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A B S T R A C T   

Background: Cardiovascular magnetic resonance (CMR) is the test of choice for diagnosis and risk stratification of 
myocardial inflammation in acute viral myocarditis. The objective of this study was to assess patterns of CMR 
inflammation in a cohort of acute myocarditis patients from Northern Africa, Asia, and the Middle East using 
unsupervised machine learning. 
Methods: A total of 169 racially and ethnically diverse adults (≥18 years of age) with CMR confirmed acute 
myocarditis were studied. The primary outcome was a combined clinical endpoint of cardiac death, arrhythmia, 
and dilated cardiomyopathy. Machine learning was used for exploratory analysis to identify patterns of CMR 
inflammation. 
Results: Our cohort was diverse with 25% from Northern Africa, 33% from Southern Asia, and 28% from Western 
Asia/the Middle East. Twelve patients met the combined clinical endpoint – 3 had arrythmia, 8 had dilated 
cardiomyopathy, and 1 died. Patients who met the combined endpoint had increased anterior (p = 0.034) and 
septal (p = 0.042) late gadolinium enhancement (LGE). Multivariable logistic regression, adjusted for age, 
gender, and BMI, found that patients from Southern Asia (p = 0.041) and the Middle East (p = 0.043) were 
independently associated with lateral LGE. Unsupervised machine learning and factor analysis identified two 
distinct CMR patterns of inflammation, one with increased LGE and the other with increased myocardial T1/T2. 
Conclusions: We found that anteroseptal inflammation is associated with worsened outcomes. Using machine 
learning, we identified two patterns of myocardial inflammation in acute myocarditis from CMR in a racially and 
ethnically diverse group of patients from Southern Asia, Northern Africa, and the Middle East.   

1. Introduction 

The global incidence of acute, infectious myocarditis is approxi-
mately 1.5 million cases per year, with most affected patients being 
young and healthy [1]. Unfortunately, there exist large disparities in 
outcomes regionally. In European countries, Canada, and the United 
States age-standardized disability-adjusted life years (DALYs) are 0–11 
per 100,000 cases of acute myocarditis, while in Asia, Eastern Europe, 

and South America, DALYs are 54 per 100,000 cases [1]. The clinical 
manifestations of acute myocarditis are heterogeneous and range from 
subclinical disease to sudden cardiac death, new onset arrythmia, pre-
cordial chest pain, and syncope, often times in the setting of a viral 
prodrome [2]. As such, diagnosis remains challenging. The gold stan-
dard for diagnosis is endomyocardial biopsy (EMB) with histopatho-
logical evidence of myocardial inflammation. EMB is infrequently 
performed, however, because of perceived risks and low sensitivity of 
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diagnostic criteria [3]. Consequently, cardiovascular magnetic reso-
nance (CMR) has now evolved as the test of choice for diagnosis and risk 
stratification of acute myocarditis, as it is non-invasive with well- 
established criteria and reasonable sensitivity and specificity [4–7]. 

Recently, the incorporation of parametric T1 and T2 mapping have 
further improved the diagnostic accuracy of CMR for acute myocarditis 
[8–10]. Broadly, T2 mapping allows for quantification of myocardial 
edema [11], while T1 mapping and late gadolinium enhancement (LGE) 
allow for assessment of non-ischemic myocardial injury. Indeed, a 2018 
update to the Lake Louise Criteria (LLC) for CMR-based diagnosis of 
acute myocarditis has improved sensitivity and specificity to 88% and 
96%, respectively [12]. Furthermore, new guidelines for CMR in non-
ischemic myocardial inflammation from 2018 detail the added benefit of 
T1 and T2 mapping in conjunction with early (EGE) and late (LGE) 
gadolinium enhancement. Edema sensitivity by T2 mapping is further 
suspected to correlate with differences in viral genomes, highlighting 
the idea that different patterns of CMR inflammation depend on the 
etiology of viral myocarditis [11,13,14]. 

As outcomes viral myocarditis vary globally, the objective of this 
study was to classify patterns of myocardial inflammation in a cohort of 
acute viral myocarditis patients from the Southern Asia and the Middle 
East. We first performed subgroup analysis by geography, gender, and 
age to identify differences in LGE, T1, and T2 parametric maps in this 
cohort of patients. We next sought to link these differences with specific 
demographic factors using multivariable logistic regression. Finally, we 
utilized Bayesian factor analysis in conjunction with unsupervised ma-
chine learning to agnostically classify patterns of CMR inflammation in 
this patient cohort. 

2. Methods 

2.1. Study patients and data collection 

We retrospectively studied 169 consecutive adult patients (>18 
years of age) admitted between April 2015 and December 2019 to Heart 
Hospital, Hamad Medical Corporation, Qatar, due to acute myocarditis, 
confirmed by CMR as defined by the Lake Louise Criteria. Demographic 
characteristics and findings from LGE and parametric T1 and T2 map-
ping were systematically recorded based on chart review with clinical 
adjudication. This study was approved by the Hamad Medical Corpo-
ration Institutional Review Board. 

2.2. Exposure 

The exposure of interest was inflammation as assessed by LGE and 
myocardial edema from T2 mapping. Inflammation by LGE and edema 
from T2 were binary variables as assessed by an expert radiologist, while 
T1 and T2 parametric maps were quantized into eleven and five cate-
gories, respectively. 

2.3. Clinical outcomes 

A combined clinical endpoint of cardiac death, arrhythmia (ven-
tricular tachycardia and ventricular fibrillation) and dilated cardiomy-
opathy (DCM) was used. DCM was identified if left ventricular end 
diastolic dimension was greater than >117% of age and body surface 
area and left ventricular ejection fraction <45% both by echocardiog-
raphy. Patients with pre-existing DCM were excluded from the study 
[15]. Exploratory analyses were performed with secondary outcomes, 
including LGE, T2 tissue edema, and T1 and T2 parametric mapping, as 
they relate to demographics and geographic differences. 

2.4. CMR acquisition protocol 

CMR was performed using 1.5 Tesla scanner (Philips Ingenia, 
Koninklijke Philips NV 2019, the Netherlands). The CMR protocol 

consisted of initial localizer sequences coronal and sagittal balanced 
turbo flash echo (BTFE), axial black blood (BB), cine Images (2chamber, 
4chamber, short axis, 3chamber, LV outflow tract, RV outflow tract), T2- 
weighted BB short axis, spectral presaturation inversion recovery (SPIR) 
short axis sequences. We also obtained parametric; T2 and T1 mapping 
images before contrast media administration. Mapping sequences were 
acquired in 3 slices of short axis orientation. Imaging for post intra- 
venous contrast administration of 0.15 mmol/kg of Gadoterate 
included early gadolinium sequences and phase-sensitive inversion re-
covery (PSIR) acquisition for late enhancement. 

2.5. CMR analysis 

Short axis stacks covering base to apex of the entire left ventricle 
were included in the analysis. Manual volumetric analyses were per-
formed based on steady-state free precession–cine images by experi-
enced investigators using commercially available postprocessing 
software (IntelliSpace Portal). Analyzed volumetric parameters included 
LV mass, LV ejection fraction (LVEF), RV ejection fraction (RVEF), end- 
diastolic volume (EDV), end-systolic volume (ESV), and stroke volume. 
For manual analyses, LV endo-and epicardial borders and RV endocar-
dial borders were delineated at end-systole and end-diastole. In accor-
dance with current recommendations, the papillary muscles were 
excluded from the myocardium. T2 SPIR -weighted images short axis 
sequence was performed used for assessment of the myocardial edema. 
Early post gadolinium short axis and 4chamber sequences were per-
formed and analyzed for assessment of the myocardial hyperemia. 
Native T1 and T2 mapping short axis were performed and analyzed for 
assessment of interstitial myocardial fibrosis and potential myocardial 
edema. Late post gadolinium enhancement (LGE) short axis, 2-chamber, 
3-chamber, and 4-chamber in phase-sensitive inversion recovery (PSIR) 
acquisition sequences and short axis black blood (BB) sequence were 
formed and analyzed for assessment of myocardial scar/fibrosis. Diag-
nosis of myocarditis was made based on at least if 2 out of the 3 Lake 
Louise criteria were met, (a) regional or global myocardial signal in-
tensity increase on T2 SPIR-weighted images, (b) increased global 
myocardial early gadolinium enhancement ratio, (c) at least one focal, 
non-ischemic lesion at inversion recovery LGE . 

2.6. Statistical analysis 

Continuous parameters are presented as mean ± standard deviation 
(SD) or median and interquartile range (IQR), depending on normality, 
as assessed by a Shapiro-Wilkes test. Categorical variables are presented 
as frequencies and percentages. A total of 20 countries were considered 
in the analysis. To allow for sufficient power for regional variations in 
CMR inflammation parameters, countries were divided into 6 broad 
geographical regions: (1) Africa (Sudan, Egypt, other African countries), 
(2) Southern Asia (Bangladesh, Nepal, India, Sri Lanka, Pakistan, Iran), 
(3) Western Asia (Lebanon, Iraq, Syria, Qatar, Jordan, Yemen, other 
countries in the Gulf Cooperation Council), (4) Philippines, (5) US, UK, 
Canada, and Europe, and (6) Other. Group comparisons for gender and 
geographical location were performed with a non-parametric Mann- 
Whitney U test, Kruskal Wallis test with Dunn’s multiple comparisons, 
or chi-squared test, where appropriate. Multivariable logistic regression 
was performed between T2 edema and regions of LGE enhancement and 
age, gender, body surface area (BSA), and geographical region as 
defined above. 

To agnostically quantify patterns of CMR inflammation in our 
cohort, Bayesian factor analysis and unsupervised machine learning 
were used. To account for missingness, a multivariate imputer where 
each missing values is modeled as a function of other features in a round- 
robin fashion. The imputer was implemented using the Python SciKit 
Learn package. All LGE inflammation patterns, T2 edema, and T1 and T2 
parametric maps were considered for factor analysis. Parameters for 
factor analysis are detailed as follows: A tolerance of 0.01 was used for 
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convergence, with a maximum of 1000 iterations. A vector of ones was 
used for noise variance initialization. A randomized algorithm was used 
for singular value decomposition with 3 iterations for the power 
method. For all analysis, two low dimensional latent factors were 
considered. Following factor analysis, the original untransformed data 
were fit with a K Means classifier, a method for unsupervised machine 
learning. Briefly, K Means assigns each patient one of three clusters 
depending on which centroid it is closest to in n-dimensional space. The 
algorithm was implemented using the Python SciKit Learn package with 
default parameters. The optimum number of clusters was determined by 
determining which maximized the silhouette score. Group comparisons 
between clusters were performed using a non-parametric Mann-Whitney 
U test or chi-squared test, where appropriate. All machine learning and 
factor analysis protocols were implemented in Python, and all statistical 
analysis were performed using Stata/SE 15.1 (StataCorp LLC, College 
Station, TX). A P value < 0.05 was considered statistically significant. 

3. Results 

3.1. Study population 

Of 169 consecutive acute myocarditis patients in our study, all pa-
tients in our cohort had LGE and qualitative assessment of edema on T2. 
A total of 41/169 (24%) and 45/169 (27%) had T1 and T2 mapping 
performed, respectively. Summary patient characteristics, and charac-
teristics stratified by a combined clinical endpoint of cardiac death, 
arrythmia, and DCM are shown in Table 1. The median (IQR) age was 36 
yrs. (29–46 yrs.), and 22% were women. Our cohort was racially and 
ethnically diverse with 25% from Northern Africa, 33% from Southern 
Asia, and 28% from Western Asia/the Middle East. All 169 patients had 
a primary diagnosis of acute myocarditis and 5% had a secondary 
diagnosis of DCM. Only 3/169 (2%) of all patients in the cohort had 
endomyocardial biopsy confirmed myocarditis. Viral panels for cyto-
megalovirus (CMV)/Epstein-Barr Virus (EBV), Hepatitis B virus (HBV) 
core and surface antibody and surface antigen, and influenza virus B was 
performed. Briefly, 2 patients were positive for CMV, 2 for EBV, 2 had 
positive HBV surface antigen, and 2 were positive for influenza type B 
virus. Computed tomography coronary angiography was performed in 
37% of patients, with 2% showing significant coronary occlusion. 
Invasive angiography was performed in 38% patients, with 10% 
showing significant coronary occlusion. Twelve patients met the com-
bined clinical endpoint – 3 had arrythmia, 8 had DCM, and 1 died. Of 
these, 2 patients had significant coronary occlusion. Additionally, 11 
(7%) of patients had a >10% improvement in ejection fraction during 
hospitalization, 16 (9%) had a >20% or complete normalization in 
ejection fraction, and 98 (58%) were asymptomatic. 

3.2. Comparison of LGE patterns by clinical endpoint 

We first assessed patterns of LGE inflammation and T1 and T2 
parametric maps between those patients that met the combined clinical 
endpoint and those that did not (Table 1). We found higher left ven-
tricular (LV) systolic (p < 0.001) and diastolic (p < 0.001) volumes and 
reduced LV ejection fraction P = 0.034) in patients that met the com-
bined endpoint. Right ventricular ejection fraction was reduced in pa-
tients that met the combined endpoint but not significantly (p = 0.057). 
Furthermore, in those patients with events, there was anterior (p =
0.034), septal (p = 0.042), and subendocardial (p = 0.001) LGE. 

3.3. Comparison of LGE patterns by geography 

We then performed sub-group analysis in LGE parameters by geog-
raphy (Supplemental Table S1) and gender (Supplemental Table S2). 
We found that LGE and T1 and T2 parametric maps were not signifi-
cantly different among the 6 broad geographic regions we studied. 
However, we found that females in our cohort were more likely to less 

Table 1 
Baseline characteristics of acute myocarditis patients with LGE, T1, and T2 
maps. Demographic characteristic and CMR characteristics, including LGE, T1, 
and T2 maps, are shown. BSA – Body Surface Area; CMR – Cardiovascular 
Magnetic Resonance; LVEDVi – Left Ventricular End Diastolic Volume indexed; 
LVESVi – Left Ventricular End Systolic Volume indexed; LVEF – Left Ventricular 
Ejection Fraction; RVEF – Right Ventricular Ejection Fraction; LGE – Late Gad-
olinium Enhancement; T1 – Spin-lattice relaxation; T2 – Transverse relaxation; 
Hs – High-Sensitivity; CRP – C Reactive Protein.  

Summary Characteristics All Participants 
(n = 169) 

Events 
(n = 12) 

No Events 
(n = 131) 

P Value 

Age 38 ± 13 43 ± 13 37 ± 13  0.1456 
Gender, (% Men) 78% 83% 72%  0.529 
Height, cm 168 ± 8 170 ± 7 168 ± 9  0.3193 
Weight, kg 78 ± 17 76 ± 17 78 ± 17  0.9121 
BSA, m2 2.3 ± 5.9 2 ± 0.2 2 ± 7  0.7519 
Region     0.757 

Africa 42 (25%) 4 (33%) 31 (24%)  
Southern Asia 55 (33%) 2 (17%) 41 (31%)  
UK, US, Europe, Canada 10 (6%) 0 (0%) 4 (3%)  
Western Asia 47 (28%) 5 (42%) 39 (30%)  
Philippines 9 (5%) 1 (8%) 6 (5%)  
Others 6 (3%) 0 (0%) 4 (3%)  

CMR LVEDVi     <0.001 
<50 12 (7%) 0 (0%) 11 (8%)  
51–60 26 (15%) 1 (8%) 21 (16%)  
61–70 37 (22%) 1 (8%) 29 (22%)  
71–80 28 (17%) 0 (0%) 22 (17%)  
81–90 23 (14%) 0 (0%) 21 (16%)  
101–110 16 (9%) 6 (50%) 8 (6%)  
111–120 3 (2%) 0 (0%) 2 (2%)  
121–130 5 (3%) 1 (8%) 1 (0.8%)  
141–150 1 (1%) 1 (8%) 0 (0%)  
>151 4 (2%) 1 (8%) 3 (2%)  

CMR LVESVi     <0.001 
<50 124 (73%) 3 (25%) 98 (78%)  
51–60 9 (5%) 0 (0%) 7 (6%)  
61–70 9 (5%) 3 (25%) 6 (5%)  
71–80 6 (4%) 0 (0%) 5 (4%)  
81–90 4 (3%) 1 (8%) 3 (2%)  
91–100 5 (3%) 1 (8%) 2 (2%)  
101–110 8 (5%) 4 (33%) 0 (0%)  
111–120 1 (1%) 0 (0%) 1 (0.8%)  
>120 3 (2%) – –  

CMR LVEF, %     0.034 
<15 2 (1%) 1 (8%) 1 (0.8%)  
16–25 13 (8%) 2 (17%) 5 (4%)  
26–35 14 (8%) 2 (17%) 11 (9%)  
36–45 15 (9%) 2 (17%) 11 (9%)  
46–55 40 (24%) 3 (25%) 30 (24%)  
>56 85 (50%) 2 (17%) 67 (54%)  

CMR RVEF, %     0.057 
<15 1 (1%) 0 (0%) 1 (0.8%)  
16–25 5 (3%) 2 (17%) 2 (2%)  
26–35 10 (6%) 1 (8%) 5 (4%)  
36–45 20 (12%) 2 (17%) 11 (9%)  
46–55 70 (41%) 4 (33%) 58 (46%)  
>56 63 (37%) 3 (25%) 48 (38%)  

LGE     
Edema/T2, % 64 (38%) 0 (0%) 48 (38%)  0.008 
Early Gad, % 7 (4%) 1 (8%) 4 (3%)  0.365 
LGE/Anterior, % 41 (24%) 6 (50%) 28 (22%)  0.034 
LGE/Septal, % 58 (34%) 7 (58%) 37 (30%)  0.042 
LGE/Inferior, % 93 (55%) 8 (67%) 28 (58%)  0.578 
LGE/Lateral, % 124 (73%) 8 (67%) 93 (74%)  0.561 
LGE Sub-epicardial, % 99 (59%) 8 (67%) 71 (57%)  0.509 
LGE Mid-wall, % 101 (60%) 7 (58%) 81 (65%)  0.655 
LGE Sub-endocardial, % 12 (7%) 3 (25%) 4 (3%)  0.001 
T1 Map     0.991 
<890 13 (8%) 1 (8%) 12 (7%)  
891–910 1 (1%) 0 (0%) 1 (0.8%)  
911–930 1 (1%)_ 0 (0%) 1 (0.8%)  
951–970 2 (1%) 0 (0%) 2 (2%)  
971–990 2 (1%) 0 (0%) 1 (0.8%)  
991–1010 4 (2%) – –  
1011–1030 4 (2%) 0 (0%) 3 (2%)  
1051–1070 6 (4%) 0 (0%) 6 (5%)  

(continued on next page) 
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anterior (p = 0.001), inferior (p = 0.002), lateral (p = 0.035), and sub- 
epicardial (p = 0.004) LGE, suggesting a unique pattern of inflammation 
different from what is commonly reported. Following this analysis, we 
performed multivariable logistic regression with LGE inflammation pa-
rameters predicted by geography and adjusting for age, gender, and BSA 
(Table 2). In this analysis, we found that gender is independently asso-
ciated with T2 edema (p = 0.031) and anterior and inferior (p = 0.002) 
LGE. We further found that southern (p = 0.041) and western (p =
0.043) Asian patients were independently associated with have lateral 
LGE, while patients from Western countries were independent associ-
ated with mid-wall LGE (p = 0.049). 

3.4. Agnostic determination of LGE patterns 

Next, we sought to agnostically identify patterns of LGE and T1 and 
T2 parametric maps using machine learning. Using only the location of 
LGE and the magnitude of T1 and T2 in the myocardium, we performed 
factor analysis. The objective of factor analysis is to identify whether a 
smaller subset of latent factors is sufficient to explain the variance in the 
data. For low-dimensional representation, we utilized two factors, as 
shown in Fig. 1. As shown, geographical differences do not align with 
any one factor (Fig. 1A). Female gender appears to align with a positive 
value for Factor 2, consistent with our results from multivariable logistic 
regression (Fig. 1B). Furthermore, 9/12 patients who met the total 
combined endpoint were found to have a negative value for Factor 1, 
while only 3/12 had a positive value (Fig. 1C).Fig. 2.. 

We next performed K means clustering, a form of unsupervised 
machine learning, to identify clusters of inflammation using LGE and T1 
and T2 parametric maps. To determine the optimal number of clusters 
for our dataset, we utilized a silhouette score, which is the ratio between 
the mean intra-cluster distance and nearest cluster distance. We found 
that two clusters maximized the silhouette score, cluster 1 with n = 31 
patients and cluster 2n = 106 patients. We then utilized factor analysis 
for low dimensional data representation of our clusters followed by sub- 
group analysis of LGE parameters (Table 3). Here, we found that patients 
in cluster 2 had more T2 edema (p < 0.001) and increased anterior (p <
0.001) and sup-epicardial (p = 0.011) LGE. On the other hand, T1 (p <
0.001) and T2 (p < 0.001) values in myocardium from parametric 
mapping were elevated in cluster 1, further highlighting the differences 
between these clusters. 

Table 1 (continued ) 

Summary Characteristics All Participants 
(n = 169) 

Events 
(n = 12) 

No Events 
(n = 131) 

P Value 

1071–1090 2 (1%) 0 (0%) 2 (2%)  
1091–1110 1 (1%) 0 (0%) 1 (0.8%)  
>1111 5 (3%) 0 (0%) 4 (3%)  

T2 Map     0.558 
<40 11 (7%) 1 (8%) 10 (8%)  
46–50 10 (6%) 0 (0%) 8 (6%)  
51–55 12 (7%) 0 (0%) 10 (8%)  
56–60 3 (2%) 0 (0%) 3 (2%)  
>61 9 (5%) 0 (0%) 9 (7%)  

Peak Hs Troponin     0.127 
<15 34 (20%) 1 (8%) 30 (24%)  
15–50     
51–100 7 (4%) 0 (0%) 7 (6%)  
101–300 17 (10%) 1 (8%) 14 (11%)  
301–500 13 (8%) 1 (8%) 10 (8%)  
501–1000 14 (8%) 0 (0%) 9 (7%)  
>1000 27 (16%) 0 (0%) 15 (12%)  

CRP     0.613 
21–50 21 (12%) 0 (0%) 16 (13%)  
5–20 27 (16%) 2 (17%) 23 (18%)  
51–100 9 (5%) 0 (0%) 6 (5%)  
<5 40 (24%) 4 (33%) 30 (24%)  
>100 7 (4%) 0 (0%) 5 (4%)   
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4. Discussion 

The present investigation describes patterns of LGE inflammation 
and T1/T2 parametric maps in a cohort of 169 CMR confirmed acute 
myocarditis patients. The principal findings from out study are as fol-
lows: (1) patients with worsened outcomes, defined here as arrhythmia, 
DCM, or death, had dilated ventricles (provided DCM is included as an 
end point), depressed LV systolic function, and increased anterior/septal 
LGE; (2) geographical differences do not underlie differences in patterns 
of CMR inflammation; (3) female patients, however, were less likely to 
have T2 edema and sub-epicardial inferolateral inflammation, suggest-
ing a deviation from classic patterns of CMR inflammation in acute 
myocarditis; (4) unsupervised machine learning in conjunction with 
factor analysis identified two predominant patterns of CMR inflamma-
tion, each with distinct features (Central Illustration). In cluster 2 (n =
106), patients were more likely to have EGE, inferolateral and mid-wall 
LGE, and increased myocardial T1/T2 from parametric mapping. In 
cluster 1 (n = 31), patients had increased T2 edema and increased sub- 
epicardial anterior and inferolateral LGE. The present study thus 
agnostically identifies clusters of myocardial inflammation from CMR in 
a racially and ethnically diverse group of patients from Southern Asia, 
Northern Africa, and the Middle East. 

In Western populations, two primary patterns of inflammation from 
CMR have been identified in acute myocarditis, namely subepicardial 
inferolateral LGE and mid-wall anteroseptal LGE [5,16]. The pattern of 

inflammation in acute myocarditis has been shown to have prognostic 
and functional significance. Indeed, the ITalian multicenter study on 
Acute Myocarditis (ITAMY) study found that patients with predominant 
anteroseptal inflammation by LGE had a worse prognosis than other 
groups and that this pattern of inflammation was the best predictor of 
their combined endpoint, which consisted of cardiac death, implantable 
cardioverter-defibrillator firing, heart failure hospitalization, and 
resuscitation cardiac arrest [16]. Furthermore, a study by Li et al. found 
that patients with predominant anteroseptal LGE had worsened LV 
ejection fractions [9]. However, these studies are restricted to centers in 
Europe. Our study confirmed in a different geographic population from 
Southern Asia, Northern Africa, and the Middle East that anteroseptal 
inflammation still predicts worsened outcomes. Whether similarities in 
etiology of viral myocarditis contributes to these findings are of interest 
for future investigations. 

Despite several studies highlighting that difference etiologies of 
myocarditis are hypothesized to elicit different patterns of inflammation 
on CMR [11,13,14], we found that geography failed to account for the 
variance in CMR inflammation in our cohort. We did however find that 
female patients had a unique pattern of CMR inflammation disparate 
from males and more importantly, the classic subepicardial inferolateral 
LGE observed in myocarditis [4]. Small animal models have found a 
polarized response to myocarditis Coxsackivirus Type B infection, 
though such a dimorphism has not been shown in humans [17]. In sub- 
group analysis, we found that female patients were less likely to have T2 

Fig. 1. Factor analysis of LGE inflammation and T1 and T2 parametric mapping data in acute myocarditis. We represented patterns of inflammation using two latent 
factors. Plots are shown after color-coding for (A) geography, (B) gender, and (C) events. Events in our analysis included arrhythmia, dilated cardiomyopathy, or 
death. LGE – Late Gadolinium Enhancement; T1 – Spin-lattice relaxation; T2 – Transverse relaxation. 

Fig. 2. Machine learning identified two predominant clusters of LGE and T1 and T2 parametric mapping. Using K Means clustering, we found two clusters best fit our 
cohort as assessed by a silhouette score. Based on sub-group analysis (Table 3), cluster 1 (left) was found to have more EGE, increased inferolateral and mid-wall LGE, 
and increased T1 and T2. On the other hand, cluster 2 (right) was found to have increased T2 edema and subepicardial, anterior, and inferolateral LGE. EGE – Early 
Gadolinium Enhancement; LGE – Late Gadolinium Enhancement; T1 – Spin-lattice relaxation; T2 – Transverse relaxation. 
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edema and sub-epicardial inferolateral inflammation. To our knowl-
edge, ours was the first study to identify a unique pattern of inflam-
mation in female patients from non-European countries with acute 
myocarditis. Future studies are required to identify the prognostic sig-
nificance of this finding. 

The recent updates in 2018 to the LLC highlight the value of T1 and 
T2 parametric mapping for diagnosis and risk stratification of acute 
myocarditis [6,8,9,18,19]. In our study, we found that machine learning 
derived clusters resulted in two disparate clusters, one with an anterior 
and inferolateral pattern of LGE inflammation and the other with 
increased myocardial T1/T2 from parametric mapping. Furthermore, 
machine learning failed to identify differences in the cohort without the 
addition of parametric mapping data, further highlighting its impor-
tance in assessing the phenotype of inflammation in myocarditis. Pre-
liminary subgroup analysis appears to suggest that anterior LGE was 
more associated with worsened outcomes as compared to T1/T2 para-
metric mapping, potentially suggesting that patients in cluster 2 are in 
an earlier phase of myocarditis compared to cluster 1 [20,21]. Analysis 
incorporating more sophisticated measures , including cardiac texture 
analysis [18,19] and how these relate to subclinical myocardial injury in 
acute myocarditis, is of future interest. 

4.1. Limitations 

There are a couple of limitations which should be considered. 
Confirmation of the diagnosis of acute myocarditis by endomyocardial 
biopsy was only obtained for 3 patients. Viral reverse transcriptase po-
lymerase chain reaction tests only confirmed a clear etiology in 9 pa-
tients in our cohort. Our study only had 12 patients who experienced a 
cardiac event, making much of our analysis under-powered for more 
detailed statistical testing. As such, statistical comparisons from factor 
analysis were under-powered. These findings are consistent with the 
event rate in acute myocarditis overall but nonetheless affect the anal-
ysis. All CMR studies were conducted at single site. T1 and T2 para-
metric maps were only obtained for a subset of patients. While 
missingness was accounted for by iterative imputation, generalizability 
of the results from our model may be limited. Future studies should aim 
to validate the models in larger cohorts across multiple sites. 

5. Conclusion 

In a cohort of 169 CMR confirmed acute myocarditis patients from 
Northern Africa, Asia, and the Middle East, we assessed whether 
different patterns of LGE inflammation and myocardial T1 and T2 are 
associated with specific gender, geography, and cardiac events. 
Consistent with prior studies, we found that anteroseptal inflammation 
is associated with worsened outcomes. We further identified that female 
patients in our cohort are less likely to have the classic pattern of sub- 
epicardial inferolateral LGE observed in European countries. Finally, 
using machine learning in combination with factor analysis, we agnos-
tically identified two clusters. In cluster 1, patients were more likely to 
have EGE, inferolateral and mid-wall LGE, and increased myocardial 

Table 3 
Patient and CMR characteristics of Patients with Acute Myocarditis according to 
machine learning derived cluster and Bayesian factor analysis. In the cohort, 
each patient was assigned to one of two clusters identified by K means clustering, 
a method of unsupervised machine learning. Characteristics were compared 
with either a Mann-Whitney U test or Chi-Squared test, where appropriate. BSA 
– Body Surface Area; CMR – Cardiovascular Magnetic Resonance; LVEDVi – Left 
Ventricular End Diastolic Volume indexed; LVESVi – Left Ventricular End Sys-
tolic Volume indexed; LVEF – Left Ventricular Ejection Fraction; RVEF – Right 
Ventricular Ejection Fraction; LGE – Late Gadolinium Enhancement; T1 – Spin- 
lattice relaxation; T2 – Transverse relaxation; Hs – High-Sensitivity; CRP – C 
Reactive Protein.  

Summary Characteristics Cluster 1 
(n = 31) 

Cluster 2 
(n = 106) 

P-Value 

Gender, (% Men) 27, (87%) 77, (73%)  0.098 
Height, cm 170 ± 9 168 ± 8  0.1123 
Weight, kg 82 ± 15 77 ± 17  0.0949 
BSA, m2 4 ± 14 2 ± 0.2  0.0351 
Age, yrs 36 ± 12 39 ± 14  0.2832 
Region    0.477 

Africa 7 (23 %) 28 (26 %)  
Southern Asia 9 (29 %) 34 (32%)  
UK, US, Europe, Canada 2 (6%) 2 (2%)  
Western Asia 12 (39%) 32 (30%)  
Others 1 (3 %) 3 (3%)  

CMR LVEDVi    0.354 
<50 3 (10 %) 8 (8%)  
51–60 7 (23%) 15 (14%)  
61–70 6 (19%) 24 (23 %)  
71–80 7 (23%) 15 (14%)  
81–90 2 (6%) 19 (18%)  
101–110 2 (6%) 12 (11%)  
111–120 1 (3%) 1 (0.9%)  
121–130 0 (0%) 2 (2%)  
141–150 1 (3%) 0 (0%)  
>151 0 (0%) 4 (4%)  

CMR LVESVi    0.433 
<50 25 (81%) 76 (72%)  
51–60 0 (0%) 7 (7%)  
61–70 4 (13%) 5 (5%)  
71–80 1 (3%) 4 (4%)  
81–90 0 (0%) 4 (4%)  
91–100 0 (0%) 3 (3%)  
101–110 1 (3%) 3 (3%)  
111–120 0 (0%) 1 (0.9%)  

CMR LVEF, %    0.160 
<15 0 (0%) 2 (2%)  
16–25 0 (0%) 7 (7%)  
26–35 0 (0%) 13 (12%)  
36–45 4 (13%) 9 (8%)  
46–55 8 (26%) 25 (24%)  
>56 19 (61%) 50 (47%)  

CMR RVEF, %    0.207 
<15 0 (0%) 1 (0.9%)  
16–25 0 (0%) 4 (4%)  
26–35 0 (0%) 6 (6%)  
36–45 1 (3%) 12 (11%)  
46–55 19 (61%) 43 (41%)  
>56 11 (35%) 40 (38%)  

LGE    
Edema/T2, % 23 (74%) 25 (24%)  <0.001 
Early Gad, % 0 (0%) 5 (5%)  0.218 
LGE/Anterior, % 16 (52%) 18 (17%)  <0.001 
LGE/Septal, % 10 (32%) 34 (32%)  0.985 
LGE/Inferior, % 21 (68%) 60 (57%)  0.267 
LGE/Lateral, % 25 (81%) 76 (72%)  0.319 
LGE Sub-epicardial, % 24 (77%) 55 (52%)  0.011 
LGE Mid-wall, % 17 (55%) 71 (67%)  0.215 
LGE Sub-endocardial, % 2 (6%) 5 (5%)  0.700 
T1 Map    <0.001 
<890 13 (42%) 0 (0%)  
891–910 1 (3%) 0 (0%)  
911–930 1 (3%) 0 (0%)  
951–970 2 (6%) 0 (0%)  
971–990 0 (0%) 1 (0.9%)  
1011–1030 0 (0%) 3 (3%)   

Table 3 (continued ) 

Summary Characteristics Cluster 1 
(n = 31) 

Cluster 2 
(n = 106) 

P-Value 

1051–1070 0 (0%) 6 (6%)  
1071–1090 0 (0%) 2 (2%)  
1091–1110 0 (0%) 1 (0.9%)  
>1111 0 (0%) 4 (4%)  

T2 Map    <0.001 
<40 9 (8%) 2 (2%)  
46–50 4 (15%) 4 (4%)  
51–55 0 (0%) 10 (9%)  
56–60 0 (0%) 3 (3%)  
>61 1 (4%) 8 (8%)   
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T1/T2 from parametric mapping. In cluster 2, patients had increased T2 
edema and increased sub-epicardial anterior and inferolateral LGE. 
Future studies should be aimed to validate both our findings and our 
approach in a larger cohort with a similar racial and ethnic composition. 
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[20] U.K. Radunski, G.K. Lund, D. Säring, S. Bohnen, C. Stehning, B. Schnackenburg, 
M. Avanesov, E. Tahir, G. Adam, S. Blankenberg, T1 and T2 mapping 
cardiovascular magnetic resonance imaging techniques reveal unapparent 
myocardial injury in patients with myocarditis, Clin. Res. Cardiol. 106 (1) (2017) 
10–17. 

[21] R. Hinojar, E. Nagel, V.O. Puntmann, T1 mapping in myocarditis–headway to a 
new era for cardiovascular magnetic resonance, Expert Rev. Cardiovasc. Therapy 
13 (8) (2015) 871–874. 

A.-N. Ghareeb et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.ijcha.2022.101029
https://doi.org/10.1016/j.ijcha.2022.101029
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0005
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0005
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0005
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0005
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0010
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0015
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0020
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0020
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0020
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0025
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0025
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0025
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0025
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0030
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0030
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0030
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0030
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0035
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0035
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0035
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0040
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0040
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0045
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0045
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0045
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0050
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0050
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0055
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0055
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0055
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0055
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0060
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0060
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0060
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0060
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0065
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0065
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0065
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0065
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0070
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0070
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0070
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0070
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0075
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0075
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0080
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0080
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0080
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0080
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0080
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0085
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0085
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0085
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0090
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0090
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0090
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0090
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0095
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0095
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0095
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0100
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0100
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0100
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0100
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0100
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0105
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0105
http://refhub.elsevier.com/S2352-9067(22)00078-1/h0105

	Patterns of cardiovascular magnetic resonance inflammation in acute myocarditis from South Asia and Middle East
	1 Introduction
	2 Methods
	2.1 Study patients and data collection
	2.2 Exposure
	2.3 Clinical outcomes
	2.4 CMR acquisition protocol
	2.5 CMR analysis
	2.6 Statistical analysis

	3 Results
	3.1 Study population
	3.2 Comparison of LGE patterns by clinical endpoint
	3.3 Comparison of LGE patterns by geography
	3.4 Agnostic determination of LGE patterns

	4 Discussion
	4.1 Limitations

	5 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary material
	References


