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A B S T R A C T
Background: COVID-19 is a great medical challenge as it provokes acute respiratory distress and 
has pulmonary manifestations and cardiovascular (CV) consequences. 

Aims: This study compared cardiac injury in COVID-19 myocarditis patients with non-COVID-19 myo-
carditis patients. 

Methods: Patients who recovered from COVID-19 were scheduled for cardiovascular magnetic res-
onance (CMR) owing to clinical myocarditis suspicion. The retrospective non-COVID-19 myocarditis 
(2018–2019) group was enrolled (n = 221 patients). All patients underwent contrast-enhanced CMR, 
the conventional myocarditis protocol, and late gadolinium enhancement (LGE). The COVID study 
group  included 552 patients at a mean (standard deviation [SD]) age of 45.9 (12.6) years.  

Results: CMR assessment confirmed myocarditis-like LGE in 46% of the cases (68.5% of the segments 
with LGE <25% transmural extent), left ventricular (LV) dilatation in 10%, and systolic dysfunction 
in 16% of cases. The COVID-19 myocarditis group showed a smaller median (interquartile range 
[IQR]) LV LGE (4.4% [2.9%–8.1%] vs. 5.9% [4.4%–11.8%]; P <0.001), lower LV end-diastolic volume 
(144.6 [125.5–178] ml vs. 162.8 [136.6–194] ml; P <0.001), limited functional consequence (left 
ventricular ejection fraction, 59% [54.1%–65%] vs. 58% [52%–63%]; P = 0.01), and a higher rate of 
pericarditis (13.6% vs. 6%; P = 0.03) compared to non-COVID-19 myocarditis. The COVID-19-induced 
injury was more frequent in septal segments (2, 3, 14), and non-COVID-19 myocarditis showed higher 
affinity to lateral wall segments (P <0.01). Neither obesity nor age was associated with LV injury or 
remodeling in subjects with COVID-19 myocarditis. 

Conclusions: COVID-19-induced myocarditis is associated with minor LV injury with a significantly 
more frequent septal pattern and a higher pericarditis rate than non-COVID-19 myocarditis. 
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W H A T ’ S  N E W ?
To our knowledge, this large prospective multicenter study, which assessed consecutive patients with suspected COVID-19 my-
ocarditis, is the only study comparing those findings with a retrospective non-COVID-19 myocarditis group. Myocardial injury 
related to COVID-19 was confirmed in half of the cases and was associated with preserved cardiac function in most cases. COV-
ID-induced myocarditis showed a significantly smaller myocardial area with a lesser transmural extent, higher left ventricular 
ejection fraction, but more frequent pericarditis than non-COVID-19 myocarditis. Finally, COVID-induced myocarditis showed 
significantly higher affinity to left ventricular septal segments, and non-COVID-19 myocarditis was more prevalent in left ven-
tricular lateral wall segments.  

INTRODUCTION 
Severe acute respiratory syndrome coronavirus 2 (SARS- 
-CoV-2) was responsible for the coronavirus disease-19  
(COVID-19) global pandemic. According to the World 
Health Organization, over 280 million people globally 
were COVID-19-positive at the end of December 2021 [1]. 
Most cases were mild or moderate, and the respiratory 
system was the primary disease target for the virus [2]. 
However, primary studies suggest that myocardial injury 
is associated with COVID-19 and provided various data 
on the prevalence and severity of the symptoms [3, 4]. 
There is considerable heterogeneity among studies, which 
originated mainly from small study groups, various clinical 
characteristics, and different times between the infection 
and study evaluation, hindering the process of arriving at 
clear conclusions [5].

Moreover, obesity, immune system abnormalities, 
and older age were some of the important risk factors 
for COVID-19 [6]. However, whether there is a correlation 
between obesity and  severity of COVID-19-related myo-
carditis is unknown.

Given the high prevalence of obesity and large numbers 
of infected patients, a considerable group of patients with 
mild cardiac injury would require cardiovascular screening. 
Cardiovascular magnetic resonance (CMR) is a comprehen-
sive imaging tool that delivers accurate results and repro-
ducibility in evaluating cardiac chambers, function, and 
myocardial injury [7]. CMR examination is a gold standard 
for patients recovering from COVID-19 and with clinical 
suspicion of myocardial injury.   

This study aimed to evaluate cardiac injury in patients 
with suspected COVID-19 myocarditis compared to 
non-COVID-19 myocarditis. In addition, we verified the 
correlation between obesity and SARS-CoV-2 myocarditis. 

METHODS

Study patients
All the study patients recovered from COVID-19, and they 
were scheduled for CMR (April 2020–October 2021) due to 
cardiac symptoms and suspected myocardial injury. The 
inclusion criteria were: (1) SARS-CoV-2 infection previously 
confirmed by a reverse transcription polymerase chain re-
action (RT-PCR) swab test; (2) suspected myocarditis related 
to SARS-CoV-2 infection as the main indication for  CMR. 

The exclusion criteria were as follows: (1) SARS-CoV-2 in-
fection diagnosed only on the basis of clinical symptoms 
or other means that RT-PCR swap test; (2) a history of my-
ocardial infarction or previous myocarditis; (3) a history of 
significant valve diseases, congenital heart diseases, cardio-
myopathy or previous cardiac surgery; (4) contraindication 
to gadolinium contrast; (5) suboptimal CMR image quality 
due to arrhythmia or patients’ incompliance. The severity 
of COVID-19 was classified according to the guidelines [8].

Data on the control group of non-COVID-19 myocarditis 
were collected retrospectively using a CMR database in 
each of the CMR center. The search included all the consec-
utive patients scheduled for CMR due to myocarditis, which 
was performed between January 2018 and December 
2019. Patients with the following chronic cardiovascular 
(CV) diseases were excluded: a history of myocardial infarc-
tion, significant valve diseases, congenital heart diseases, 
cardiomyopathy, or previous cardiac surgery.     

This was a multicenter, observational study with a pro-
spective enrollment of the study group (COVID-19) and 
a retrospective enrollment of the control group performed 
in 5 CMR centers covering different regions in Poland. All 
the CMR centers have cardiac teams experienced in CMR 
and research leaders in the Board of the Polish Cardiac 
Society Section for Cardiac CMR and Computed Tomog-
raphy. The study was conducted in accordance with the 
principles of the Declaration of Helsinki and the local ethics 
committee. 

Clinical characteristics
Diabetes (DM) was reported in patients with prior diag-
nosis or abnormal fasting plasma glucose concentration 
(≥126 mg/dl) or HbA1c (≥6.5%) or 2-hour post-load plasma 
glucose (≥200 mg/dl) in the case of discrepancies [9, 10]. 
Dyslipidemia was determined based on plasma lipid levels 
or prior diagnosis and current treatment [11]. The diagnosis 
of hypertension was confirmed by taking office blood pres-
sure or prior diagnosis and current treatment [11]. Obesity 
was classified according to body mass index (BMI, body 
mass [kg]/height [m2]) as normal weight (18.5–24.9 kg/m²), 
overweight (25.0–29.9 kg/m²), and obesity (≥30.0 kg/m²): 
class 1 (30.0–34.9 kg/m²), class 2 (35.0–39.9 kg/m²), and 
class 3 (≥40.0 kg/m²). Chronic kidney disease was deter-
mined based on the estimated glomerular filtration rate 
(<60 ml/min/1.73 m²) or prior diagnosis and treatment. 
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Coronary artery disease (CAD) was included in the clinical 
characteristics in patients with prior diagnosis, which 
was based on either coronary angiography or computed 
tomography angiography. Chronic pulmonary disease 
was reported in individuals with prior diagnosis and/or 
specific pharmacotherapy.

Cardiovascular magnetic resonance imaging
All the CMR images were obtained on the 1.5T systems: 
GE Optima MR450w (GE Healthcare, Waukesha, WI, US), 
Magnetom Aera (Siemens, Erlangen, Germany), Magnetom 
Avanto (Siemens, Erlangen, Germany) with dedicated 
phased array cardiac coils or body matrix coil. The CMR 
studies were ECG-gated and based on routine clinical 
protocols according to the guidelines [12, 13]. The CMR 
protocol included: (1) conventional non-contrast mul-
ti-planar cine acquisitions (steady state free precession, 
SSFP) for functional sequences; (2) T2-weighted triple 
inversion recovery (short tau inversion recovery, STIR) for 
edema imaging; (3) late gadolinium enhancement (LGE) 
for viability imaging obtained 10–15 minutes after contrast 
injection (0.1 mmol/kg of body weight of Gadovist). Func-
tional sequences consisted of a stack of short-axis views 
from base to apex and 3 long-axis views (2-chamber view, 
4-chamber view, and left outflow track view). LGE acqui-
sitions were based on the same planes as the short- and 
long-axis cines. The STIR images were based on the same 
imaging planes as the long-axis cines and the short-axis 
planes covering LV.  

All the CMR images were assessed by experienced 
teams in each of the centers (5–20 years of experience in 
CMR). Cardiac volumes, mass, and function (left [LV] and 
right ventricular [RV] end-diastolic and end-systolic vol-
umes [V]; ejection fraction [EF]; mass [M]) were analyzed 
using dedicated commercial software. All the volumes 
and mass were indexed to body surface area (BSA) [14]. 
Afterward, individual LV parameters indexed to BSA were 
interpreted according to the normal LV reference values 
adjusted for sex and age, which were presented in the Euro-
pean Association of Cardiovascular Imaging guidelines [15].

The LV myocardium was divided into 17 segments as 
recommended by the American Heart Association [16]. The 
contractility of each of the LV segments was assessed as 
normal (1 point), hypokinetic (2 points), akinetic (3 points), 
or dyskinetic (4 points). Afterward, the wall motion score 
index (WMSI) [17] was calculated as the sum of the points 
for all segments divided by 17. 

Myocardial edema was defined as an abnormal ratio 
(>2.0) between myocardial to skeletal muscle signal inten-
sity on STIR [12, 13]. The presence, location, distribution, 
and severity of LGE were assessed in all patients. Finally, 
the total percentage of LV LGE was manually calculated in 
a semi-quantitative manner using short-axis slices covering 
all 17 segments of the LV.  

Myocarditis-like injury was reported according to the 
CMR expert recommendations [12, 13] (Lake Louise Cri-

teria), and it also included typical non-ischemic mid-wall 
and/or subepicardial LGE. Pericarditis was reported based 
on gadolinium uptake within the pericardium (LGE) and 
any of the following: pericardial thickening, edema on STIR 
imaging, or the presence of pericardial effusion. 

Statistical analysis 
The distribution of variables was tested for normality with 
the Kolmogorov-Smironov test. Numerical variables were 
expressed as mean with standard deviation (SD) or median 
with interquartile range (IQR), and categorical variables 
were presented as numbers and percentages. Baseline 
clinical parameters and the measures were compared 
between subgroups using t-tests for normally distributed 
continuous variables (unpaired Student’s t-test) or the 
Mann-Whitney test if the distribution of the samples was 
not normal. The χ2 test was used to test the differences 
between the proportions. Associations between numer-
ical variables were assessed using Pearson or Spearman 
correlation. The cut-off values of the baseline clinical pa-
rameters for prediction of myocardial injury or dysfunction 
were determined in receiver operating characteristic (ROC) 
curve analysis. A P-value <0.05 was considered statistically 
significant. Statistical analysis was undertaken using Med-
calc software (version 19.1, Osten, Belgium).

RESULTS

Study groups

COVID study group
A total of 552 patients who recovered from COVID-19 were 
enrolled in the COVID-19 study group. Median time 
between scheduled CMR and the disease onset was 
12 (8–20) weeks. The clinical indication for CMR was 
a suspicion of COVID-19-related myocardial injury. The  
COVID-19 study group included mostly middle-aged 
patients (age 45.9 [12.6] years old; 52% females) with 
obesity (25%), hypertension (25%), and diabetes (6%). All 
the studies were performed within 10 months from the 
COVID-19 onset (88% within 7 months), and the infection 
was mostly moderate (Table 1). There were 3 cases of 
cardiogenic shock, 3 cases of acute pulmonary embolism, 
2 cases of cerebral infarction, and 1 case of miscarriage 
related to the acute phase of COVID-19.

We found dilatation (10%) and moderate (11%) or se-
vere (5%) systolic dysfunction of the LV with wall motion 
abnormalities (13.5%) in COVID-19 patients. We also found 
dilatation (4.7%) and dysfunction of the RV (EF <45%) 
in 37 cases (6.7%). Moreover, half of the CMR studies 
(n = 256 patients; 46%) revealed a myocarditis-like injury 
(LGE) in the LV myocardium, including 41 patients (7.5%) 
with myocardial edema (Table 2). Finally, 3 patients had 
only myocardial edema (no LGE), and one patient was 
found to have a subendocardial scar within the inferior 
wall (Figure 1). 
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In the patients who recovered from COVID-19, myo
cardial LGE was found more often in males (69% vs. 56%; 
P <0.001), but it was not related to age (45.6 [11.8] years 
vs. 46.3 [13.5] years; P = 0.5) or BMI (26.9 [5] kg/m2 vs. 27.1 [4.9] 
kg/m2; P = 0.6). 

The median number of injured LV segments was 3 (2–4), 
which was 4.4% (2.9%–8.1%) of the LV mass. The majority 
of injured segments (68%) showed only a mild degree of 
LGE (<25% transmural extent), and the most frequently 
diseased LV segments were: 2, 3, and 4 (Figure 2). Finally, 
every fifth patient showed a pericardial effusion, and co-
existing pericarditis was found in 35 patients (13.6%) with 
predominantly mild manifestations. 

The patients’ age, obesity, body mass index (BMI), or 
time from the COVID-19 onset were not associated with 
total LGE mass (data not shown). Time of CMR from the 
onset of the disease was similar between males and fe-
males (12 [8–20] vs. 12 [8–20]; P = 0.1), and it showed only 
a weak association with LV end-diastolic volume (EDV)/ 
/BSA (r = –0.2; P = 0.01), LV mass/BSA (r = –0.3; P <0.001), 
RV EDV/BSA (r = –0.2; P <0.01), but not with any other CMR 
parameters, including LVEF or RVEF. As expected, patients 
with pericarditis confirmed on CMR showed larger LGE 
area compared to patients without pericarditis (7.35% 
[4.4%–23.5%] vs. 4.4% [2.9%–7.3%]; P <0.0001).  

Among baseline parameters, LVEF ≤56% showed a sta-
tistical trend (area under the curve [AUC], 0.560; sensitivity, 
37%; specificity, 80%; P = 0.07), and WMSI>1.0 (AUC, 0.589; 
sensitivity, 25%; specificity, 93%; P <0.01) was the predictor 
of myocardial injury (LGE). 

Non-COVID control group
A total of 221 consecutive patients were included in 
the control group with non-COVID-19 myocarditis (age, 
39.3 [14.6] years; 64% males). The clinical characteristics and 
main CMR parameters in comparison with the COVID study 
group are presented in Table 1. In brief, the non-COVID 
group included slightly younger patients, mostly males, 
more overweight individuals, but fewer with obesity; there 
were no other clinical differences. However, CMR confirmed 
myocarditis-like LGE at a significantly higher rate in the 
control group (90% vs. 46%; P <0.001), with a higher rate 
of pericardial (21% vs. 13%; P = 0.01) and pleural (19% 
vs. 2.8%; P = 0.001) effusions.

The subgroups of COVID-19 and non-COVID-19 patients 
with myocarditis confirmed on CMR are presented in Ta-
ble 2. The total LV LGE and the number of involved segments 
were significantly smaller, and the severity of segmental in-
jury (transmural extent) was lesser in COVID-19-myocarditis 
compared to non-COVID-19 myocarditis, except for the 

Table 1. Clinical characteristics of the study groups

  COVID-19 group
(n = 552)

Non-COVID-19 group
(n = 221) 

 P-value

Age, years, mean (SD) 45.9 (12.6) 39.3 (14.6) <0.001

Female/male sex, n (%) 285 (52) / 267 (48) 81 (36) / 140 (64) 0.01

Diabetes, n (%) 35 (6) 15 (7) 0.6

Dyslipidemia, n (%) 41 (7) 24 (11) 0.07

Hypertension, n (%) 140 (25) 45 (25) 1.0

Coronary artery disease, n (%) 21 (3.8) 15 (7) 0.08

Chronic pulmonary diseases, n (%) 41 (7.5) 12 (5.5) 0.32

Body mass index, kg/m², mean (SD) 27.2 (4.9) 26.3 (4.5) 0.3

Normal weight, n (%) 199 (36) 61 (27) 0.01

Overweight, n (%) 216 (39) 124 (56) <0.001

Obesity, n (%) 137 (25) 36 (16) <0.01

Chronic kidney disease, n (%) 2 (0.4) 2 (1) 0.3

Atrial fibrillation, n (%) 12 (2.2) 7 (3) 0.51

COVID-19    

Confirmed by PCR test, n (%) 552 (100)    

Disease onset and CMR, weeks, mean (SD) 15 (9)    

Moderate, n (%) 416 (75)    

Severe, n (%) 133 (24) 

Critical, n (%) 3 (0.5)

Cardiovascular magnetic resonance

Myocardial injury

Myocarditis   

LV LGE, n (%) 256 (46) 200 (90) <0.001

Pericardium  

Pericardial effusion, n (%) 73 (13.2) 48 (21) 0.01

Pericarditis, n (%) 40 (7) 12 (5.5) 0.44

Pleural effusion, n (%) 16 (2.8) 42 (19) 0.001

Abbreviations: BSA, body surface area; CMR, cardiac magnetic resonance; EDV, end-diastolic volume; EF, ejection fraction; LGE, late gadolinium enhancement; LV, left ventric-
le; PCR, polymerase chain reaction; RV, right ventricle; SD, standard deviation
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Table 2. Clinical characteristics of the studied patients with late gadolinium enhancement

  COVID-19 LGE(+)
(n = 256)

Non-COVID-19 LGE (+)
(n = 200)

 P-value

Age, years, mean (SD) 46.3 (13.5) 38.8 (14.7) <0.001

Female/male sex, n (%) 113 (44) / 143 (56) 64 (32) / 136 (68) <0.01

Diabetes, n (%) 24 (9) 14 (6) 0.3

Dyslipidemia, n (%) 25 (10) 19 (9) 0.7

Hypertension, n (%) 59 (23) 58 (29) 0.15

Coronary artery disease, n (%) 10 (6.5) 13 (6) 0.8

Chronic pulmonary diseases, n (%) 13 (5) 10 (4.5) 0.8

Body mass index, kg/m², mean (SD) 27.2 (4.8) 26.1 (4.7) 0.01

Obesity, n (%) 60 (23.4) 36 (18) 0.12

Chronic kidney disease, n (%) 2 (0.8) 3 (1.3) 0.6

Atrial fibrillation, n (%) 6 (2.3) 7 (3.1) 0.6

Cardiovascular magnetic resonance

Left and right ventricular remodeling

LV EDV, median (IQR) 144.6 (125.5–178) 162.8 (136.6–194) <0.001

LV EDV/BSA, ml/m², median (IQR) 75.8 (62–86.3) 84.2 (71.6–96) <0.0001

Dilated LV, n (%) 25 (10) 39 (19.5) 0.08

LV mass, g, median (IQR) 117 (94–142) 133.1 (111–143.3) <0.0001

LV mass/BSA, g/m², median (IQR) 54.4 (42–64) 66.8 (54.2–75.5) <0.0001

LV hypertrophy, n (%) 9 (3.5) 13 (6.5) 0.25

LVEF, %, median (IQR) 59 (54.1–65) 58 (52–63) 0.01

LVEF ≥50%, n (%) 215 (84) 157 (78) 0.2

LVEF 40%–49%, n (%) 28 (11) 21 (10.5) 0.7

LVEF <40%, n (%) 13 (5) 22 (11) <0.01

LV WMSI, median (IQR) 1 (1–1) 1 (1–1.2) <0.001

Wall motion abnormalities, n (%) 59 (23) 74 (37) <0.01

RV EDV, ml, median (IQR) 135.5 (116–165) 139 (122–168) 0.1

RV EDV/BSA, median (IQR) 68.4 (56.4–80) 70.1 (62.1–82) 0.1

Dilated RV, n (%) 12 (4.7) 18 (9) 0.3

RVEF, %, median (IQR) 55 (50–61) 54 (49–59.7) 0.25

Myocardial injury

Myocarditis       

LV  LGE, n (%) 256 (100) 200 (100)  

Nb of LV segments with LGE, median (IQR) 3 (2–4) 4 (2–5.5) <0.01

Total LGE in LV mass, %, median (IQR) 4.4 (2.9–8.1) 5.9 (4.4–11.8) <0.001

Patients with LGE in LV segment, n (%)    

51%–75% 20 (7.8) 20 (10) 0.02

26%–50% 61 (24) 67 (33.5) <0.001

≤25% 174 (68) 109 (54.5) <0.0001

LV edema, n (%) 42 (16.4) 75 (37.5) 0.05

Pericardium

Pericardial effusion    

<10 mm, n (%) 40 (15.5)  38 (19) 0.32

≥10 mm, n (%) 4 (1.5) 6 (3) 0.56

Pericarditis, n (%) 35 (13.6) 12 (6) 0.03

Severity of LGE in the pericardium      

Mild, n (%) 29 (11.3) 7 (3.5) <0.01

Moderate, n (%) 6 (2.3) 4 (2) 0.83

Severe, n (%) 0 0  

Abbreviations: BSA, body surface area; CMR, cardiac magnetic resonance; EDV, end-diastolic volume; EF, ejection fraction; LGE, late gadolinium enhancement; LV, left ventric-
le; PCR, polymerase chain reaction; RV, right ventricle; SD, standard deviation

transmural injury (0.4 vs. 2 %; P = 0.09) (Table 2). There was 
a trend toward a less frequent LV edema reported in the 
COVID-19 subgroup (16.4% vs. 37.5%; P = 0.05). Moreover, 
patients with non-COVID-19 myocarditis demonstrated 
a significantly lower LVEF with a doubled rate of signifi-
cant LV dysfunction (LVEF <40%), more frequent LV wall 
motion abnormalities, and LV remodeling compared to 

the post-COVID-19 patients (Table 2). Nevertheless, COVID 
myocarditis resulted in a higher rate of pericarditis (13.6% 
vs. 6%; P = 0.03), which was mostly mild (11.3% vs. 3.5%; 
P <0.01), with a small pericardial effusion <10 mm in both 
groups. Finally, the distribution of LGE within LV showed 
significant differences between both groups (Figure 2). 
COVID-19-induced myocarditis was significantly more fre-
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Figure 1. Myocardial injury (late gadolinium enhancement [LGE]) 
after COVID-19 (A–D) and after non-COVID-19 inflammation (E–F). 
A. Intramyocardial injury (arrows) on late gadolinium enhancement 
sequence in a 23-year-old male with documented myocarditis during 
COVID-19  (arrows). B. Subendocardial scar on dark blood late gado-
linium enhancement sequence in a 64-year-old male (arrow).  
C. Pericarditis (white arrow) with pericardial effusion and myocar-
dial injury (grey arrow) on late gadolinium enhancement sequence 
(arrows) in a 54-year-old female. D. Intramyocardial injury on late 
gadolinium enhancement sequence in a 40-year-old male (arrows).  
E and F. Subepicardial and intramyocardial injuries in late gadolinium 
enhancement sequence

Figure 2. Bull’s eye plots showing location and distribution of late gadolinium enhancement according to the 17-segment AHA (American 
Heart Association 17-segment model) rates of injured segments in patients with COVID-19-related myocarditis (A) and non-COVID-19 myocar-
ditis (B)

quent in the 2nd (37% vs. 28%; P = 0.04), 3rd (44.1% vs. 30.5%; 
P <0.01), and 14th (11.7% vs. 6%; P = 0.03) segments, and 
non-COVID-19 cases were more frequent in the lateral 
wall: 5th (36% vs. 57%; P <0.01), 6th (18% vs. 32%; P <0.01), 
11th (19% vs. 41.5%; P <0.001), and 12th (16.8% vs. 27%; 
P <0.01). Moreover, post-COVID-19 patients with obesity 
showed a significantly more frequent injury within the  
3rd LV segment compared to non-obese post-COVID-19 cas-
es (53.5% vs. 39%; P = 0.04). 

There was no difference in the LV LGE area between 
obese and non-obese patients in the COVID-19 group (4.4% 
[2.9%–10.3%] vs. 4.4% [3%–7.35%]; P = 0.1). There was also 
no difference in LV LGE between obese and non-obese indi-
viduals (8.1% [4.4%–14.7%] vs. 5.8% [2.9%–11.8%]; P = 0.18) 
in the non-COVID-19 group. Finally, there was a weak 
association between BMI and LV LGE in this subgroup  
(r = 0.15; P = 0.04)

In the non-COVID-19 subgroup, the patients’ age 
showed a weak association with total LV LGE (r = 0.25; 
P <0.01) and WMSI (r = 0.35; P <0.001). 

DISCUSSION
To the best of our knowledge, this is currently the largest 
prospective multicenter study assessing consecutive 
patients with suspected COVID-19-induced myocarditis 
and the only study comparing those findings with a retro-
spective non-COVID-19 myocarditis group. First, myocardial 
injury was confirmed in half of the patients despite their 
middle age and mostly a moderate infection. Second, 
COVID-19-induced myocarditis was in most cases asso-
ciated with preserved LV and RV systolic function. Third, 
COVID-19-induced myocarditis revealed a significantly 
smaller myocardial injury (LGE) with a lesser transmural 
extent and higher LV EF but more frequent pericarditis 
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than non-COVID-19 myocarditis. Finally, COVID-19-induced 
myocarditis showed higher affinity to LV septal segments, 
and non-COVID-19 myocarditis was more prevalent in LV 
lateral wall segments. 

COVID-19 and CMR
The ongoing pandemic and millions of confirmed cases 
provided a growing body of evidence on COVID-19-related 
cardiovascular injury. However, this is mainly based on small 
and heterogenous studies [5]. The rate of abnormal CMR 
results in post-COVID-19 patients found in our study was 
consistent with meta-analyses of smaller studies [5, 18]. Up 
to 60% of the study patients were found to have at least one 
or more abnormalities on CMR depending on the time from 
the onset and severity of the disease [5, 18–21]. Huang et al. 
[19] found that half of the patients assessed with CMR had 
abnormal myocardial edema and/or LGE. The myocardial 
injury did not affect LV volumes or systolic function com-
pared to healthy controls. This study showed a decrease in RV 
functional parameters during an early post-COVID-19 period 
(first 2 months). Although Kotecha et al. [20] found that half 
of the study patients showed a myocardial injury, every fifth 
patient showed ischemic LGE. However, the exact time of 
coronary scar and its correlation with COVID-19 is unknown.

Moreover, one-third of the patients had a severe clinical 
manifestation of the ventilatory disorder. A limited func-
tional consequence was observed despite myocardial inju-
ry. Another study by Puntmann et al. [21] reported a higher 
rate of myocarditis on CMR (60%), irrespective of the clinical 
manifestation or time from acute COVID-19. However, 
lower rates of post-COVID-19 myocardial injury were also 
reported in other studies [5, 18, 22]. For obvious reasons, no 
studies assessed acute myocardial injury in CMR patients 
with severe COVID-19.

Nevertheless, an autopsy study confirmed myocarditis 
as the cause of death only in 4% of patients with COVID-19, 
which is in line with our study showing a relatively high 
prevalence of any myocardial injury (LGE) and lower rates 
of LV systolic dysfunction. Moreover, LV wall motion ab-
normalities (WMA) were reported in only one in four [23%] 
patients with COVID-19-induced myocarditis. Therefore, 
despite using high-quality CMR images, the baseline WMA 
showed low sensitivity and predictive value for myocardial 
injury (LGE). 

Our study also showed preserved RV systolic function 
and normal RV volume in most cases, consistent with pre-
vious studies [19–22]. The right heart is a passive conduit, 
dilated in an earlier phase of COVID-19. 

Our non-COVID-19 group showed a higher rate of LV 
dilatation, systolic dysfunction, and wall motion abnormali-
ties, resulting from more severe LV injury. We failed to show 
that obesity was associated with the presence, severity, and 
structural or functional abnormalities in COVID-19-induced 
myocarditis. This seems to be a feature of COVID-19 myo-
carditis important for clinical practice. 

Finally, novel CMR techniques, including mapping and 
strain, showed a COVID-19-related myocardial injury, but 
the additional data were mostly consistent with LGE-based 
injury [20, 22, 23]. 

Septal LGE pattern specific for COVID-19
Based on the outcomes of our study, COVID-19-induced 
myocarditis was located mainly in LV septal segments, 
especially in patients with obesity. Most previous studies 
confirmed only a non-ischemic pattern of LGE as the main 
finding [5], and small studies provided divergent findings 
suggesting the most frequent locations of COVID-19-re-
lated injury [18, 19, 22]. This was the first study providing 
novel data regarding the most frequent COVID-related 
injury compared to non-COVID-19 myocarditis. We found 
that COVID-19-induced myocarditis is more specific to 
inferospetal and anterospetal segments than non-COVID 
myocarditis, and it is usually found in basal or mid-cavity 
lateral segments [24]. Higher affinity of SARS-CoV-2 to 
septal segments increases the risk of injury within the 
conduction system. QT prolongation and atrioventricular 
or ventricular block were reported in 12% and 13% of 
COVID-19 patients [25]. Moreover, an LGE septal location 
was more frequent in myocarditis (unrelated to COV-
ID-19), which may result in heart failure and arrhythmias 
in the following months or years [24]. It was significantly 
associated with malignant ventricular arrhythmias [26] 
and left bundle branch block (LBBB) [25]. Finally, a new 
onset LBBB results in LV dyssynchrony and may lead to 
LV systolic dysfunction [27]. Myocardial LGE is clinically 
equal to myocardial injury in several cardiac conditions, 
which include myocarditis [28]. LGE is a well-evidenced 
independent predictor of cardiac and all-cause mortality 
[29, 30]. In addition, LGE plays a role in the pathophysi-
ology of dilated cardiomyopathy [31, 32]. Future studies 
should assess the long-term consequence of LGE on LV 
dilatation and/or dysfunction in COVID-19-induced myo-
carditis. Given the mean age of study patients, even a mild 
residual myocardial injury plays a role in progression to 
cardiomyopathy, heart failure, ventricular arrhythmias, or 
even sudden cardiac death.

COVID-19 and myocardial injury
The main mechanisms of COVID-19 myocardial injury 
include a direct viral myocardial inflammation through 
angiotensin-converting enzyme 2 receptors or an indirect 
injury induced by a high inflammatory burden and an 
overexpressed immune response [33, 34]. Endomyocardial 
biopsy in patients with severe active myocarditis showed 
active lymphocytic inflammation with no evidence of viral 
genome [21]. An autopsy study confirmed myocardial in-
filtration and mononuclear inflammatory cells in patients 
who died from COVID-19 [35]. SARS-CoV-2 is the cause of 
endothelial dysfunction and thrombotic complications, 
which is another potential pathomechanism of myocardial 
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injury [36, 37]. However, we barely found any subendocar-
dial scars in the COVID-19 study group. 

COVID-19 and pericarditis
Seven patients in our study group who recovered from 
COVID-19 with myocarditis demonstrated mild pericar-
ditis. We found that it was related to a larger area of myo-
cardial injury, which seems understandable. Similar data 
were found in other studies, with differences most likely 
depending on clinical disease severity [19–22]. However, 
an unexpectedly high pericardial (27%) and low myocardial 
involvement (16%) were reported in young athletes with 
asymptomatic or mild COVID-19 [38], suggesting that 
young convalescents may be more prone to pericardi-
tis. Our study patients were older, and we found a higher 
rate of pericarditis in patients with COVID-19-induced 
myocarditis than in non-COVID-19 myocarditis. The path-
omechanism, which includes either a direct viral infection 
or generalized COVID-19 multisystemic inflammatory 
syndrome, remains unclear. However, we observed no 
pleural effusions in those individuals. Future research is 
required to explain the clinical effects of angiogenesis 
and an increased activity of the angiotensin converting 
enzyme receptor in pericardial mesothelial cells related to 
SARS-CoV-2 infection [39, 40].

Limitations
We collected data from middle-aged patients with mostly 
moderate clinical presentations of COVID-19. Our study 
participants do not reflect a complete spectrum of the 
disease. However, the study group was recruited from 
consecutive patients referred for CMR, and a postmortem 
study showed a small number of descendants who died 
from COVID-19-related myocarditis [26]. Second, we did not 
have lab markers of cardiac injury or natriuretic peptides 
for our study patients as they were mostly not hospitalized 
during the SARS-CoV-2 infection. We also did not have 
baseline CMR to verify the exact time of myocardial injury, 
which is similar to the outcomes of other studies. In addi-
tion, we did not have data to evaluate the clinical severity 
of non-COVID-19 myocarditis in the control group.

Moreover, we do not present CMR mapping as it was 
unavailable at all CMR centers. Still, T1/T2/ECV CMR map-
ping and LV strain were mostly consistent with conven-
tional CMR sequences [20, 22, 23, 41]. Finally, all the study 
patients had clinical indications for CMR, which constitutes 
a potential selection bias.  

CONCLUSIONS
Our large prospective multicenter study confirmed COV-
ID-19-induced myocarditis in nearly half of the patients 
who recovered from COVID-19. COVID-19-related myo-
cardial injury and functional sequelae were smaller than 
in the non-COVID-19 myocarditis cases. 

This is the first study to show that septal LGE is more 
specific for COVID-19-induced injury, which may result in 

LV dyssynchrony and systolic dysfunction or arrhythmia. 
A regular follow-up of post-COVID-19 patients should 
verify the impact of a residual injury on clinical outcomes.  
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