0 2 2 : 6 8 5 – 6 9 9 Cardiovascular Magnetic Resonance for Patients With COVID-19

687



TABLE 2 Summary of Studies of CMR in Patients After Recovery From COVID-19

First Author
(Ref. #)

Study Design
Number of

Cases
Men,
%

Age,
ya Timing of CMR

Patient Characteristics
During Acute COVID-19

Patient Characteristics
During the Postacute Stage

Ng et al (37)
Retrospective

observational
study

16 56 68
(53-69)

56 days (median) after recovery � All hospitalized
� 94% (n ¼ 15) had mild to

moderate symptoms
� On admission, 7 (44%) patients had

troponin elevation, and 88% (n ¼ 14)
had ECG abnormalities

At $2 wk postdischarge, 11 (69%)
patients were asymptomatic; 5 (31%)
had symptoms such as cough,
shortness of breath, and mild chest
pain.

Puntmann et al (38)
Prospective

observational
cohort study

100 53 49 � 14 71 (64-92) days from positive test � 67% recovered at home
� 18% asymptomatic, 49% mild to

moderate symptoms, 33% severe
disease

� 15% had significant TnT elevation

On day of CMR, 17 patients reported
atypical chest pain, and 20 reported
palpitations. Compared with pre–
COVID-19 status, 36 patients (36%)
reported ongoing shortness of breath
and exhaustion; 5% had significant
TnT elevation at time of CMR.

Huang et al (44)
Retrospective

observational
study

26 38 38
(32-45)

47 (36-58) days from onset of
cardiac symptoms

� All hospitalized
� 85% (n ¼ 22) with moderate and 15%

(n ¼ 4) severe symptoms
� 81% (n ¼ 21) required supplemental

oxygen; of these, 3 (12%) required
NIV or high-flow oxygen

All had $1 cardiac symptoms (chest pain:
12%; palpitation: 88%; chest:
distress 23%) after discharge.
Patients with a history of CAD or
myocarditis were excluded. None had
elevated hsTnT at the time of CMR.

Raman et al (45)
Prospective

observational
cohort study

58 59 55.4 �
13.2)

2.3 months (IQR: 2.1-2.5) after
COVID-19 onset

� All hospitalized with moderate or
severe COVID-19

� 36% (n ¼ 21) required critical care,
21% were intubated, 3% had dialysis,
and 7% required inotropic support

� 5% (n ¼ 3) had significantly elevated
hsTnlb

Individuals with pre-existing severe/end-
stage multisystem comorbidities were
excluded.

Li et al (40)
Prospective

observational
cohort study

40 60 54 � 12 158 � 18 days after admission and
124 � 17 days after discharge

� Hospitalized with moderate
(60%) or severe (40%) COVID-19

Discharged for $90 d. Individuals with
pre-existing CAD, myocarditis,
abnormal ECG findings, abnormal
blood cardiac biomarker levels, or
cardiac symptoms were excluded.

Wang et al (41)
Prospective

observational
cohort study

44 43.2 47.6 �
13.3

102.5 � 20.6 days from discharge � Hospitalized with moderate (n ¼ 32
[73%]), severe (n ¼ 11 [25%]), or
critically ill (n ¼ 1 [2%]) symptoms

� 1 patient had abnormal ECG at
admission

� 9.1% (n ¼ 4) and 43.2% (n ¼ 19) had
renal and liver injury, respectively

Recovered and discharged for 12 wk.
Individuals with the following pre-
existing conditions were excluded:
uncontrolled hypertension, CAD,
valvular disease, atrial fibrillation,
heart failure, myocarditis,
cardiomyopathy, and pacemaker
placement.

Knight et al (42)
Prospective

observational
study

29 83 64 � 9 37 � 10 days after diagnosis � Hospitalized with COVID-19
and unexplained elevated hsTnTb

during admission
� 10 patients (34%) required critical

care ventilatory support

Recovered and discharged from the
hospital. Individuals with ACS, PE, or
known cardiac pathology likely to
cause scar and those aged $80 y
were excluded.

Kotecha et al (43)
Prospective

observational
study

Note: This study
includes the 29
patients in a study
by Knight et al
(42)

148 56 64 � 12 68 days after diagnosis � Hospitalized with moderate to
severe COVID-19 and hsTnTb

elevation during admission
� 32% (n ¼ 48) required critical care or

ventilatory support

Recovered and discharged from the
hospital. Patients with medical
unsuitability for CMR assessed by the
referring clinician (eg, severe
comorbidities, frailty) or with ACS as
the primary reason for hospitalization
were excluded.

Joy et al (39)
Prospective

observational
study

74 42 37 (31-48) 6 months postinfection � Seropositive health care workers
� 11 (15%) were asymptomatic, the

remainder had mild symptoms
� 1 patient was admitted to hospital

At the time of CMR, 16 (11%) reported
symptoms: 5 (3%) sore throat, 4 (3%)
fatigue, 4 (3%) rhinorrhea, and 3
(2%) shortness of breath, with no
difference between seropositive and
seronegative subjects (8% vs 13%).

aValues for age are mean � SD or median (interquartile range). bElevated hsTnT indicates a level of >99th percentile upper reference limit; hsTnT, N-terminal pro–b-type natriuretic peptide.

ACS ¼ acute coronary syndrome; BMI ¼ body mass index; CAD ¼ coronary artery disease; CMR ¼ cardiovascular magnetic resonance; ECG ¼ electrocardiogram; echo ¼ echocardiogram; ECV ¼ extracellular
volume; hsTnl ¼ high-sensitivity troponin I; hsTNT ¼ high-sensitivity troponin T; LGE ¼ late gadolinium enhancement; LV ¼ left ventricle; LVEF ¼ left ventricular ejection fraction; LVEDVi ¼ left ventricular
end-diastolic volume index; MI ¼ myocardial infarction; NIV ¼ noninvasive ventilation; PE ¼ pulmonary embolus; RV ¼ right ventricle; RVCI ¼ right ventricular cardiac index; RVEDVi ¼ right ventricular end-
diastolic volume index; RVEF ¼ right ventricular ejection fraction; RVSVi ¼ right ventricular stroke volume index; TnT ¼ troponin T.
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TABLE 2 Continued

Comparator(s) LGE Myocardial Parametric Mapping
LV/RV Structure and Function,

Pericardial Disease

None � 3 patients (19%) had nonischemic
LGE and elevated T2 (57-62 ms)

� 1 patient (6%) had ischemic LGE
corresponding to previous known MI

In 6 patients (all without LGE), 4 had
elevated T1 only, 1 had elevated T2
only, and 1 had both elevated T1
and T2.

Not reported

1. Healthy control individuals
(n ¼ 50): age- and sex-
matched normotensive
adults with normal cardiac
volumes and function

2. Risk factor–matched control
individuals (n ¼ 57)

� There was a greater proportion of
case patients with LGE in (ischemic
32% vs 17%) and nonischemic
(20% vs 7%) patterns compared
to matched control individuals

� Case patients had significantly higher
native T1 (1,125 ms vs 1,111 ms) and
higher T2 (38.2m s vs 35.4 ms) than
matched control individuals

� Greater proportion of case patients with
abnormal native T1 (73% vs 58%) and
abnormal T2 (60% vs 26%) than
matched control individuals

� Case patients had significantly lower
LVEF (57% vs 62%), lower RVEF (54%
vs 59%), and larger LVEDVi (86 mL/
m2 vs 76 mL/m2) than control
individuals

� Pericardial effusion (20% vs 7%) was
observed more frequently in case than
control individuals

Healthy control individuals
(n ¼ 20): age- and sex-
matched control subjects

� 15 (58%) had “positive” CMR
(elevated T2 and/or LGE)

� 27% (n ¼ 7) had both elevated
T2 and positive LGE finding

� 27% (n ¼ 7) had elevated T2 alone,
and 1 patient had positive LGE alone

� Compared to healthy control in-
dividuals, “CMR positives” had signifi-
cantly higher native T1 (1,271 ms vs
1,224 ms), higher T2 (42.7 ms vs
39.1 ms), and higher ECV (28.2% vs
23.7%)

� “CMR positives” had significantly
lower RVEF (36.5% vs 46.1%), lower
RVSVi (15.9 mL/m2 vs 21.3 mL/m2),
and lower RVCI (1.2 L/min/m2 vs 1.5L/
min/m2)

Risk factor–matched control
individuals (n ¼ 30):
matched on age, sex, BMI,
smoking, hypertension,
diabetes, CAD, and stroke

� The proportion of case patients
with LGE was not statistically different from
control individuals in myocardial (11.5% vs
7.4%) or ischemic (1.9% vs 0%) patterns

� Basal and mid-myocardial T1 values
were elevated in 13 (22%) and
4 (7%) patients, respectively

� Case patients had higher native T1 values
in the basal (1,179 ms vs 1,149 ms) and
midlevel (1,173 ms vs 1,150 ms) short-
axis slices than control individuals

Not reported

Healthy control individuals
(n ¼ 25): age- and sex-
matched control subjects
without history of
cardiovascular disease and
with normal ECG, echo, and
CMR findings

� 1 patient (3%) had LGE located
at the middle inferior wall

� Global ECV was significantly higher in
case compared to control individuals
(30% vs 25%)

� Global native T1 was not significantly
different between case and control in-
dividuals (1,137msvs 1,138ms, respectively)

� 2D global longitudinal strain was signifi-
cantly poorer in case compared to control
individuals (-12.5% vs -15.4%)

� There were no differences in LV or RV
size or function between case patients
and healthy control individuals

Healthy control individuals
(n ¼ 31): age and sex
matched; known to have
normal ECG, echo, and CMR
findings

� LGE was identified in 13 (30%) of patients,
compared to none of the control individuals

� All LGE lesions were in the mid-myocardium
and/or subepicardium with a scattered
distribution

� Native T1 not significantly different in
LGE-positive vs -negative case patients
(1,286 ms vs 1,253 ms)

� Not available in control individuals for
comparison

� LGE-positive patients had significantly
decreased LV and RV peak global
circumferential strain and poorer RV
peak global longitudinal strain
compared to non-LGE patients (P <

0.05), whereas no difference was
found between the non-LGE patients
and healthy control individuals

None � 45% (n ¼ 13) of patients had
“myocarditis-like” LGE

� 7% (n ¼ 2) of patients had midwall LGE only
� 7% (n ¼ 2) of patients had ischemic LGE
� For 31% (n¼ 9) of patients, elevated hsTnTwas

attributed to an ischemic cause. Of these, 7 had
inducible ischemia, 1 had prior myocardial
infarction, and1hadboth inducible ischemiaand
a prior infarction by CMR.

� In patients with “myocarditis-like LGE,”
there was no significant difference in
peak myocardial T2 compared to the rest
of the cohort

� Mean biventricular systolic function
for the overall cohort was normal
(LVEF: 67.7%; RVEF: 63.7%)

� One patient (3%) had mild LV
dysfunction, and one (3%) had severe
biventricular dysfunction

� 7% (n ¼ 2) had pericardial effusions

1. Risk factor–matched control
individuals (n ¼ 40):
matched for age, sex,
diabetes, and hypertension

2. Healthy volunteers (n ¼ 40)
with no cardiac symptoms,
history of cardiovascular
disease, or hypertension

� No differences in the proportion of
case/control individuals with any LGE
(49% vs 45%), subendocardial/transmural
LGE (16% vs 15%), or mid-myocardial LGE
(11% vs 15%)

� Percentage of patients with subepicardial
LGE was greater than control individuals
(22% vs 5%)

� There was no significant difference in
the proportion of patients with
abnormal septal T1 (13% vs 13%),
remote native T1 (1,033 ms vs 1,028 ms),
abnormal septal T2 (3% vs 3%), or
remote T2 (46 ms vs 47 ms) compared to
matched control individual

� Case patients had significantly larger
RVEDVi (70 mL/m2 vs 65 mL/m2),
larger RVESVi (28 mL/m2 vs 23 mL/
m2), and lower RVEF (61% vs 64%)

� There was no statistical difference in
LV volume and function metrics

Matched control individuals
(n ¼ 75): seronegative
health care workers matched
on age, sex, and ethnicity

� No difference in LGE percentage between case
and control individuals (0.27% vs 0.32%)

� No difference between case and control
individuals in the proportion of individuals
with RV insertion point LGE (11% vs 8%) or
non-RV insertion point LGE (8% vs 9%)

� Among case and control individuals,
there was no difference in septal T1
(1,020 ms vs 1,016 ms), global T1
(1,010 ms vs 1,007 ms), septal T2
(48.8 ms vs 48.6 ms), global T2
(48.7 ms vs 48.4 ms), septal ECV (22.3%
vs 22.1%), or global ECV (21.6% vs
21.5%)

� There were no significant differences
in LV structure or function metrics
between case and control individuals
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(29). Lindner et al (30) demonstrated the presence of
SARS-CoV-2 viral particles in the heart in 24 of 39
(59%) consecutive autopsies. Of note, viral particles
were not present in myocytes but, rather, within the
interstitial space. In addition to the aforementioned
inflammatory processes, Bois et al (31) reported
microthrombi in association with COVID-19. In
another series of 40 hearts from patients who died of
COVID-19, myocardial necrosis (primarily of the LV)
was present in 14 (35%); the majority of these had
small (11/14) or large (2/14) vessel thrombosis (32).

In summary, myocardial injury in hospitalized
patients with COVID-19 is frequent and portends a
worse prognosis. Based on limited autopsy informa-
tion, the pathogenesis of SARS-CoV-2 infection was
infrequently lymphocytic myocarditis; instead,
macrophage infiltration, inflammation, and micro-
thrombi were more common at autopsy. Early evi-
dence indicates that myocardial abnormalities are
present in only a proportion of convalescent patients,
and current data are limited. In the following section,
we review information to date showing the use of
CMR as a highly sensitive method to detect myocar-
dial abnormalities in association with COVID-19.

CMR OF ACUTE AND CONVALESCENT

PATIENTS WITH COVID-19

ASSESSMENT OF MYOCARDIAL INJURY USING CMR.

CMR identifies myocardial injury associated with
both nonischemic and ischemic disease. CMR as-
sesses both myocardial function and tissue charac-
terization, including myocardial edema that is
present in inflammatory disease. For acute
myocarditis-like presentations, CMR may support or
exclude active myocardial inflammation by use of the
so-called Lake Louise criteria (33). The Lake Louise
criteria comprise at least 1 T2-based criterion with at
least 1 T1-based criterion (see Table 1 for definitions of
CMR terminology). Supportive criteria include peri-
cardial effusion and systolic LV dysfunction.

The Lake Louise criteria have been validated in the
context of clinically suspected acute myocarditis; they
have not been validated in patients recovering from
acute COVID-19 or presenting with prolonged symp-
toms. Nevertheless, CMR allows the assessment of a
wide range of functional and tissue characterization
parameters (Table 1). Especially in patients with
chronic inflammatory conditions, T2 mapping
(reflecting myocardial edema) is reported to inform
the CMR diagnosis (34). However, the optimal combi-
nation of CMR criteria to characterize myocardial dis-
ease in patients recovering from COVID-19 remains to
be determined. Suggested Society for Cardiovascular

Magnetic Resonance imaging protocols for patients
with active or convalescent-phase COVID-19 infection
have been reviewed by Kelle et al (35).

CMR FOR PATIENTS WITH ACUTE COVID-19.

The use of CMR in the acute setting has been infre-
quently reported, in part because of concerns of
infection control in the hospital environment. Case
reports have shown abnormal myocardial T2 and
native T1 times, pericardial abnormalities (myoper-
icarditis), and a nonischemic pattern of late gadolin-
ium enhancement (LGE) (9,36). In patients with a
high pretest probability for acute myocardial injury
and myocarditis-like injury, CMR may improve diag-
nostic specificity, guide management decisions, and
affect the prognosis (33). CMR can provide a nonin-
vasive, biopsy-like method for identifying the imag-
ing features of myocardial inflammation.

CMR FOR CONVALESCENT PATIENTS WITH

COVID-19. Several early reports raised concern for
myocardial injury in association with COVID-19. In
an early study, Ng et al (37) reported results from 16
patients who had been hospitalized with COVID-19
and who had elevated cTn or abnormal electrocar-
diograms (ECGs) during the acute illness (Table 2). At
2 months after the initial COVID-19 diagnosis, CMR
was abnormal in 9 of 16 (56%) patients. Three pa-
tients (19%) had CMR criteria for myocarditis-like
injury. That study was buttressed by a report from
Germany: Puntmann et al (38) performed a pro-
spective study of 100 recovered patients, the ma-
jority (49%) of whom had mild to moderate COVID-
19 and two-thirds of whom were not hospitalized. At
2 to 3 months after a positive test result, 78 of 100
patients with prior COVID-19 had an abnormal CMR
finding. The mean LV and RV ejection fractions were
lower, and median native T1 and T2 were higher
(indicative of edema and/or collagen deposition),
than in control individuals. Pericardial enhancement
was frequent (22%). There were greater proportions
of patients with ischemic (32% vs 17%) and non-
ischemic (20% vs 7%) LGE patterns than the risk
factor-matched control group. The prevalence of
CMR abnormalities was more frequent than identi-
fied by cardiac blood biomarkers (38). However, in-
dividuals not hospitalized for COVID-19 had fewer
CMR abnormalities compared to the hospitalized
patients. This result was confirmed by Joy et al (39),
who evaluated 74 health care workers with mild or
asymptomatic COVID-19; CMR abnormalities at
6 months post–SARS-CoV-2 infection were similar to
those of control subjects.

CMR of patients hospitalized for COVID-19. Rates of
CMR-identified abnormalities in patients hospitalized
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because of COVID-19 have shown wide variation. Li
et al (40) used CMR to evaluate 40 patients who had
been hospitalized with moderate to severe COVID-19.
The investigators excluded patients with known car-
diovascular disease or diabetes. At approximately
5 months after hospital discharge, 24 of 40 (60%)
patients had elevated extracellular volume (ECV)
compared to control individuals, and 28 of 40 had
subclinical LV dysfunction (by global longitudinal
strain). However, only 1 of the 40 patients had LGE. In
44 hospitalized patients with COVID-19 free from pre-
existing baseline cardiovascular disease, Wang et al
(41) found nonischemic LGE in 13 of 44 (30%) patients
after 3 months. Patients with LGE had worse LV and
RV function by strain analysis compared to control
individuals.

Knight et al (42) described CMR findings in 29 pa-
tients who had been hospitalized with COVID-19 and
who had unexplained cTn elevation during the acute
illness. At a mean of approximately 1 month after
hospital admission, 32% of patients had occult
ischemic heart disease (by LGE or stress perfusion),
and 45% had a “myocarditis-like” pattern of LGE. In
an expanded report from the same group, Kotecha
et al (43) reported convalescent CMR findings from
148 patients hospitalized with severe COVID-19. At
2 months after hospital discharge, the investigators
reported a myocarditis-like pattern of LGE in 26% (39/
148) and myocardial infarction or inducible ischemia
in 22% (32/148).

Huang et al (44) published a retrospective study
of 26 patients hospitalized with moderate to severe
COVID-19, who underwent CMR postrecovery (at
approximately 1.5 months) for investigation of car-
diac symptoms (chest pain: 12%; palpitation: 88%;
chest distress: 23%). Fifteen patients (58%) had
abnormal CMR findings (defined as increased
myocardial T2 time and/or the presence of LGE);
these patients had lower RV function than control
individuals (eg, lower ejection fraction and stroke
volume). Their results suggested a link between LV
myocardial inflammation and lower RV function, a
proxy indicator of COVID-19 severity. Knight et al
(42) also noted a link between sustained pulmonary
and cardiac involvement, with high rates of persis-
tent lung parenchymal changes (69%) and pleural
effusion (14%) on postrecovery CMR. These obser-
vations give rise to the concept that cardiac
involvement associated with COVID-19 may not be a
specific effect on the heart but, rather, a conse-
quence of pulmonary and systemic inflammatory
processes. The concept of systemic inflammatory
activity in multiple organs (rather than cardiac-
specific injury) is also supported by the findings of

Raman et al (45), indicating multiorgan involvement
after recovery.

In summary, reports of CMR-identified abnormal-
ities in patients hospitalized caused by COVID-range
from 26% to 60% of individuals at 1 to 5 months after
hospital discharge. Reassuringly, patients with mild
COVID-19 and asymptomatic individuals are reported
to have low rates of CMR abnormalities (38,39). Com-
parison of early CMR studies is hampered by variable
times of patient follow-up, associated comorbidities,
prevalence of cardiovascular risk factors, and poten-
tial in-hospital treatment. CMR methods have also
varied among published reports. Future studies with
standardized CMR protocols are needed to evaluate
the longer-term (1 year or more) effect of COVID-19
disease on the heart. Because of the high sensitivity
of CMR for myocardial scar (particularly in patients
with cardiovascular risk factors and pre-existing car-
diovascular disease), these longer-term follow-up
studies should include carefully matched risk factor
control groups (46).

EVALUATION OF ATHLETES AFTER COVID-19

As a result of the close congregation and contact of
players during practice and competition, there is an
increased risk of COVID-19 infections among athletes.
Exercise initiated too early after viral infection or in
occult myocarditis may have serious consequences
(47,48). Indeed, non–COVID-19 myocarditis accounts
for 4% to 8% of sudden cardiac deaths in athletes
(49,50) or may lead to long-term complications such
as myocardial scarring, arrhythmias, and myocardial
dysfunction.

CMR OF ATHLETES RECOVERING FROM COVID-19.

Table 3 summarizes publications to date that have
used CMR to evaluate athletes recovering from
COVID-19. In the first publication on CMR in athletes,
Rajpal et al (51) studied 26 college athletes who un-
derwent CMR 11 to 53 days after having tested posi-
tive for COVID-19 (Table 3). The investigators found
that 46% had mild to moderate symptoms of COVID-
19 infection and that 54% were asymptomatic.
Twelve athletes (46%) had myocardial LGE, with 4
(15%) having myocarditis-like findings on CMR (52).

Subsequent publications have reported lower rates
of CMR abnormalities (Table 3). Brito et al (53)
described CMR findings in 48 college athletes at a
median of 27 days (range 22-33 days) after a positive
COVID-19 test. None had CMR-defined myocarditis,
although approximately 1 in 3 athletes had pericardial
abnormalities. Similarly, Małek et al (54) and Vago
et al (55) reported on 26 and 12 athletes, respectively;
none had CMR-defined myocarditis. Clark et al (56)
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described 59 college athletes recovering from COVID-
19 with CMR at a median of 22 days (range 10-162
days) following diagnosis. Two athletes (3%) had
myocarditis-like findings on CMR.

Starekova et al (57) studied a consecutive cohort of
college athletes (N ¼ 145) who underwent standard-
ized screening including CMR. Two patients (1.4%)
had myocarditis-like CMR findings. Finally, Martinez
et al (58) reported the evaluation of 789 professional

U.S. athletes after COVID-19 recovery. Twenty-seven
patients underwent CMR, and 3 (11%) of them had
myocarditis-like findings. However only a small frac-
tion of the professional athletes underwent CMR.
Hendrickson et al (59) evaluated 137 collegiate ath-
letes, with 5 patients referred for CMR because of
abnormal testing results (eg, elevated cTn, coronary
artery ectasia [59]). No abnormal findings were
detected by CMR, and no athlete had an abnormal ECG.

TABLE 3 CMR of Athletes Recovered From COVID-19

First Author (Ref. #)

Patient Cohort (Cases)

LGE Positiven Men, % Age, y

Rajpal et al (52) 26 58 19 � 1.5 12/26 (46)

� 54% asymptomatic, 46% mild to moderate symptoms
� CMR 11-53 d after positive test result

Brito et al (54) 54 (48c) 85 19 (19-21) 1/48 (2)

� 30% asymptomatic, 66% mild symptoms, 4% moderate symptoms
� CMR 27 (range 22-33) days after positive test result

Małek et al (55) 26 19 24 (21-27) 1/24 (4)

� 23% asymptomatic, 54% mild, 19% moderate symptoms
� CMR 32 (22-62) days after positive test result

Vago et al (56) 12 17 23 (20-23) 0/12 (0)

� 17% asymptomatic, 83% mild-moderate symptoms
� CMR 17 (17-19) days after positive test result in women; 67 d and 90 d in men

Clark et al (57) 59 37 20 (19-21) 16/59 (27)

� 22% asymptomatic, 78% mild to moderate symptoms
� CMR 22 (13-37) days after positive test result

Starekova et al (58) 145 75 19.6 � 1.3 42/145 (29)

� 12% asymptomatic, 49% mild symptoms, 28% moderate symptoms
� CMR median of 15 (range 11-194) days after positive test result

Martinez et al (59) 789 (27c) 99 25 � 3 2/27 (7)

� 42% asymptomatic or minimally symptomatic, 58% moderate to severe symptoms
� CMR mean of 19 � 17 (range 3-156) days after positive test result

Hendrickson et al (60) 137 (5c) 68 20 (18-27) 0/5 (0)

� 67% mild symptoms, 33% moderate symptoms
� CMR range 15-44 d

Moulson et al (61) 3,018 (198e) 68 20 � 1 not applicable

Multicenter (n ¼ 42) study

Daniels et al (53) 2,461 (1,597c) 67 not reported not applicable

Multicenter (n ¼ 13) study

Values are n, %, mean � SD, or n/N (%). All were retrospective studies except for Rajpal et al (52) and Vago et al (56), which were prospective studies. aMyocarditis diagnosis based on CMR
findings as per updated Lake Louise criteria (58). bSegment location given according to 17-segment American Heart Association model of the LV. cNumber who underwent CMR. dCMR criteria
for myocarditis not specified. eNumber who underwent primary screening CMR.

GLS ¼ global longitudinal strain; not applicable ¼ not applicable or not given; TTE ¼ transthoracic echocardiography; other abbreviations as in Table 2.
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In the Outcomes Registry for Cardiac Conditions
in Athletes (ORCCA) prospective registry, collegiate
athletes with at least 1 positive component of a
triad of initial testing (ECG, cTn, or transthoracic
echocardiography) were more than 4 times more
likely to have a positive CMR finding compared to
primary screening CMR (15/119 [12.6%] vs 6/198
[3%], respectively) (60). Another large multicenter
study conducted by Daniels et al (52) included 13
universities and 2,461 athletes, of whom 1,597 had
CMR. In 37 of 1,597 (2.3%) athletes, myocarditis was
diagnosed clinically. Of these 37 athletes, 31 had

CMR findings meeting the Lake Louise criteria for
myocarditis. The prevalence of abnormal CMR
findings varied from 0% to 7.6% among the
included institutions (52).

In summary, the prevalence of myocarditis-like
findings on CMR for athletes after COVID-19 is
highly variable across the studies (range 0%-15%)
(Table 3). Larger multicenter studies have tended
toward lower prevalence rates. Approximately 50% of
athletes who had myocarditis-like findings on CMR in
single-center studies were asymptomatic, and all but
2 had normal troponin and ECG. A potential false-

TABLE 3 Continued

Abnormal T1 þ T2,
Myocarditis-like Findings

on CMRa

LGE Pattern/
Location in Patients
With Myocarditisa,b

Troponin in Patients
With Myocarditisa

ECG and TTE in Patients
With Myocarditisa

Pericardium
Pathology

4/26 (15%)
� 2 asymptomatic
� 2 symptomatic

� Epicardial,
segments 3 and 9

� Patchy, segments
3 and 9

� Patchy, segments
2, 3, 8, and 9

� Linear, segments
8 and 9

No No Effusion: 2/26
(8%) in
athletes with
myocarditisa

0% not applicable not applicable not applicable Pericardial LGE:
19/48 (40%)
Effusion: 28/
48 (58%)

0% not applicable not applicable not applicable Effusion: 2/26
(8%)

0% not applicable not applicable not applicable No

2/59 (3%)
� 1 asymptomatic
� 1 symptomatic

� Segment 3
� Segments 3 and 11

No 1 of 2 patients developed LV
dysfunction (LVEF 45%) on a
follow-up TTE

Pericardial LGE:
1/59 (2%)

2 (1.4%)
� 1 asymptomatic
� 1 symptomatic

� Segments 11, 12,
13, 15, and 16

� Segments 4 and 10

1 of 2 1 of 2 patients new nonspecific ST-
segment and T-wave ECG
abnormalities and mild reduction
in GLS in TTE

Pericardial LGE:
1 (in patient
with

3/27 (11%)d

0.4% of the total cohort;
3 symptomatic

not applicable 1 of 3 1 of 3 patients ECG abnormalities
1 of 3 patients regional wall
motion, mildly reduced LVEF
(50%), dilated RV by TTE

Pericardial LGE:
2/27 (7.4%)

0% not applicable not applicable not applicable Small effusion
in TTE: 4/137
(2.9%)

Definite, probable, or possible cardiac involvement
overall: n ¼ 21/3,018 (0.7%)

� 15/2,820 (0.5%) who underwent clinically
indicated CMR (n ¼ 119)

� 6/198 (3%) who underwent primary screening
CMR

not applicable not applicable not applicable not applicable

Myocarditis: n ¼ 37/1,597; range 0%-7% (overall:
2.3%; 95% CI: 1.6-3.2)

� 31/37 myocarditis-like findings on CMRa

not applicable not applicable not applicable not applicable
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positive CMR finding was LGE at the RV insertion
point (0%-26% prevalence) that has been previously
reported in association with athletic activity (61) and
is unlikely to be related to COVID-19. An important
limitation of these reports is either lack or insufficient
matching of a control group (eg, by age, sex, or type of
sport [endurance or strength]) (Supplemental
Table 1).

MULTISYSTEM INFLAMMATORY SYNDROME

IN CHILDREN

Multisystem inflammatory syndrome in children
(MIS-C), also called pediatric inflammatory multi-
system syndrome, is characterized by a severe in-
flammatory response after SARS-CoV-2 infection.
Multiple definitions of the syndrome have been
published (62-64). The U.S. Centers for Disease Con-
trol and Prevention defines MIS-C as individuals
younger than 21 years of age who have a fever for at
least 24 hours, laboratory evidence of inflammation,
multisystem involvement, severe illness requiring
hospitalization, no alternative plausible diagnosis,
and recent or current SARS-CoV-2 infection or expo-
sure (63). MIS-C is believed to be a delayed immune
response occurring after SARS-CoV-2 infection, typi-
cally occurring 2 to 6 weeks after infection (65-67).
The immunologic profile for acute COVID-19 appears
to be distinct from MIS-C (68).

Patients presenting with MIS-C are frequently
otherwise healthy and may present with symptoms
similar to Kawasaki disease (eg, rash, conjunctival
injection) or myocarditis, sometimes in shock, in
addition to frequent gastrointestinal symptoms (65).
Older pediatric patients (13-20 years of age) more
often present with myocarditis-like symptoms (73%)
as opposed to younger patients (0-5 years of age
[39%]), but younger patients more often present with
symptoms similar to Kawasaki disease (48% vs 11% in
older pediatric patients) (69). Patients have markedly
abnormal laboratory testing results, including
elevated inflammatory markers, thrombocytopenia,
elevated B-type natriuretic peptide and/or cTn, and
abnormal coagulation markers (67). Potential mech-
anisms contributing to the pathophysiology of MIS-C
include a hyperactive postviral immunologic
response to COVID-19 leading to systemic inflamma-
tion. However, this is the subject of ongoing investi-
gation (70).

Cardiac involvement in children with MIS-C is
common, including most frequently diminished LV
systolic function in addition to arrhythmias, pericar-
dial effusion, and coronary artery dilation and/or
aneurysms (65). In a case series of 570 children, the

median length of stay was 6 days, with 64% requiring
intensive care, and although most children ultimately
recover, the mortality rate was reported as 1% to 2%
(65). Feldstein et al (71) described reduced LV ejection
fraction in 172 of 503 (34%) of patients with MIS-C; all
but 1 patient recovered function at 90 days (71). In the
same study, coronary artery aneurysms were present
in 57 of 424 (13%) patients, with normalization in all
evaluated patients at 90 days.

There have been several small studies to date
evaluating CMR findings in patients with MIS-C,
encompassing more than 130 patients. CMRs that
were performed during the initial hospitalization or
soon after discharge frequently identified myocardial
edema on T2-weighted images, hyperemia and capil-
lary leak (using T1-weighted images before and
immediately after gadolinium administration), and
LGE (72-77). However, in a few studies evaluating
CMRs closer to 2 to 3 months after discharge, there
were frequently no abnormalities (78,79).

CMR FOR PATIENTS WITH COVID-19:

PLANNED AND ONGOING STUDIES

The use of CMR in the context of COVID-19 is driven
by the accuracy and reproducibility of the method
and its unique role in myocardial tissue character-
ization (Central Illustration). Supplemental Table 2 is a
list of planned and ongoing studies using CMR to
investigate the cardiovascular manifestations of
COVID-19, identified primarily from clinical trial
registration sites. Overall, almost 10,000 participants
will be included across all studies, which are planned
in a range of settings and in diverse patient pop-
ulations. Global sharing of CMR databases may
further augment the power of these proposed in-
vestigations. Indeed, recent national and interna-
tional initiatives have been established to create
research databases of CMR studies of patients with
COVID-19 (80,81).

RECOMMENDATIONS FOR THE USE OF CMR IN

PATIENTS WITH COVID-19

The appropriate use of CMR and its role in the treat-
ment of patients with COVID-19 must be considered
within the multifactorial context of disease severity,
availability of CMR versus other cardiovascular im-
aging resources, and pretest probability. Evidence-
based knowledge regarding the appropriate use of
CMR for patients with COVID-19 is expected to evolve
over several years because the long-term complica-
tions of the disease are currently under intense study
(Supplemental Table 2). To address the current gap in
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knowledge, a diverse group of investigators from 9
countries (principally cardiologists and radiologists
with extensive experience in CMR) were assembled to
offer expert opinion regarding appropriate CMR use.
The opinions that follow have been informed by each
researcher’s experience with COVID-19 patients and
after extensive review of published reports and group
discussion. Definitions of COVID-19 severity were
based on established disease classifications relevant
to each practitioner (82,83); 80% or higher agreement
on the direction of recommendation was considered
concurrence. In all discussions, the expert panel
recommended consideration of CMR testing only
when the test would likely affect clinical decision
making, such as altering therapeutic decisions. The
consensus recommendations regarding 4 distinct
patient scenarios are detailed below and summarized
in Table 4.

1. CMR FOR PATIENTS WITH ACUTE COVID-19.

CMR should be considered for COVID-19 patients with
high pretest probability for acute myocardial injury
due to inflammation and when CMR findings are
likely to have an impact on clinical decision making.
In suspected acute myocardial injury, acute coronary
syndrome (eg, myocardial infarction types 1 and 2
[18]) should be excluded before CMR to avoid diag-
nostic delay and treatment.

2. CMR FOR CONVALESCENT PATIENTS AFTER

RECOVERY FROM COVID-19. CMR should be consid-
ered for patients with COVID-19 after recovery from
COVID-19 in the following circumstances and when
CMR findings are likely to have an impact on clinical
decision making:

1. Patients with otherwise unexplained, persisting, or
recurring cardiovascular symptoms (eg, exertional
dyspnea, palpitations, chest pain, fatigue, or other

symptoms of myocardial injury or heart failure) as
a part of a systemic inflammatory post–COVID-19
syndrome more than 4 weeks after COVID-19
recovery.

2. Patients who had CMR in the acute setting
who showed clinically significant acute myocar-
dial injury. The convalescent CMR should be
performed 4 weeks or more after the baseline
(acute) CMR.

3. CMR FOR RECOVERING HIGH-PERFORMANCE
ATHLETES.
1. Return-to-play CMR should be considered for high-

performance athletes after COVID-19 recovery and
before return to training in the following settings:
a. History of moderate COVID-19 and high-pretest

probability of myocardial injury by diagnostic
testing or clinical suspicion

b. History of severe COVID-19
2. CMR should be considered for high-performance

athletes who have returned to play with new-
onset cardiovascular symptoms with suspicion of
myocardial injury.

See Kim et al (84) for more detail.

4. CMR FOR PATIENTS WITH SUSPECTED MIS-C. CMR
should be considered for patients with MIS-C in the
following settings:

� Clinical suspicion of myocardial injury or with
significantly diminished ventricular function dur-
ing inpatient hospitalization for acute illness,
particularly if not clinically improving

� Approximately 1 to 6 months after the acute MIS-C
presentation in patients with prior moderately or
severely diminished LV systolic function or base-
line abnormal CMR findings

� Concern for coronary artery aneurysm

TABLE 4 CMR For Patients With COVID-19: CMR Should Be Considered Only When Results are Likely to Have an Impact on Clinical Decision Making

Clinical Scenario Consider CMR for the Following Patients

1. Patients with acute COVID-19 High pretest probability for acute myocardial injury due to inflammation

2. Convalescent patients after recovery
from COVID-19

1. Unexplained, persisting, or recurring cardiovascular symptoms as a part of a systemic inflammatory post–COVID-19
syndrome (4 wk after recovery)

2. For follow-up, when CMR in the acute setting showed clinically significant acute myocardial injury (4 wk after baseline/
acute CMR)

3. Recovering high-performance
athletes: return to play

1. Before returning to training for patients with
a. History of moderate COVID-19 and high pretest probability of myocardial injury
b. History of severe COVID-19

2. Return to play with new-onset cardiovascular symptoms and suspicion of myocardial injury

4. Patients with suspected MIS-C 1. Clinical suspicion of myocardial injury or with diminished ventricular function during inpatient hospitalization for acute
illness

2. Approximately 1 to 6 months after the acute MIS-C presentation in patients with prior moderately or severely diminished
LV systolic function or baseline abnormal CMR findings

3. Concern for coronary artery aneurysm

CMR ¼ cardiac magnetic resonance; MIS-C ¼ multisystem inflammatory syndrome in children.
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Because of the evolving clinical information, these
recommendations may be revised as additional in-
formation becomes available. CMR recommendations
also need to be modified based on a patient’s
individual cardiovascular risk factors, change in
clinical status, or unexplained symptoms. CMR
practitioners should be aware of cardiac magnetic
resonance parameters (Supplemental Table 3),
special considerations, and clinical guidelines
for certain patient populations, such as

high-performance athletes (eg, Kim et al [84])
(Supplemental Table 1) and pediatric patients,
including those with MIS-C (85).

CONCLUSIONS

Public health guidelines and vaccine development
are expected to result in fewer incident cases of
COVID-19. However, the clinical spectrum of recovery
after acute COVID-19 with regard to cardiovascular
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disease is unresolved. Reports to date have raised the
potential of sustained cardiac injury in patients who
have recovered from COVID-19. CMR is a key nonin-
vasive clinical and research tool because of its
comprehensive evaluation of myocardial function,
structure, and tissue composition. Given the high
sensitivity of CMR, important caveats to the applica-
tion of CMR include: 1) the detection of subclinical
cardiac disease that may have occurred before SARS-
CoV-2 infection; and 2) the detection of CMR

abnormalities that may not functionally affect quality
of life or increase the risk of future cardiovascular
events. Longer-term studies are necessary to deter-
mine the clinical importance of CMR metrics and
their association with incident health outcomes.
Comparison to control groups (matched for cardio-
vascular risk factors and severity-matched non-
COVID illness when feasible) will ultimately help
determine the relationship of CMR findings to long-
term patient outcomes.
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