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Background: Cardiac magnetic resonance imaging (CMRI) is considered to be useful for the diagnosis of myocarditis, and
the Lake Louise Criteria (LLC) has been proved to be of significance as the standard of diagnosis. However, the
diagnostic performance of LLC-based CMRI for myocarditis compared with endomyocardial biopsy (EMB) has
not been quantitatively evaluated in a meta-analysis.

Material/Methods: The databases PubMed, Cochrane’s Library, and EMBASE were searched to identify studies on LLC and its indi-
vidual components for the diagnosis of myocarditis. EMB was the control reference. The sensitivity, specificity,
and positive and negative diagnostic likelihood ratios were calculated with a random-effects model. The area
under the receiver operating characteristic curve (AUC) was estimated to show overall effectiveness.

Results: We included 9 cohorts (614 patients) of patients with suspected MC. The combined sensitivities, specificities,
and AUCs for T1-weighed global relative enhancement were 0.66, 0.73, and 0.71; for T2-weighed edema ratio
they were 0.52, 0.73, and 0.72; for the late gadolinium enhancement, they were 0.70, 0.57, and 0.67; and for
LLC-based CMRI they were 0.70, 0.56, and 0.70, respectively. Subgroup analysis indicated that the sensitivities,
specificities, and diagnostic accuracies of LLC and its individual component-based CMRI seemed to be similar
in patients with acute or chronic myocarditis. Results of the Deeks’ funnel plot asymmetry test showed no sig-
nificant publication bias among the studies.

Conclusions: CMRI based on LLC or its individual components seems to have moderate accuracy in diagnosis of acute or
chronic myocarditis.
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Background

Myocarditis (MC) is now considered as an inflammatory cardio-
vascular disease that is complicated by heterogeneous clinical
presentations [1]. The incidence and mortality associated with
MC is difficult to estimate since endomyocardial biopsy (EMB),
the criterion standard for the diagnosis of MC, is not common-
ly used in clinical practice [2]. Results of autopsy studies show
that MC accounts for the causes of sudden cardiac death in
2~42% of young cases [3,4], while results of studies based on
biopsy showed that MC contributes to 9%~16% of causes for
adult patients with dilated cardiomyopathy (DCM) [5], and more
than 40% for children with DCM [6]. MC is characterized by
histopathological features associated with chronic myocardi-
al inflammation, including myocardial fibrosis, ventricular re-
modeling, and subsequent cardiac dysfunction, which are not
specific to MC [7]. Accordingly, diagnosis of MC is an enormous
challenge in cardiovascular practice [8]. Because MC can be fa-
tal, early diagnosis of MC is important for the prevention and
treatment of the disease [1,2]. The clinical manifestations of
MC vary according to the severity of the disease. Moreover,
the symptoms and signs of patients with MC are usually non-
specific, which underlies the importance of additional medi-
cal examinations for the diagnosis of MC [2,9].

The criterion standard for the diagnosis of MC is EMB [10].
However, the application of EMB in clinical practice is limited
since it is an invasive procedure that causes discomfort and
there is an increased risk of severe complications [10]. Recent
studies suggested that cardiac magnetic resonance imaging
(CMRI) may be a useful noninvasive diagnostic tool for patients
with suspected MC [7]. Based on the results of accumulated
studies, 3 CMRI-related parameters have been suggested to
be of diagnostic efficacy for MC, including T1-weighed global
relative enhancement (gRE), T2-weighed edema ratio of the
myocardium (ER), and late gadolinium enhancement (LGE) in
contrast CMRI [8,9,11]. These parameters are considered to
be reflective of myocardial hyperemia, edema, necrosis, and
fibrosis, which are the major histopathological characteristics
of myocardium in patients with MC [12]. Moreover, a subse-
quent expert consensus proposed that the diagnostic efficacy
of CMRI for MC could be further improved if 2 of the 3 above
parameters were found to be positive, which are known as the
Lake Louise Criteria (LLC) [11].

However, the LLC were based on studies with limited sample
sizes [13-17]. More importantly, these studies compared the
diagnostic efficacy of LLC and its individual components with
clinically-diagnosed MC rather than EMB-diagnosed MC [13-17].
Therefore, the diagnostic performance of LLC-based CMRI for
MC as compared with EMB deserves further evaluation. Since
the proposal of LLC, some studies [18-24] have been published
that investigated the potential diagnostic efficacy of LLC and
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its individual components-based CMRI for patients with MC.
However, the results were not always consistent. The aim of
the present study was to quantitatively evaluate the diagnos-
tic performance of LLC-based CMRI for MC in a meta-analysis,
as compared with the criterion standard of EMB.

Material and Methods

Database searching

We performed this systematic review and meta-analysis follow-
ing the guidance of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) Statement [25] and the
Cochrane Handbook [26]. The studies were identified through
computerized searching of the databases PubMed (MEDLINE),
Cochrane Library, and EMBASE using the terms “magnetic res-
onance”, “magnetic resonance imaging”, MR, MRI, or CMRI,
paired with “myocarditis” and “endomyocardial biopsy” or
EMB. The search was limited to studies in humans and the
last search was completed on 1 August 2016. We also manu-
ally searched the reference lists of original and review articles.

Inclusion and exclusion criteria

We evaluated the full text of each article with the following in-
clusion criteria: (1) original study published as full-length article
in English; (2) designed as prospective or retrospective cohorts;
(3) including patients suspected of acute MC (AMC) or chronic
MC (CMCQ); (4) aimed to evaluate the diagnostic performance
of CMR for MC based on LLC or its individual component (gRE,
ER and LGE); (5) using EMB as the referenced standard for the
diagnosis of MC according to the Dallas Criteria [2]; and (6) re-
ported the essential data so that true- and false-positive val-
ues, and true- and false-negative values, could be extracted
or calculated and a 2x2 table created. The definitions of AMC
and CMC were consistently applied in the original studies ac-
cording to duration of symptoms from onset to hospital ad-
mission (AMC within 14 days; CMC >14 days) [24]. Specifically,
Dallas Criteria defined the histological evidence of MC as in-
flammatory infiltrates within the myocardium associated with
myocyte degeneration and necrosis of non-ischemic origin, and
quantitatively defined as >14 leucocytes/mm?, which include
up to 4 monocytes/mm? with the presence of CD3-positive T
lymphocytes >7 cells/mm? [2]. Review articles and duplicate
publications were excluded.

Data extraction and quality assessment

Two authors independently performed the literature search,
data extraction, and quality assessment based on the inclu-
sion criteria. Discrepancies were resolved by consensus. Data
extracted from each study included: first author, published
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year, location, number of participants, mean ages, proportion
of male patients, AMC or CMC, characteristics of CMRI scan-
ners, and CMRI variables analyzed. True- and false-positive
data, and true- and false-negative data, obtained from LLC or
its individual components for the diagnosis of MC, were ex-
tracted for further evaluation. For studies that reported the
results of 2 or more cohorts without overlapping participants,
multiple sets of data were extracted. We evaluated the quality
of the included studies using QUADAS-2 (Quality Assessment
Tool for Diagnostic Accuracy Studies) [27]. Each study’s risk
of bias and applicability were rated as low, high, or unclear
for each domain.

Statistics

The summary sensitivity, specificity, and positive and nega-
tive diagnostic likelihood ratios (DLRs) were calculated from
the 2x2 tables with corresponding 95% confidence intervals
(Cls). The efficacy of LLC-based CMRI for the diagnosis of MC
was measured by the diagnostic odds ratio [OR], which is the
ratio of the odds of a correct diagnosis to the odds of a mis-
diagnosis [28]. The area under the receiver operating charac-
teristic (AUC) curve derived from the data was taken to reflect
the overall effectiveness of each quantitative method. Inter-
study heterogeneity was formally tested using Cochrane’s Q
test, and significant heterogeneity was defined as P<0.10. We
also calculated the I? statistic, which describes the percent-
age of total variation across studies that is due to heteroge-
neity rather than chance; 1> >50% was considered significant
heterogeneity [29]. We used a random-effects model, rather
than a fixed-effects model, to estimate the overall effect. This
is because the random-effects model is a more conservative
method that takes into account that study heterogeneity can
vary beyond chance, and the results are thus more general-
izable. Subgroup analyses were performed to summarize the
sensitivity, specificity, and diagnostic accuracy of LLC and its
individual component-based CMRI for the diagnosis of AMC
and CMC. Deeks’ funnel plot asymmetry test was used to eval-
uate publication bias. Statistical analyses were performed us-
ing STATA 12.0. All statistical tests were 2-sided, with P<0.05
indicating statistical significance.

Results

Results of literature searching

Initially, 302 records were retrieved from the primary database
search, and the process of study identification was summa-
rized in Figure 1. Briefly, 21 studies were detected based on ti-
tle and abstract screening, and 7 studies were finally included
after reviewing the full texts of the 21 articles. Fourteen stud-
ies were further excluded because 5 were not relevant studies,
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Articles identified through database searching (n=302)

Articles excluded based on title and abstracht (n=281)
Not relevant studies

Review articles, letters or editorials

Duplication

Potentially relevant articles (n=21)

Articles excluded based on full-text review (n=14)
Not relevant studies (n=5)

Not referred to EMB (n=4)

Presentation of the same study (n=1)

Not in patients with suspected myocarditis (n=1)
Outcome data not reported (n=3)

Articles included in review (n=7)

|

Articles included in meta-analysis (n=7)
Performance of CMR for the diagnosis of myocarsitis

Figure 1. Flow diagram of search results and study selection.

4 did not use EMB as a referenced standard, 3 did not include
the outcome data, 1 was not in patients with suspected MC,
and 1 was a duplicate of an included study.

Study characteristics and quality evaluation

Overall, 7 studies including 614 patients with suspected MC
were included in our meta-analysis [18-24]. Since 2 of the
studies [22,24] included both the cohorts of AMC and CMC, 9
cohorts were included for subsequent quantitative analyses.
The characteristics of the included studies are presented in
Table 1. The mean age of the patients included in each cohort
varied from 40.0 to 58.4 years, with the proportions of males
ranging from 32.9% to 87.0%. All of the included patients un-
derwent CMRI with a 1.5T scanner, and 1 study also provided
CMRI data with a 3.0T scanner [22]. To keep the consistency
of the CMRI technique applied and avoiding repeated inclu-
sion of the same study cohort, only the CMRI data with the
1.5T scanner were included for analysis. Biventricular sam-
pling was applied in EMB in 3 of the studies [18,20,24]. The
quality of the eligible studies was assessed according to the
QUADAS-2 criteria (Table 2). All of the studies were assessed
as having a low risk of bias for patient selection, index test,
and reference standard, although 3 studies did not report the
time intervals between CMRI examination and EMB [18,19,22].
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Table 1. Characteristics of included studies.

Mean Male

age
y %)

(years

CMR variables
analyzed

Scanner
brand

Number of
participants

Patients
cohort

EMB
sampling

Author year

Country

ngathrhOldt Germany Sus,;\)/\eccted 128 41.2 745 LGE:Z%;O” Siemens 1.5T LGE
;23‘;2 Germany S“S,’\’Aegted 69 584 329 RV,lVorBV  Siemens 1.5T LGE
gé‘(t)ze”et Germany Suscp’\;ccte‘j 83 448 337 VS GE 1.5T gRE, ER, LGE, LLC
2:’1"3"@ Czech Suscpniccted 42 439 714 RV Siemens 1.5T gRE, ER, LGE, LLC
;‘(‘)rlz A Germany s“;p!\;ccte‘j 70 440 870 LV Philips 1.5T gRE, ER, LGE, LLC
;‘c‘)rlz o Germany Suscpnf\ccted 62 520 69.4 v Philips 1.5T gRE, ER, LGE, LLC
28;‘2‘9” Germany S“S”\)Aecded 31 51.0 770 RVorlV Philips 1.5T LGE, LLC
;‘c‘)rlz AN Germany S“;p,\iccted 61 400 83.0 BV Philips 1.5T LGE, LLC
;‘(‘)rlz . cmc Germany Suscphiccted 68 460 81.0 BV Philips 1.5T LGE, LLC

AMC - acute myocarditis; CMC — chronic myocarditis; MC — myocarditis; EMB — endomyocardial biopsy; CMR — cardiac magnetic
resonance; ER — edema ratio; gRE — global relative enhancement; LGE — late gadolinium enhancement.

Table 2. Quality assessment of included studies with QUADAS-2 Scores.

Risk of bias

Applicability concerns

Reference
HELLET

Patient
selection

Flow and
timing

Reference
HELLET

Patient
selection

Mahrholdt 2006 Low Low Low Unclear Low Low Low
Yilmaz2008  low  low  low Unclear  Low  low  low
Gutberlet2008  low  low  low  low  lw  low  low
Sramko 2013 low  low  low  low  low  low  low
luwz2014AMC low  low  low Unclear  Llow  low  low
lurz2014CMC low  low  low Unclear  Low  low  low
Bohnen2015  low  low  low  low  low  low  low
luwz2016AMC  low  low  low  low  low  low  low
lwrz20t6CMC low  low  low  low  low  low  low

Meta-analysis of LLC-based CMRI for diagnosis of MC

Four of the cohorts [19,21,22], comprising 257 patients with
suspected MC, evaluated the performance of gRE-based CMRI
for the diagnosis of MC. The summary sensitivity was 0.66 (95%
Cl: 0.51-0.78) and the specificity was 0.73 (95% Cl: 0.30-0.94)
(Figure 2A). The positive DLR was 2.40 (95% Cl: 0.80-7.60) and
the negative DLR was 0.47 (95% Cl: 0.34-0.64). Significant

heterogeneity existed among the included studies for sum-
mary sensitivity and specificity (1?=61.0% and 93.3%, respec-
tively). The summary diagnostic odds ratio was 5.0 (95% Cl:
1.0-21.0) and the summary AUC was 0.71 (95% Cl: 0.67-0.75)
according to the synthesized ROC curve (Figure 3A).

For the diagnostic efficacy of ER-based CMRI, 4 cohorts
[19,21,22] comprising 257 patients with suspected MC were
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included. The summary sensitivity was 0.52 (95% Cl: 0.22-0.81)
and the specificity was 0.73 (95% Cl: 0.57-0.85) (Figure 2B).
The positive DLR was 2.0 (95% Cl: 1.3-3.0) and the negative
DLR was 0.65 (95% Cl: 0.36-1.16). Significant heterogeneity
existed among the included studies for summary sensitivity
and specificity (1?=90.5% and 60.9%, respectively). The sum-
mary diagnostic odds ratio was 3.0 (95% Cl: 1.0-8.0), and the
summary AUC was 0.72 (95% Cl: 0.68-0.76) according to the
synthesized ROC curve (Figure 3B).

For the diagnostic efficacy of LGE-based CMRI, all of the 9 co-
horts (614 patients) of suspected MC patients were includ-
ed. The summary sensitivity was 0.70 (95% Cl: 0.52-0.83)
and the specificity was 0.57 (95% Cl: 0.41-0.72) (Figure 2C).
The positive DLR was 1.6 (95% Cl: 1.1-2.4) and the negative
DLR was 0.52 (95% Cl: 0.30-0.92). Significant heterogeneity
existed among the included studies for summary sensitivity
and specificity (1?=91.2% and 81.7%, respectively). The sum-
mary diagnostic odds ratio was 3.0 (95% Cl: 1.0-8.0) and the

META-ANALYSIS

summary AUC was 0.67 (95% Cl: 0.63-0.71) according to the
synthesized ROC curve (Figure 3C).

For the diagnostic efficacy of LLC-based CMRI, 7 cohorts
[19,21-24] (417 patients with suspected MC) were included.
The summary sensitivity was 0.70 (95% Cl: 0.62-0.76) and
the specificity was 0.56 (95% Cl: 0.31-0.78) (Figure 2D). The
positive DLR was 1.6 (95% Cl: 0.9-2.8) and the negative DLR
was 0.54 (95% Cl: 0.35-0.84). Significant heterogeneity exist-
ed among the included studies for specificity (12=86.9%). The
summary diagnostic odds ratio was 3.0 (95% Cl: 1.0-8.0) and
the summary AUC was 0.70 (95% Cl: 0.66-0.74) according to
the synthesized ROC curve (Figure 3D).

Subgroup analyses for LLC-based CMRI for diagnosis of
AMC or CMC

Since only 1-4 cohorts were available for the evaluation of LLC
and its individual component-based CMRI for the diagnosis AMC
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Lurz 2014-CMC —Iu— 0.73 [0.54-0.88] Lurz2014-CMC | —a— | 0.220.09-0.40]
[
Lurz 2014-AMC 1'—1'7— 0.75[0.62-0.86] Lurz 2014—AMC _r_l_ 0.53[0.28-0.77]
l |
Sramko 2013 | —— 040 [0.16-0.68] Sramko 2013 = | 0.96(0.81-1.00]
|
] |
Gutberlet 2008 —a— 0.63[0.47-0.76] Gutberlet 2008 :—g- 0.86 [0.70-0.95]
| |
Combined > | 0s6l051-078] Combined | <7 "> | 0730030-094
| I
| Q=7.70, df=3.00, p=0.05 i Q=46.12, df=3.00, p=0.00
[
i 1>=61.02 [18.36-100.00] : [2=93.50 [88.77-98.22]
02 09 01 10
Study ID Sensitivity (95% Cl) Study ID Sensitivity (95% Cl)
| |
- — — .66 [0.47-0.
lurz2014-CMC | 0.4310.25-0.63] Lurz 2014-CMC al 0661047-081]
| 1
|
Lurz 2014—-AMC : — 0.85 [072_093] Lurz 2014-AMC —L‘—[— 0.65 [038—086]
| |
[ b
Sramko 2013 | —m— | 0.13 [0.02-0.40] Sramko 2013 —= 0.93[0.76-0.99]
|
| 1
| |
Gutberlet 2008 Lo | 06700.52-080] Gutberlet 2008 | —— 069[051-083]
I !
Combined <> 0.52[0.22-081] Combined | <> 0.73[0.57-0.85]
| |
| Q=31.64, df=3.00, p=0.00 : 0=7.67, df=3.00, p=0.05
| .
! :=90.52 [82.87-98.17] ! [2=60.91[18.12-100.00]
00 09 04 10
Sensitivity Specificity

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




Wei S. et al.:

META-ANALYSIS CMRI for myocarditis

© Med Sci Monit, 2017; 23: 3687-3696

D
Study ID Sensitivity (95% Cl) Study ID Sensitivity (95% (1)
| .
Lurz 2016-CMC —’L?- 0.69[0.54-0.81] Lurz 2016-CMC —:—: 0.35[0.15-0.59]
|
Lurz 2016-AMC WL;- 0.770.61-0.88] Lurz 2016-AMC —:—: 0.39[0.17-0.64]
|
|
Bohnen 2015 —[E— 0.75[0.48-0.93] Bohnen 2015 —;Jl 0.33[0.12-0.62]
|
|
Lurz 2014-CMC —E:— 0.60[0.41-0.77] Lurz 2014-CMC —— : 0.34[0.19-0.53]
|
|
Lurz 2014-AMC -{ﬂ- 0.74[0.60-0.85] Lurz 2014-AMC —fE— 0.65 [0.38-0.86]
| I
Sramko 2013 —lLE 0.870.60-0.98] Sramko 2013 —c—:— 0.4410.25-0.65)
|
|
Gutberlet 2008 | —#— : 0.27[0.15-0.42] Gutberlet 2008 | —m- 0.80[0.63-0.92]
|
I I
Yilmaz 2008 ‘75‘: 037[0.23-0.52] Yilmaz 2008 I—=- | 0.83[0.61-0.95]
|
|
|
Mahrholdt 2006 I | 0.95[0.89-0.99] Mahrholdt 2006 | == | 0.83[0.68-0.93]
|
Combined <|f> 070 0.52-0.83] Combined <> 0.57[0.41-0.72]
|
| 0=90.64, df=8.00, p=0.00 | Q=43.81, df=8.00, p=0.00
I I
! [2=91.17 [86.79-95.99] : 2=81.74 [70.65-92.83]
0.2 1.0 (K] 10
Study ID Sensitivity (95% Cl) Study ID Sensitivity (95% Cl)
[ [
Lurz 2016-CMC —Et+ 0.65[0.49-0.78] Lurz 2016-CMC —a+ 0.45[0.23-0.68]
| |
| |
Lurz 2016-AMC —a 0.65[049-0.79] Lurz 2016-AMC —ml 0.44[0.22-0.69]
|
| |
Bohnen 2015 ——m— | 0.88(0.62-098] Bohnen 2015 | m— | 0.07[0.00-0.32]
| |
| |
Lurz2014-(MC | —m+— 0.63 [0.44-0.80] Lurz 2014-CMC —m+ 0.410.24-0.59]
| |
| |
Lurz 2014-AMC lLu— 0.81[0.68-0.91] Lurz 2014-AMC —Jl-q— 0.71[0.44-0.90]
| |
Sramko 2013 —q’— 0.67[0.38-0.88] Sramko 2013 {—@ 0.85 [0.66-0.96]
| |
| — |
Gutberlet 2008 — 0.63[0.47-0.76] Gutberlet 2008 | — | 0.89[0.73-0.97]
| |
Combined d} 0.70 [0.62-0.76] Combined <j> 0.56 [0.31-0.78]
| |
: : Q=45.86, df=6.00, p=0.00
[ 0=8.43, df=6.00, p=0.21 |
! [ !=86.92 [78.59-95.25]
{ 2=28.80 [0.00-88.90] }
04 10 0.0 10
Sensitivity Specificity

Figure 2. Forest plots for the performance of LLC and its individual component-based CMRI for the diagnosis of MC. (A) Summary
sensitivity and specificity for gRE; (B) Summary sensitivity and specificity for ER; (C) Summary sensitivity and specificity for
LGE; (D) Summary sensitivity and specificity for LLC.

and CMC separately, we pooled the data for summary sensi- ER-, LGE-, and LLC-based CMRI seemed to be similar in pa-
tivity, specificity, and diagnostic accuracy based on the includ- tients with AMC and CMC.

ed cohorts. The results are presented in Table 3. Generally, the

sensitivities, specificities, and diagnostic accuracies of gRE-,
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Figure 3. Summary ROC curves for the performance of LLC and its individual component-based CMRI for the diagnosis of MC.
(A) Summary ROC curve for gRE; (B) Summary ROC curve for ER; (C) Summary ROC curve for LGE; (D) Summary ROC curve for

LLC; Summary ROC curves were based on the bivariate random-effects model.

Discussion

Publication bias

By pooling the results of 7 diagnostic studies using EMB as the
referenced standard, our meta-analysis showed only moderate
diagnostic efficacies of LLC and its individual component-based
CMRI for MC. Specifically, the AUCs for gRE, ER, LGE, and LLC
were 0.71, 0.72, 0.67, and 0.70 respectively. Moreover, subgroup
analysis suggested that the sensitivities, specificities, and di-
agnostic accuracies of LLC and its individual component-based

According to the Deeks’ funnel plot asymmetry test, there
was no significant publication bias among the studies for es-
timation of diagnostic efficacies of LGE- or LLC-based CMRI
for MC (P=0.10 and 0.38 respectively; Figure 4). The publi-
cation biases the diagnostic efficacies of gRE- and ER-based
CMRI were difficult to estimate because a limited number of
studies were included.
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Table 3. Subgroup analyses in patients with AMC or CMC.
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Figure 4. (A, B) Deeks’ funnel plots for the assessment of publication

LLC-based CMRI for MC.

CMRI seemed to be similar in patients with AMC and CMC.
These results suggest that compared with EMB, the diagnostic
performance of LLC and its individual component-based CMRI
in patients with suspected MC is moderate. Our results high-
light the need for development of novel CMRI-related param-
eters and novel imaging techniques for the diagnosis of MC.

Our study has clinical implications. To the best of our know!-
edge, this is the first meta-analysis to systematically evaluate
the diagnostic performance of LLC-based CMRI in patients with
suspected MC using EMB as the standard. Indeed, the previ-
ously proposed LLC for CMRI diagnosis of MC were based on
small-scale studies, which mostly compared the CMRI results
with clinical data [13-17]. The CMRI parameters used in the
LLC were generally 3 histopathological features of myocardi-
al inflammation, which may lack sensitivity and specificity for
MC as compared with patients with other cardiovascular dis-
eases [7,8,11]. Firstly, gRE, which indicates T1-weighed glob-
al relative enhancement and reflects myocardial hyperemia,

biases for the estimations of the diagnostic efficacies of LGE- or

has been shown to be nonspecific for MC [30]. Because the
signal intensity of skeletal muscle is used for the normaliza-
tion of the gRE ratio, gRE in patients complicated with skeletal
muscle diseases may become falsely negative [31]. Secondly,
ER, which indicates the T2-weighed edema ratio and reflects
the extent of myocardial edema, has also been suggested to
be nonexclusive in MC and in other diseases with myocardi-
al interstitial injury [32]. In addition, technique shortcomings,
such as low signal-to-noise ratio, also limited the diagnostic
accuracy of ER [33]. Lastly, LGE, which indicates late gadolini-
um enhancement in contrast CMRI and reflects myocardial ne-
crosis and fibrosis, also lacks specificity and sensitivity. Since
myocardial necrosis and fibrosis could be observed in many
other cardiovascular diseases with myocardial injury and re-
modeling, LGE was not specific for MC [34,35]. Moreover, for
patients with moderate MC, the extent of myocardial necro-
sis and fibrosis may be not significant enough to be detected
by LGE. In summary, based on these limitations of the com-
ponents of LLC, it was not surprising to find that CMRI based
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on LLC and its components were moderately accurate for di-
agnosis in patients with suspected MC. Although a previous
consensus proposed to combine these 3 techniques and apply
2 of 3 positive as the diagnostic standard to improve overall
diagnostic accuracy [11], results of our meta-analysis did not
support that CMRI based on LLC had better diagnostic effica-
cy than CMRI based on the individual components.

Some previous studies suggest that CMRI based on LLC may
confer better diagnostic accuracy in patients with AMC than
in those with CMC [22,24], because patients with AMC typi-
cally have more significant histopathological features of MC,
such as myocardial hyperemia, edema, necrosis, and fibrosis.
Although limited data could be included, our subgroup anal-
yses by pooling the data from AMC and CMC studies did not
support that CMRI based on LLC has better diagnostic perfor-
mance in AMC, indicating that the diagnostic efficacy of LLC-
based CMRI may be consistently moderate in AMC and CMC.
These results should be interpreted with caution, and stud-
ies with adequate statistical power are needed to further con-
firm our findings.

Results of our study highlights the need to develop novel im-
aging strategies for the diagnosis of MC. Some recent stud-
ies have suggested that T1 and T2 mapping may be superior
to the conventional LLC-based CMRI in patients with suspect-
ed MC [23,24], especially in those with CMC. Additionally, the
performance of some other functional imaging methods, such
as 19F MRI for the detection of immune cell infiltration [36],
deserves further evaluation.

Our study has limitations which should be considered when
interpreting the results. Firstly, although we used EMB as the

referenced standard for the diagnosis of MC, this method has
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possible limitations as a criterion diagnostic standard for MC,
because the diagnostic efficacy of EMB has been shown to
be hampered by the potential sampling error [37] and associ-
ated lower sensitivity of the diagnostic strategy [38], as well
as the influence of high interobserver variability in the inter-
pretation of biopsy samples [39]. To overcome these limita-
tions, some of our included studies applied biventricular biop-
sy. Secondly, significant heterogeneities among the included
studies were detected for most of the outcomes. Differences
in study characteristics, such as the duration of symptom-on-
set of CMRI examination, comorbidities of the patients, and
protocols for CMRI analysis, may have contributed to hetero-
geneity. Finally, the limited number of available studies and in-
cluded patients prevent us from subsequently discovering the
source of the heterogeneity, and the AUCs for the diagnostic
efficacy of CMRI in patients with AM or CM could not be es-
timated separately because limited datasets were available.
However, with the limitations of EMB used in clinical studies,
performing a meta-analysis like ours is an important strate-
gy to overview the diagnostic performance of LLC-based CMRI
as compared with EMB.

Conclusions

Results of our meta-analysis show that CMRI based on LLC or
its individual components seems to have moderate efficacy
in the diagnosis of MC in clinical practice. Novel CMRI-related
parameters and imaging techniques are still needed for the
diagnosis of MC.
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