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Abstract

Objective: The purpose of the current study was to evaluate the diagnostic accuracies of fluorine-18-flu-
orodeoxyglucose ("°F-FDG) positron emission tomography (PET) or PET/computed tomography (CT) for
diagnosis of myocarditis through and a meta-analysis. Materials and Methods: The PubMed, Cochrane
database, and Embase database were searched from inception through November 30, 2022 for studies
evaluating diagnostic performance of "F-FDG PET or PET/CT for diagnosis of acute myocarditis. Based on
data extracted from patient-based analysis, we calculated the pooled sensitivity and specificity with the
95% confidence intervals (Cl). Also, we calculated positive and negative likelihood ratios (LR+and LR-), and
constructed summary receiver operating characteristic curves. Results: Across 5 studies (6 results, 264 pa-
tients), the pooled sensitivity of *F-FDG PET or PET/CT was 0.57 (95% Cl; 0.26-0.84) and a pooled specificity
of 0.89 (95% Cl; 0.74-0.96). Likelihood ratio (LR) syntheses gave an overall positive likelihood ratio (LR+) of
5.1 and negative likelihood ratio (LR-) of 0.48. The pooled DOR was 11 (95% Cl; 2-47). In meta-regression
analysis, no variable was the source of the study heterogeneity. Conclusions:Fluorine-18-FDG PET or PET/
CT showed insufficient sensitivity and moderate specificity for diagnosis of myocarditis. These results indi-
cated that cautious application of "*F-FDG PET or PET/CT should be paid for detection of myocarditis.
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Introduction

yocarditis is an inflammatory disease of the myocardium caused by various

conditions including viral infection, autoimmune reaction, toxin exposure and

drugs, or idiopathic causes [1]. The disease occurs more commonly in young
adults, particularly in young men and is the major cause of death in young adults [2, 3]. Al-
so, the disease is expected to account for significant cases of dilated cardiomyopathy [4].

Acute myocarditis can be either infectious or non-infectious in etiology. Infectious ca-
uses include viruses, bacteria, fungi, and protozoa, with viruses being the leading cause of
infectious myocarditis [5]. The clinical presentations of myocarditis are very variable and
non-specific, being from asymptomatic, to severe complicated myocarditis [6, 7].

The early and accurate detection of myocarditis still remains challenging as clinical sym-
ptoms are variable and no single test could confirm the diagnosis. The endomyocardial bi-
opsy (EMB) is the gold standard method for the diagnosis of myocarditis with some limita-
tions [8, 9]. The sensitivity of EMB for detecting active inflammatory myocardium is limited
asaresult of a high false-negative rate due to sampling error related to the patchy distribu-
tion nature of the disease, and severe complications occur in 0.1% to 0.5% of procedures
[10].

Thus, accurate and non-invasion imaging techniques are clinically required for diagno-
sis of myocarditis. The traditional non-invasive anatomical imaging technique, cardiac
magnetic resonance imaging (CMR) has become an essential tool in the diagnosis process
of patients with myocarditis [1]. The degree of cellular uptake of fluorine-18-fluorodeoxy-
glucose ("°F-FDG) is influenced by the expression of glucose transporter proteins, which is
enhanced in activated inflammatory cells as well as tumor cells. Thus, *F-FDG positron
emission tomography (PET) or PET/computed tomography (CT) have been proposed to
be useful imaging modalities in the diagnosis and management of patients with suspec-
ted infectious diseases [11-13]. However, the role of “F-FDG PET or PET/CT in myocarditis
is still challenging and not fully established.
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The purpose of the current study is to meta-analyze the
published data on the diagnostic accuracies of *F-FDGPET
or PET/CT for diagnosis of myocarditis, in order to provide
more evidence-based data and to address further studiesin
the evaluation of diagnostic value of "*F-FDG PET or PET/CT
for detection of myocarditis.

Materialsand Methods

We used the Preferred Reporting of Systematic Reviews and
Meta-Analyses of Diagnostic Test Accuracy Studies (PRIS-
MA-DTA) statement to improve the reporting of our rese-
arch[14].

Data sources and search strategy

A structured approach was followed to identify the patient
population, interventions, comparators, outcomes, and stu-
dy design (PICOS criteria) [14]. We conducted electronic En-
glish-language literature searches of PubMed, Cochrane da-
tabase, and Embase from the earliest available date of in-
dexing through 30 November 2022. We also hand-searched
the reference lists of identified publications for additional
studies.The search strategy included both subject headings
(MeSH terms) and keywords for the target condition (Acute
myocarditis), the imaging techniques under investigation
("*F-FDG PET or PET/CT), and the interventions (Diagnosis).
We used a search algorithm based on a combination of ter-
ms: (1) “PET” OR “positron emission tomography” OR “posit-
ron emission tomography/computed tomography” OR
“PET/CT" OR “positron emission tomography-computed to-
mography”OR“PET-CT"AND (3)“Myocarditis”.

Criteriaforinclusioninthe currentstudy

Studies were eligible if the following PICOS criteria were
met: a) Patient population consisted of acute myocarditis
confirmed histologically; b) The imaging techniques with
"F-FDG PET or PET/CT; ¢) Histopathologic analysis was ava-
ilable as a reference standard; d) The study outcome descri-
bed acute myocarditis.

We excluded studies if a 2x2 table could not be extracted
from the data, if there were fewer than 5 patients, and if mul-
tiple reports were published for the same study population.
In the latter case, the most detailed or recent publication
was extracted. Duplicate publications were excluded, as we-
re publications such as review articles, case reports, confe-
rence papers, and letters, which do not contain the original
data.Two researchersindependently reviewed titles and ab-
stracts of the retrieved articles, applying the above-mentio-
ned selection criteria. Articles were rejected if clearly ineli-
gible. The same two researchers then independently evalu-
ated the full-text version of the included articles to deter-
mine their eligibility forinclusion.

Data extraction and quality assessment

Information about basic study (authors, year of publication,
and country of origin), study design (prospective or retros-
pective), patients' characteristics and technical aspects were

collected. Each study was analyzed to retrieve the number of
true positive (TP), true negative (TN), false positive (FP), and
false negative (FN) findings of "®F-FDG PET or PET/CT and
MRI for diagnosis of acute myocarditis according to the refe-
rence standard. Only studies providing such complete infor-
mation were finally included in the meta-analysis. Quality of
the included studies was assessed based on 15-item modi-
fied Quality Assessment of Diagnostic Accuracy Studies
(QUADAS-2) [15]. Two reviewers independently assessed
each potentially eligible study and assigned them as a quali-
ty rating of “good,” “fair,” or “poor”. Quality assessment was
conducted based on following criteria: study design and
presence of bias including selection, performance, recor-
ding, and reporting bias. Studies with high risk of bias were
defined as poor quality, presence of moderate risk (did not
affect the results) as fair quality, and those with minimal risk
asgood quality. Disagreements were settled with consensus
decision.Disagreement between the 2 authors was resolved
by discussion.

Data synthesis and analysis

All data from each eligible study were extracted. Categorical
variables are presented as frequencies or percentages, and
continuous variables are presented as mean values unless
stated otherwise. Measures of the diagnostic performance,
including sensitivity, specificity, and diagnostic odds ratios
(DOR), are reported as point estimates with 95% confidence
intervals (Cl). A DOR can be calculated as the ratio of the od-
ds of positivity in a disease state relative to the odds of posi-
tivity in the non-disease state, with higher values indicating
better discriminatory test performance [16]. Between-study
statistical heterogeneity was assessed using 12 and the Coch-
rane Q test on the basis of the random-effects analysis [17].
Publication bias was examined using the effective sample si-
ze funnel plot and associated regression test of asymmetry
described by Deeks and colleagues [18]. We used the bivari-
ate random-effects model for analysis and pooling of the di-
agnostic performance measures across studies, as well as
comparisons between differentindex tests [19, 20]. The biva-
riate model estimates pairs of logit transformed sensitivity
and specificity from studies, incorporating the correlation
that might exist between sensitivity and specificity. We also
used the model to create hierarchical summary receiver ope-
rating characteristic curves and to estimate the area under
the curve [21]. When statistical heterogeneity was substan-
tial, we performed meta-regression to identify potential
sources of bias [22]. Two-sided P<0.05 was considered statis-
tically significant. Statistical analyses were performed with
commercial software programs (STATA, version 13.1; Stata
Corp LP, 4905 Lakeway Drive, College Station, TX, 77845,
USA)and Meta-disc (version 1.4) downloadable freely from
URL: http://www.hrc.es/investigacion/metadisc_en.htm.

Results

Literature search and selection of studies
After the comprehensive computerized search was perfomed
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and references lists were extensively cross-checked, our rese-
arch yielded 719 records, of which 103 records of duplicated
abstracts were excluded after reviewing the title and abs-
tract. Also, 247 non-relevant studies, 222 conference abs-
tracts, 12 case reports, 12 letters, 20 editorial, 11 notes, and 79
review articles were excluded. Remaining 13 full text articles
were assessed for eligibility and 8 articles were excluded due

to insufficient data for the calculation of sensitivity and speci-
ficity of “F-FDG PET or PET/CT.Finally, 5 studies (6 results) we-
re selected and were eligible for meta-analysisand no additi-
onal studies were found screening the references of these ar-
ticles [23-27]. The characteristics of the included studies are
presented in Table 1. The detailed procedure of study selec-
tionin the current meta-analysis is shown in Figure 1.

Table 1. Characteristics of the included studies.

. “F-FDG Interpre- Cause of
Study . Patient Age N Gold-
Authors Year Country - Analysis M/F dose tation of myocar-
design number (Range) (MBq) PET standard ditis
Ederhy S 2022  France R PB 60 NA 66 NR VA EMB ICI
59 Modified
Nagesh CM 2015 India R PB 36 17/19 9.8 (6-17) MB('q/kg VA Jones RHD
criteria
Nensa F 2018 Germany P PB 55 31/24 NA 132163 VA EMB NR
OzawaK 2013  Japan R PB 29 18111 48 f/igZ}kZ VA EMB  NR
Peretto G 2022 ltaly P PB 75 49126 47 ,a-gﬁ;l'(z VA EMB Arrhythmic

Analysis; PB, Patient-based, EMB; Endomyocardial biopsy, NA; Not available, NR; Not reported, Study design; R, Retrospective: P, Prospective

Figure 1. Flow diagram of the search for eligible studies on the diagnostic performances of “F-FDG PET or PET/CT for diagnosis of myocarditis.
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Study description, quality, and publication bias

We conducted all analyses based on per-patient data analy-
sis.There were atotal of 255 patients in the included studies,
and the age ranged from 6 to 66 years. One study did not re-
port the sex distribution of their study cohort [23]. Three
studies [23, 24, 26] enrolled patients retrospectively, and 2
studies [25, 27] collected the data prospectively. All studies
used visual analysis for interpretation of *F-FDG PET or PET/
CT images for detection of myocarditis. Three studies [23,
24, 27] described the cause of myocarditis and 2 studies 25,
26 did not reported the cause of the disease. The principal
characteristics of 5 studies included in the meta-analysis are
includedinTable 1.To assess a possible publication bias, De-
eks's funnel plot asymmetry tests were designed. The non-
significant slope indicates that no significant bias was fo-
und.The Pvaluewas0.43 (Figure 2).

Methodological quality assessment

According to the QUADAS-2 tool, overall risk of bias in pati-
ent selection was high in one study (20%), unclear in four
(80%) studies. Risk of bias in the index test was high in one
study (20%), unclear in two studies (40%), and low in two
(40%). Risk of bias in the reference standard test was unclear
in four (80%) studies, low in one study (200%). Flow and ti-
ming had high in one study (20%), unclear in two studies
(40%), and low in two (40%). Applicability concerns in pati-
ent selection were unclear in two (40%) studies, and low in
three (60%) studies. Applicability concerns in the index test
were low in one (20%) study and unclear in three studies
(60%). Applicability concerns in reference standard were low
in all (100%) studies. Figure 3 shows methodological quality
summary of included studies.

Deeks' Funnel Plot Asymmetry Test

pvalue = 0.43

(0]

1/root(ESS)

Study
Regression

[0}

22 T

L 1
Diagnostic Odds Ratio

Figure 2. Results of Deeks s funnel plot of asymmetry test for publication bias. Non-significant slope indicates that no significant bias was found. (ESS; Effective samplessize).
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Figure 3. Risk of bias and applicability concerns summary.
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Diagnostic performances of “F-FDG PET or PET/CT

The results of *F-FDG PET or PET/CT for diagnosis of acute
myocarditis from 5 included studies (6 results) in the current
meta-analysis are presented in Figure 4. The pooled sensiti-
vity was 0.57 (95% CI; 0.26-0.84) with heterogeneity (P=
91.6,95% Cl; 86.6-96.7, P<0.001) and a pooled specificity of
0.89 (95% Cl; 0.74-0.96) with heterogeneity (12=61.9, 95%
Cl; 27.9-95.8, P=0.02). Likelihood ratio (LR) syntheses gave

Studyld | SENSITIVITY (95% Cl)
|
|
|
|
|
|
EdernyS | @~ | 0.10 [0.01 - 0.30]
|
|
Magesh CM —u—l 0.26 [0.09 - 0.51)
|
Nensa F % | 0.74[0.52-0.90]
|
|
Ozawa K —n 0.46 [0.18 - 0.75]
|
|
Parelta G [A] % | 0.75[0.62 - 0.85]
|
|
Perelto G [B] | w| 095[083-099)
|
|
|
|
|
COMBINED <i> 0.57[0.26 — 0.84]
I
| Q =60.20, df = 5.00,p = 0.00
|
|
| 12 = 91.69 [86.61 - 96.77]
0.0 1.0

SENSITRITY

an overall positive likelihood ratio (LR+) of 5.1 (95% Cl; 2.0-
13.4) and negative likelihood ratio (LR-) of 0.48 (95% CI;
0.43-1.02). The pooled DOR was 11 (95% Cl; 2-47). Figure 5
shows hierarchical summary receiver operating characte-
ristic (ROC) curve and indicates that the areas under the
curve (AUC) was 0.87(95% Cl; 0.84-0.90) of *F-FDG PET or
PET/CT.

Studyld | SPECIFICITY (35% CI)
|
|
|
|
|
|
EderyS | ——s— | 0.86[0.42-1.00]
|
|
Magesh CM —:—l 1.00 [0.74 - 1.00]
|
Mensa F 1 | 087 [0.84 - 1.00]
|
|
Ozawa K —-JI- 0.81 [0.54 - 0.96]
|
|
Perotto G [A] | —=—t 0.67 [0.38 — 0.88]
|
|
Perelio G [B] w— | 0.83(0.36 - 1.00]
|
|
|
|
|
COMBINED <i> 0.89[0.74 — 0.96]
|
: Q=13.13, dl = 5.00, p= 0.02
|
|
|| e-e192(27.99 - 95.84)
0.4 1.0
SPECFICITY

Figure 4. Forest plot of pooled sensitivity and specificity of “F-FDG PET or PET/CT for diagnosis of myocarditis.

Sensitivity
(=]
o

0 Cosarved Dala
Summary

rating Point
& SENS= ng?an.zag.. 0LE4
SPEC = 083 [0.74 - 0.96

SROC Curve
AUC = 0.87 [0.84 - 0.90]
—  @5% Cenfidence Contaur

++ 689, Prediction Contour

0.0+
1.0

0.5

I 0.0
Specificity

Figure 5. Summary receiver operating characteristic (SROC) curves for diagnosis of myocarditis using “F-FDG PET or PET/CT.
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Heterogeneity evaluation and meta-regression
analysis

Between-study heterogeneity was present among studies.
A meta-regression analysis was performed to explore the
potential sources of heterogeneity in the current studies
(Table 2).Meta-regression analysis showed that no variable
was the potent source of heterogeneity.

Likelihood ratio scatter-gram

Figure 6 shows the likelihood ratio scatter-gram which dis-
plays the summary point of likelihood ratios obtained as fun-
ctions of mean sensitivity and specificity in the right lower qu-
adrant suggesting that “F-FDG PET or PET/CT might not be
useful for exclusion and confirmation of myocarditis.

Discussion

The current meta-analysis showed a low sensitivity and a
moderate specificity of “F-FDG PET or PET/CT for diagnosis
of myocarditis. Furthermore, the DOR was low and the likeli-
hood ratio scatter-gram indicated that "*F-FDG PET or PET/
CT for diagnosis of myocarditis might not be useful for con-
firmation of presence of myocarditis and not for its exclu-
sion.

The degree of cellular uptake of "*F-FDG is influenced by
the expression of glucose transporter proteins, which is en-
hancedin activated inflammatory cells as well as tumor cells.
Thus, °F-FDG PET or PET/CT have been proposed to be use-
fulimaging modalities in the diagnosis and management of
patients with suspected infectious diseases [11-13]. Fluori-
ne-18 FDG PET or PET/CT have been reported to as a useful
diagnostic modality in identifying cardiac involvement of
sarcoidosis [28, 29]. However, little is known, regarding the
clinical usefulness of *F-FDG PET or PET/CT for diagnosis of

Table 2. Effects of moderators.

Variables Coefficient* SE DOR 95% CI of DOR pP**

Population (Adult vs Pediatrics) -2.988 3.1173 0.05 0 8026.2 0.5135

g‘“dy design (Prospective vs 2.879 23615  17.8 0 191.3 0.4373
etrospective)

Cause of myocarditis (Reported vs 1785 19084 0.7 0 569.7 0.5212

Not reported)

* Regression coefficient. ** P-value of random effect meta-regression using maximum likelihood estimation (ML) between study variances and the

weighted least squares of study size for regression model estimation.

Population (1, Adult vs 0, Pediatrics); Study design (1, Prospective vs 0, Retrospective); Cause of myocarditis (1, Reported vs 0, Not reported). DOR;

Diagnostic odds ratio, SE; Standard error, Cl; Confidence interval

100

LUCK Exclusion & Confirmation
LAP=10, LAM<0.1

RUQ: Confirmation Only
LRP=>10, LRN=0.1

LLQ: Exclusion Only

LRP<10, LRN<D.1

RLC: Mo Exclusion or Confirmation
LRP<10, LRN=0.1

Summary LRP & LRN for Index Test
With 95 2 Confidence Intervals

L1 e

Positive Likelihood Ratio

[ [ —

0.1

Megative Likelihood Ratio

Figure 6. Likelihood ratio scatter-gram of *F-FDG PET or PET/CT for diagnosis of myocarditis.
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myocarditis. Currently, the clinical evidence is limited to ob-
servational studies of "*F-FDG PET or PET/CT for localization
of infected sites of active inflammation in suspected acute
myocarditis patients [26, 30].

In a study conducted in rheumatic carditis patients, "°F-
FDG PET or PET/CT showed low sensitivity for diagnosis and
is not recommended as a routine imaging modality for the
diagnosis of rheumatic carditis [24]. A recent study sugges-
ted that "*F-FDG PET has a limited diagnostic value for the di-
agnosis of immune check point inhibitor (ICl) associated
myocarditis with "*F-FDG PET sensitivity for ICl-myocarditis
is below 30% [23]. However, other recent study investigated
the value of “F-FDG PET scan in arrhythmic myocarditis [27].
In their study, the sensitivity was 75% referring to EMB, and
73% to CMR and the specificity was 67% referring to EMB,
and 59% to CMR [27]. They concluded that "®F-FDG PET scan
may be a clinically useful diagnostic technique in arrhythmic
myocarditis, in particular when CMR is unsuitable because
of irregular heartbeat or implantable cardioverter-defibril-
lator-related artifacts. In comparison with CMR (LGE and/or
T2), Nensa et al. (2018) reported that sensitivity and specifi-
city of "F-FDG PET was 74% and 97% with good agreement
between CMRand PET [25].

The current meta-analysis showed a considerable hetero-
geneity of sensitivity and specificity between studies. The
included studies were statistically heterogeneous in their
estimates of sensitivity and specificity. This heterogeneity is
likely to arise through diversity in methodological aspects
between different studies and the basic differences among
the patientsin the included studies may have contributed to
the observed heterogeneity of the results too. Also, major li-
mitation was the time interval between beginning of myo-
carditis symptoms and "F-FDG PET or PET/CT imaging.
Ozawa et al. (2013) tried to determine optimum periods for
"F-FDG PET examination in subjects with suspected acute
myocarditis, and compared *F-FDG PET with EMB using the
latest definition of "“F-FDG PET for inflammatory left ventri-
cular myocardium [26]. They suggested that if possible, "°F-
FDG PET should be performed within 14 days after the onset
to maintain high diagnostic accuracy compared with EMB
[26]. The studies included in the current meta-analysis, the
timeinterval of *F-FDG PET or PET/CT in suspected myocar-
ditis patients showed wide range of periods and/or un-
known time intervals. Also, one important factor should be
considered for the source of inter-study heterogeneity of
the current meta-analysis. One of the most critical areas for
the detection of myocarditis is the optimal preparation of
patients forafasting "“F-FDG PET/CT scans and diet prepara-
tions.The prolonged, greater than 12 hour fasting is suppor-
ted to effectively achieve reduced seruminsulinand glucose
levels, and thereby suppress physiologic myocardial glu-
cose influxin the myocardium [31]. The differences between
the preparation protocols of the studies included in the me-
ta-analysis might affect the diagnostic accuracy of “F-FDG
PET/CT for detection of myocarditis and cause the hetero-
geneity of this meta-analysis. To minimize bias in the selec-
tion of studies and in the data extraction, reviewers who we-
re blinded to the journal, author, institution, and date of
publicationindependently selected articles based on the in-
clusion criteria, and scores were assigned to study design

characteristics and examination results by using a standar-
dized form that was based on the QUADAS-2 tool. Also, pub-
lication bias is a major concern in all meta-analyses as stu-
dies reporting significant findings are more likely to be pub-
lished than those reporting non-significant results. We as-
sessed the publication bias in our analysis by using funnel
plots which showed no definite asymmetry.

In conclusion, in terms of diagnostic accuracies, °F-FDG
PET or PET/CT should not be used for a routine diagnostic
imaging modality in suspected myocarditis patients. Fur-
thermore, cautious application of “F-FDG PET or PET/CT
should be paid for detection of myocarditis.
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