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Abstract The actiopathogenesis of acute and chronic
myocarditis is rather complex as a great variety of infectious
agents can induce cardiac inflammation. Moreover, many
systemic and autoimmune diseases such as sarcoidosis, giant
cell myocarditis and systemic lupus erythematodes, drugs
and toxins have been described as non-infectious causes of
inflammatory heart disorders. Myocarditis may cause sud-
den death and lead to dilated cardiomyopathy. The correct
and timely diagnosis of myocarditis is still a difficult clinical
challenge, since the clinical spectrum of myocarditis is broad
and comprises (amongst others) even those patients with no
symptoms or those presenting with acute cardiogenic shock.
Although endomyocardial biopsy still represents the gold
standard for the diagnosis of myocarditis, new non-invasive
imaging techniques such as cardiovascular magnetic reso-
nance (CMR) imaging promise the non-invasive diagnosis
of myocarditis. Considering the hallmarks of acute and
chronic myocarditis (accumulation of inflammatory cells;
swelling, necrosis and/or apoptosis of cardiomyocytes;
increase in extracellular space and water content; myocar-
dial remodelling with fibrotic tissue replacement), an
imaging modality such as CMR that enables non-invasive
detection of changes in myocardial tissue composition is
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highly valuable and welcome. This review will focus on the
‘clinical role’ of CMR in the diagnosis of acute and chronic
myocarditis.

Keywords Myocarditis - Endomyocardial biopsy
(EMB) - Cardiovascular magnetic resonance (CMR)

Introduction

Today, cardiovascular diseases represent the number one
cause of morbidity and mortality in western societies.
Amongst these cardiovascular diseases, myocarditis is an
inflammatory heart disease that may be caused by different
pathogens and triggers [1, 2] and is gaining increasing
importance since it may cause sudden death (in particular
in young athletes) and lead to dilated cardiomyopathy
[3, 4]. Although endomyocardial biopsy (EMB) still rep-
resents the gold standard for the diagnosis of myocarditis
[5-7], new non-invasive imaging techniques such as car-
diovascular magnetic resonance (CMR) imaging promise
the non-invasive diagnosis of myocarditis [2, 8]. Therefore,
this review will focus on the ‘clinical role’ of CMR in the
diagnosis of acute and chronic myocarditis.

Pathophysiology of myocarditis: experiences
from animal models

The aetiopathogenesis of acute and chronic myocarditis is
rather complex as a great variety of infectious agents
comprising bacteria, protozoa, fungi and, most importantly,
viruses can induce cardiac inflammation [1, 2]. In addition,
many systemic and autoimmune diseases such as
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sarcoidosis, giant cell myocarditis and systemic lupus
erythematodes, drugs and toxins have been described as
non-infectious causes of inflammatory heart disorders [9].

To date, the deepest insights into the pathogenesis of
myocarditis were gained by using coxsackievirus B3
(CVB3) infected mice [10-12] as they perfectly match the
different outcome of enteroviral myocarditis in humans.
Only certain mouse strains with a defined genetic back-
ground suffer from an extensive cardiac infection and
severe cardiac injury and inflammation [11, 13]. Cox-
sackieviruses of group B which enter preferably cardio-
myocytes via specific receptors (CAR for CVB1-6) induce
severe cytopathic damage due to virus replication in the
first 2 weeks post-infection [14]. As a consequence of
myocyte injury, the virus-specific innate immunity as well
as the humoral and cellular immune response evolves.
Resistant animals (C57BL/6, Sv/129 mice) are able to
eliminate the infectious agent within 2 weeks post—
infection; thus, the inflammation completely resolves.
However, in susceptible mouse strains (e.g. A/J, ABY/SnJ,
ASW/SnJ, ACA/SnJ, SWR/J, Balb/c) viral RNA and con-
sequently, inflammation persist in the heart over several
weeks or months [11]. There is evidence that dependent on
the individual genetic predisposition in these susceptible
animals the ongoing infection and inflammation can trigger
autoimmune reactions in the heart most likely as a result of
myocyte necrosis and subsequent liberation of self-antigens
previously hidden to the immune system [15]. It is assumed
that the release of large quantities of cardiomyocyte pro-
teins passes over the threshold required for the induction of
an autoimmune response, resulting in the activation of self-
reactive T cells [16—18]. Several studies in mice and rats
suggest molecular mimicry as one of the pathogenetic
mechanisms which might be relevant in the perpetuation of
a chronic inflammatory heart disease [19, 20].

In the MRL mouse strain, cardiac myosin mimicking
streptococcal M protein peptide NT4 was found to induce
tolerance and to prevent CVB3-induced myocarditis, sug-
gesting T cell mimicry between coxsackievirus and strep-
tococcal M protein [19]. In addition, immunization with
peptides derived from Borrelia burgdorferi, Treponema
pallidum and Chlamydia trachomatis mimicking the alpha-
myosin heavy chain epitope M7A-alpha was found to be
associated with the activation of autoaggressive T and B
lymphocytes, the production of autoantibodies and histo-
pathological changes in the heart muscle [21]. Goser et al.
[22] reported that mice immunized against cardiac troponin
I develop a myocardial inflammation with upregulation of
inflammatory chemokines followed by cardiac fibrosis. On
the other hand, Luppi et al. [23] argued against the idea of
molecular mimicry against a specific heart antigen,
hypothesizing that CVB3 might encode a superantigen (or
upregulate an endogenous superantigen-like molecule) that
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is relevant in pathogenesis of myocarditis as a limited TCR
VB gene family usage in the presence of variable CDR3
regions was observed in patients.

However, as to whether CVB3 and cardiac antigens
induce the same pathology in the heart is still unclear.
Visualizing the patterns of inflammation, there is evidence
that lytic viruses such as CVB3 induce an acute and
chronic myocarditis consisting mainly of macrophages and
T lymphocytes in both ventricles (Fig. la—c), whereas the
autoimmune models of myocarditis using proteins or pep-
tides from myocytes in presence of adjuvans-releasing
antigens from Mycobacterium tuberculosis (e.g. CFA) or
Bordetella pertussis reveal pericarditis (Fig. 1d) rather than
myocarditis.

Taken together, the pathogenesis of myocarditis com-
prises three interleaved phases: First, pathogens such as
viruses or bacteria infect myocardial cells and replication
leads to myocardial damage. Subsequently, an immuno-
logical response by the host immune system is triggered
and myocardial inflammation often further increases car-
diac injury. Finally, chronic myocardial inflammation may
lead to myocardial fibrosis, ventricular remodelling and
dysfunction.

Essential principles and advantages of CMR

The principles of magnetic resonance imaging (MRI) were
discovered in the first half of the twentieth century: The
physical principles were first described by Rabi in 1939,
and the first MRI machine was constructed by Block in
1941 and subsequently used to analyse the structure of
materials [24]. The first ‘diagnostic’ human scan was per-
formed by Damadian in 1977. Today, MRI scanners are
commonly available even in tertiary care centres and rep-
resent a ‘sine qua non’ diagnostic tool for numerous dis-
eases. In particular, cardiovascular MRI (CMR) has gained
worldwide acceptance in the diagnosis and therapy sur-
veillance of numerous cardiac diseases due to a couple of
advantages [25, 26]: (1) CMR enables a highly accurate
evaluation of structural (anatomic) as well as functional
cardiac parameters at the same time; (2) CMR is free of
some major limitations that are unavoidable in other car-
diac imaging modalities such as a poor acoustic window in
echocardiography or radiation burden in computed
tomography; (3) CMR enables a non-invasive character-
ization of myocardial tissue which so far could only be
performed ex vivo by pathologists.

In particular, the correct and timely diagnosis of myocar-
ditis (acute and chronic) is still a difficult clinical challenge,
since the clinical spectrum of myocarditis is broad and com-
prises (amongst others) even those patients with no symptoms
or those presenting with acute cardiogenic shock [2, 6, 8, 27].
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Fig. 1 Acute (a, b) and chronic
(¢, d) murine myocarditis.
CVB3 myocarditis (a—c): high
numbers of lytically infected
myocytes as detected by
radioactive in situ hybridization
(black grains) are found in both
ventricles (a). Virus replication
results in myocyte necrosis
(yellow stars) and invasion of
immune cells (b, HE). At later
stages of viral myocarditis in
susceptible mice, fibrosis (blue
fibrils) evolves in presence of
ongoing inflammation

(¢, Masson Trichrome). In
contrast to viral myocarditis,
autoimmune myocarditis (here
induced by myosin) often
reveals patterns of pericarditis
(arrow) suggesting different
pathogenic mechanisms (d, HE)

Considering the hallmarks of acute and chronic myocarditis
(accumulation of inflammatory cells; swelling, necrosis and/
or apoptosis of cardiomyocytes; increase in extracellular
space and water content; myocardial remodelling with fibrotic
tissue replacement) [2, 27, 28], an imaging modality such as
CMR that enables non-invasive detection of changes in
myocardial tissue composition is highly valuable and wel-
come. In this context, CMR offers various imaging sequences
that target different hallmarks of acute and/or chronic myo-
carditis [8]: (1) Cine-CMR enables the accurate detection of
regional as well as global functional abnormalities that may
come along with myocarditis; (2) Contrast imaging after
intravenous administration of Gadolinium-based compounds
enables both a) detection of early capillary leakage (increased
vascular permeability) based on T1-weighted early gadolin-
ium enhancement (EGE) imaging and b) accurate diagnosis of
myocardial necrosis and/or apoptosis based on T1-weighted
late gadolinium enhancement (LGE) imaging; (3) T2-
weighted oedema imaging allows detection of myocardial
oedema and tissue hyperaemia.

Actually, these aforementioned CMR techniques have
been either developed based on animal studies focusing on
acute as well as chronic myocardial infarction or adopted
from non-cardiac MRI applications. For example, T1-
weighted LGE imaging was first introduced in the 1990s
and successfully applied to rabbits and dogs with man-made
myocardial infarction by the group of Judd and Kim from
the John Hopkins Hospital [29, 30]. They could demon-
strate (amongst others) that >90 % of the myocardium

showing hyperenhancement after intravenous administra-
tion of Gadolinium-based contrast compounds is non-viable
due to acute myocardial infarction with cardiomyocyte
necrosis [31]. Subsequently, this technique was applied to
patients with myocardial infarction and further optimized.
Simonetti et al. [32] developed an improved CMR sequence
(segmented inversion recovery turboFLASH) that substan-
tially improved differentiation between injured and normal
regions by showing a ~500 % signal intensity increase in
infarcted myocardial areas compared to non-infarcted nor-
mal areas. After proving diagnostic success in patients with
myocardial infarction, this technique was also applied to
patients with clinically suspected or biopsy-proven myo-
carditis [33]. Hence, convincing pre-clinical data demon-
strating a successful or meaningful use of the respective
CMR technique in appropriate animal models of myocar-
ditis such as CVB3 models—with convincing correlation
between in vivo acquired CMR images and ex vivo per-
formed histopathological workup—are scarce, and the
limited available data were only collected in the last years
(after successful implementation of the respective CMR
technique in patients) [34, 35].

Diagnosis of myocarditis based on T1-weighted late
gadolinium enhancement (LGE) imaging

Late gadolinium enhancement (LGE) CMR allows
direct visualization of myocyte necrosis and fibrosis,
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Fig. 2 Cine- and LGE-CMR
images (in short- and long-axis
views) of a patient with acute
myocarditis with corresponding
histological findings in biopsy
samples taken from the left
ventricular free wall. Ongoing
inflammation with
predominance of macrophages
was documented based on
Masson Trichrome and
anti-CD68™ stainings

which can differentiate the pattern of injury in myocarditis
from ischaemic myocardial infarction [8, 26, 36]. This
method is now so well established in clinical practice that it
has entered clinical consensus statements [8].

Background: the use of late gadolinium enhancement
(LGE) in myocarditis

Friedrich et al. [37] first described the use of gadolinium-
enhanced CMR in patients with myocarditis, using a
T1-weighted spin-echo sequence with early gadolinium
enhancement (EGE), demonstrating that myocarditis
evolves from a focal to a disseminated process during the
first 2 weeks. Subsequently, newer techniques using
segmented inversion recovery gradient-echo sequences
and late gadolinium enhancement (LGE) achieved an
improvement in contrast (of up to 500 % between dis-
eased and normal myocardium), allowing detection of
even small areas of myocardial injury [32, 38]. Rieker
et al. [33] were the first to apply such a CMR sequence
to patients with biopsy-proven myocarditis in 2002.
Mahrholdt et al. [38] then used LGE imaging to study
severely diseased patients with clinically suspected
myocarditis. The results showed that (1) LGE is a fre-
quent finding (88 %) associated with active myocarditis
on histopathology (Fig. 2); (2) the LGE pattern in
myocarditis is often patchy, usually involving the epi-
cardial quartile of the myocardial wall with one or sev-
eral foci, frequently localized to the lateral free wall
(Figs. 2, 3) and (3) areas of LGE decreased over time
(Fig. 3).
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Cine-CMR

Masson Trichrome

Summary of systematic studies using late gadolinium
enhancement (LGE) in patients with myocarditis

There have since been a number of studies demonstrating
the usefulness of LGE in the diagnosis of myocarditis
[38—42], with somewhat differing values regarding the
specificity and the sensitivity of this technique [8].

Previous studies have shown consistently that LGE is
predominantly localized either in the septal wall (like an
intramural rim) and/or in the subepicardial layers of the left
ventricular free wall (mostly patchy distribution) [43].
Serial studies demonstrated a decrease in the extent of LGE
often associated with an improvement in left ventricular
systolic function only in those patients with a subepicardial
LGE pattern in the left ventricular free wall [43]. In con-
trast, an intramural septal LGE pattern does not regress
over time, and patients seem to have a worse outcome
[43—45]. Interestingly, subendocardial or transmural LGE
patterns are also observed, as described by Yilmaz et al.
[42]. Seventy-one patients with clinically suspected myo-
carditis underwent coronary angiography and intracoronary
acetylcholine testing for evaluation of coronary vasospasm,
EMB and CMR. Coronary vasospasm was shown to be the
main reason for the chest pain often encountered in patients
with myocarditis especially in those patients with biopsy-
proven parvovirus B19 (PVBI19) infection. Coronary
vasospasm may also explain subendocardial or transmural
LGE in some patients with myocarditis.

The diagnostic performance of LGE imaging in myo-
carditis has been tested in a number of studies (Table 1).
Abdel-Aty et al. [39] examined 25 patients with clinically
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Fig. 3 CMR of a patient with
acute myocarditis (left) and at
6-month follow-up (right). The
pattern of LGE is predominantly
subepicardial and mid-wall,
frequently involving the lateral
wall. Areas of LGE decreased at
follow-up (right)

suspected myocarditis compared to controls using CMR,
including (a) T2-weighted triple inversion recovery for the
edema ratio (ER), (b) early gadolinium enhancement
(EGE) imaging for global relative enhancement (gRE) and
(c) LGE. Although LGE alone was highly specific (speci-
ficity 100 %, sensitivity 44 % and diagnostic accuracy
71 %), the overall diagnostic accuracy of CMR improved
to 85 % by using a combination of the three parameters.
More recently, Rottgen et al. [41] performed EMB vali-
dation for this CMR protocol in 131 patients with sus-
pected acute myocarditis, and found that gRE and LGE, but
not ER, significantly correlated with the presence of
myocarditis on histology. Again, LGE alone had a high
specificity (88 %), but low sensitivity (31 %), whereas a
combination of the three parameters improved diagnostic
accuracy and specificity.

Moreover, LGE imaging is also useful in chronic
myocarditis. De Cobelli et al. [46] found that LGE imaging
identified areas of inflammation in up to 70 % of patients
with biopsy-proven chronic myocarditis. Gutberlet et al.
[47] studied 83 patients with suspected chronic myocarditis
using LGE, ER and gRE with EMB immunohistologic
correlation. LGE had a relatively high specificity (80 %),
but much lower sensitivity (27 %) and diagnostic accuracy

(49 %). A combination approach improved diagnostic
accuracy.

Limitations of using late gadolinium enhancement
(LGE) alone in the diagnosis of myocarditis

A number of factors may contribute to the variability in
sensitivity and diagnostic accuracy of using LGE imaging
alone in the tissue characterization of myocarditis,
including study design, selection of patients, method of
validation, timing of CMR in relation to the myocarditic
process and technical considerations.

There may be a window for optimal LGE imaging in
myocarditis. LGE is due to myocyte necrosis and fibrosis
[8]. In the early stages of myocarditis, increased signal
intensity on LGE imaging is mainly due to the accumula-
tion of gadolinium within myocytes through acutely
injured membranes [8, 28], but severe extracellular oedema
could also sufficiently increase the volume of distribution
of gadolinium to cause visually detectable changes in sig-
nal intensity [28, 39]. However, focal myocarditis, espe-
cially early in disease, may not always be large enough for
necrotic myocytes to be visualized with the pixel size used,
and repeat CMR 1-2 weeks later may be required [8].
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Table 1 Overview of the diagnostic accuracy of late gadolinium enhancement in myocarditis as assessed in controlled trials

Study design Sample  Population Validation Time to CMR LGE slice LGE SN SP  Accuracy PPV NPV
size (n) (days) thickness image (%) (%) (%) (%) (%)
(mm) analysis

Rieker Single centre, 21 Suspected Clinical Inpatient or 7 Visual 45 60 52 56 50
et al. retrospective myocarditis <1 week of
[33] discharge

Abdel-Aty  Single centre 25 Suspected Clinical 5.6 £4.2 15 2SD 44 100 71 78 62
et al. acute
[39] myocarditis

Mahrholdt  Single centre 87 Suspected Histology <21 6 2SD 95 9% 96 99 81
et al. active
[43] myocarditis

Gutberlet Single centre, 83 Suspected Histology  >90 8 2SD 27 80 49 65 44
et al. retrospective chronic
[47] myocarditis

Yilmaz Single centre, 71 Suspected Histology 5 (median) 6 Visual 35 8 51 81 38
et al. prospective acute
[42] myocarditis

Rottgen Single centre, 131 Suspected Histology <14 8 Visual 31 88 50 84 39
et al. retrospective acute
[41] myocarditis

LGE late gadolinium enhancement, 72w T2-weighted, SN sensitivity, SP specificity, PPV positive predictive value, NPV negative predictive value, SI signal

intensity

Active myocarditis

Borderline myocarditis

Fig. 4 Exemplary comparison of ‘active’ versus ‘borderline myo-
carditis.” The upper and lower rows display histological and CMR
findings in active myocarditis and borderline myocarditis, respec-
tively (lymphocytes, necrosis and LGE are indicted by arrowheads).

Diffuse or borderline myocarditis may not lead to obser-
vable LGE. In the later stages, previously damaged tissues
are replaced by fibrosis with increased interstitial space,
leading to an increased volume of distribution for gado-
linium and increased signal intensity on LGE imaging

@ Springer

In the patient with borderline myocarditis, CMR was not able to
diagnose myocarditis due to low extent of inflammation. With
permission from Baccouche et al. [57]

(Fig. 4). However, LGE can decrease or even disappear
over time [43, 48]. Mahrholdt et al. [43] found that 95 % of
those with active myocarditis by EMB demonstrated LGE,
whereas only 40 % of those with healing myocarditis
showed LGE. Thus, LGE may show variable sensitivity to



Heart Fail Rev (2013) 18:747-760

753

the underlying disease process depending on the time of
imaging in relation to the stage of disease [49], which can
affect its diagnostic performance.

Finally, parameters for imaging such as the slice thick-
ness prescribed and threshold of what is considered path-
ological enhancement compared to a presumably normal
area of myocardium, which seem to vary amongst studies
(Table 1), also affect the reported diagnostic performance
of LGE.

Summary

Presence of LGE is one useful criterion in the diagnosis of
myocarditis. The pattern of LGE allows differentiation of
myocarditis from myocardial infarction and is strongly
associated with histopathological evidence of myocarditis.
LGE has a relatively high specificity in the diagnosis of
myocarditis, but low sensitivity, although its diagnostic
performance is influenced by a number of factors, espe-
cially the timing of LGE imaging to the stage of the
myocarditic process. LGE imaging alone is not sufficient to
absolutely rule in or rule out myocarditis. Using a combi-
nation of different imaging sequences which are sensitive
to the different processes in myocarditis, such as oedema,
hyperemia and myocyte necrosis/fibrosis, may provide
better diagnostic accuracy [8].

Diagnosis of myocarditis based on T2-weighted oedema
imaging and T1-weighted early gadolinium
enhancement (EGE) imaging

While LGE imaging can distinguish patterns of myocyte
necrosis and fibrosis in myocarditis from ischaemic injury,
it cannot be used as a marker for other processes in myo-
carditis, such as edema, capillary leakage and hyperemia
[8]. T2-weighted and early gadolinium enhancement
(EGE) imaging are well-validated techniques to detect
oedema and hyperemia, respectively, and are two of the
three Lake Louise Consensus Criteria, in addition to LGE,
recommended for diagnosing myocarditis [8].

The use of T2-weighted CMR in patients
with myocarditis

T2-weighted CMR is sensitive to myocardial oedema. This
is due to the prolongation of the transverse component of
proton relaxation time, T2, when protons are bound to
water molecules, increasing signal intensity (SI) on T2-
weighted images [50]. Gagliardi et al. [51] first described
T2-weighted CMR findings in children with myocarditis
using a T2-weighted spin-echo sequence at 0.2 Tesla (T).
Advances in the 1990s led to the development of the faster,

breath-hold short tau triple inversion recovery (STIR) turbo
spin-echo sequence for fat and blood suppression at 1.5 T
[52], with improved image quality. A comparison of the
diagnostic accuracy of T2-weighted STIR imaging in
myocarditis trials are listed in Table 2.

T2-weighted STIR imaging has been validated to have a
good diagnostic performance by Abdel-Aty et al. [39] in
patients with suspected myocarditis. It allowed the detec-
tion of global oedema by comparing myocardial T2 signal
intensity (SI) to that of skeletal muscle to calculate the
edema ratio (ER). At an ER of 1.9, the sensitivity, speci-
ficity and diagnostic accuracy was 84, 74 and 79 %,
respectively. The pattern of edema in myocarditis is sub-
epicardial, transmural or global, not always associated with
LGE, and LGE areas are smaller than focal areas with
increased T2 (Fig. 5). This may explain why the diagnostic
accuracy of CMR improved to 85 % when a combination
of T2-weighted STIR, LGE and EGE, rather than any
single modality alone, is used.

As mentioned above, a recently published study found
that findings on oedema imaging did not significantly
correlate with myocarditis on immunohistology [41]. The
sensitivity, specificity and diagnostic accuracy for ER were
low at 58, 57 and 58 %, respectively. However, given that
there is no reliable histological technique to display the
presence and extent of cellular edema [50], it is difficult to
validate T2-weighted edema imaging against immunohis-
tology for myocarditis, which is based on the findings of
inflammatory infiltrates and myocyte necrosis: clinical
validation with carefully selected cohorts may improve the
in vivo detection of oedema on CMR.

In chronic myocarditis, T2-weighted STIR imaging is
less sensitive in detecting oedema. T2-weighted STIR
detected changes in outpatients with clinically suspected
acute myocarditis with a sensitivity, specificity and diag-
nostic accuracy of 74, 93 and 81 %, respectively [49], but
in only 35 % of patients with EMB-proven chronic myo-
carditis and none in those with ‘borderline’ myocarditis
[46]. Gutberlet et al. [47] studied 83 patients clinically
suspected of chronic myocarditis and found that only 52 %
demonstrated an elevated ER, 74 % of which demonstrated
immunohistologic findings of myocarditis, yielding a sen-
sitivity, specificity and diagnostic accuracy of 67, 69 and
68 %, respectively.

Limitations of T2-weighted CMR in the diagnosis
of myocarditis

The signal-to-noise ratio (SNR) of T2-weighted images,
especially that acquired by T2-weighted STIR, is strongly
dependent on imaging parameters [8]. The use of the body
coil results in lower SNR. Poor dark blood preparation can
result in bright subendocardial SI, especially at the apex.
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Accuracy PPV NPV
(%) (%) (%)

SP
(%)

SN
(%)

T2w image analysis

thickness

(mm)

Slice

T2w sequence,
field strength

Time to CMR (days)

Validation

Population

Sample
size (n)

Study design

Table 2 Overview of the diagnostic accuracy of T2-weighted inversion recovery in myocarditis as assessed in controlled trials
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69

50 76

100

Qualitative

8

STIR, 1.5T

Inpatient or within 1 week

discharge

Clinical

21 Suspected

Single centre,

Rieker et al

myocarditis

retrospective

[33]
Laissy

39

100

100 59

45

Qualitative

T2w axial black 5

Suspected acute Clinical 9.4 + 1.4 [1-32]

20

Single centre,

blood, 1.0 T
STIR, 1.5T

myocarditia

prospective

et al. [53]

Abdel-Aty

81

78

74 79

84

Global myocardial T2 SI:

15

5.6 £42

Suspected acute Clinical

25

Single centre,

skeletal muscle >2.0

myocarditis

prospective

et al. [39]

Gutberlet

60

74

69 68

67

Edema ratio of

8

STIR, 1.5T

>90

Suspected chronic ~ Histology

83

Single centre,

myocardium: skeletal

muscle >2.0

myocarditis

retrospective

et al. [47]

Global myocardial T2 SI:

63

96

93 81

74

10

84 (from initial infection) STIR, 1.5T

Clinical

67 Suspected

Single centre,

Jeserich

skeletal muscle > 2.14

with ongoing symptoms

myocarditis,
outpatients

prospective

et al. [49]

41

73

57 58

58

SI myocardium:SI skeletal

20

STIR, 1.5T

<14

Histology

Suspected acute

131

Single centre,

Rottgen

muscle >2

myocarditis

retrospective

et al. [41]

STIR short tau inversion recovery, 72w T2-weighted, SN sensitivity, SP specificity, PPV positive predictive value, NPV negative predictive value, ST signal intensity

Skeletal muscle inflammation, demonstrated in patients
with acute myocarditis [53], can lead to false negative
results in detecting global myocardial edema [8, 53].
Image quality is susceptible to artefacts due to motion,
breathing and arrhythmia [54]. These factors decrease the
sensitivity of this technique, especially in detecting small,
focal, borderline or low-grade chronic myocarditis. Newer
SSFP-based T2-weighted sequences [54, 55] (Fig. 1) and
T2-mapping techniques [56] have been developed which
may circumvent some of the technical issues, but have not
been systematically validated in patients with myocarditis.

The use of early gadolinium enhancement (EGE)
in the diagnosis of myocarditis

As part of the inflammatory response, regional vasodilation
and hyperemia increases blood volume in injured tissue,
causing an increase in the uptake of gadolinium-based con-
trast agents in the early vascular phase of gadolinium kinetics
[37]. Gadolinium then quickly distributes into the interstitial
space. Consequently, early gadolinium enhancement (EGE)
reflects an overall increase in gadolinium distribution in the
early washout period into the intravascular and interstitial
space as a result of increased blood flow, cell damage and
extravasation of fluid in areas of inflammation [8, 37].

Friedrich et al. [37] first used EGE in patients with
myocarditis to demonstrate that myocarditis evolves from
a focal to a disseminated process during the first 2 weeks.
Global relative enhancement (gRE) of the myocardium
was derived by measuring the signal intensity of pre- and
post-gadolinium contrast T1-weighted images and relating
to that of skeletal muscle. Laissy et al. [53] reaffirmed,
using EGE and dynamic serial post-contrast perfusion
imaging, that myocarditis starts as a focal process, and that
there is evidence of skeletal muscle inflammation in
myocarditis. An increased early gadolinium enhancement
ratio (gRE) is defined by either a signal intensity
enhancement ratio between myocardium and skeletal
muscle of >4.0 or, in the case of skeletal muscle myositis
(increase in skeletal muscle SI of >20 %), an absolute
myocardial enhancement of >45 % [8].

Abdel-Aty et al. [39] compared gRE, ER and LGE in
the diagnosis of clinically suspected myocarditis, and,
using receiver operator characteristic analysis, established
that gRE with a cut-off value of 4.0 had a sensitivity,
specificity and diagnostic accuracy of 80, 68 and 74 %,
respectively. T2-based ER did not correlate to gRE, pos-
sibly due to edema causing capillary compression, hin-
dering abnormal contrast enhancement, and partially
explaining why the CMR diagnostic accuracy improves
with using a combination of the three parameters.

When validated against immunohistology for myocar-
ditis, EGE demonstrated a relatively high specificity, both
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Fig. 5 T2-weighted and late
gadolinium enhancement (LGE)
images in a patient with acute
myocarditis. Note the
predilection for the lateral wall
and predominantly
subepicardial and mid-wall
distribution of increased T2
signal intensity and LGE. STIR
short tau inversion recovery,
TSE turbo spin echo, SSFP
steady state free precession

in acute myocarditis (specificity 74 %, sensitivity 49 %,
accuracy 57 %) [41] and in chronic myocarditis (specificity
86 %, sensitivity 62 %, accuracy 72 %) [47], although
both studies concluded that a combination of CMR
parameters improve overall specificity and diagnostic
accuracy. A comparison of the diagnostic accuracy of EGE
in myocarditis trials are listed in Table 3.

Limitations of using EGE in the diagnosis
of myocarditis

The main limitation of EGE relates to the quality of images
acquired using current fast spin-echo sequences, which
is susceptible to irregular heart rates and breathing

movements [8] and can adversely affect the diagnostic
performance of EGE especially in detecting small areas of
myocarditis. The time required to obtain pre- and post-
contrast EGE images is also relatively long compared to
other CMR sequences.

Summary

T2-weighted and EGE-CMR are useful additional tools in
the diagnosis of myocarditis, reflecting the presence of
oedema in the former, and a combination of hyperemia,
myocytes damage and extravasation of fluid in the latter;
when present, these can demonstrate active disease. Like
the predominantly non-ischaemic pattern of LGE in

@ Springer



756

Heart Fail Rev (2013) 18:747-760

Table 3 Overview of the diagnostic accuracy of early gadolinium enhancement in myocarditis as assessed in controlled trials

Study design Sample  Population Validation Time to Slice EGE SN SP  Accuracy PPV NPV
size (n) CMR thickness image (%) (%) (%) (%) (%)
(days) (mm) analysis

Friedrich Single centre, CMR 19 Suspected Clinical 2,7, 14, 6 ¢RE vs 84 89 86 89 84
et al. 10T myocarditis 28, 84 controls
[37]

Laissy Single centre, 20 Suspected acute  Clinical 94+14 5 Qualitative 85 100 89 100 70
et al. prospective, CMR myocarditis [1-32]
[53] 10T

Abdel-Aty  Single centre, 25 Suspected acute  Clinical 5.6 £42 15 ¢RE >40 80 68 74 74 75
et al. prospective, CMR myocarditis
[39] 15T

Gutberlet Single centre, 83 Suspected Histology ~ >90 8 gRE>40 63 8 72 86 63
et al. retrospective, chronic
[47] CMR 15T myocarditis

Rottgen Single centre, 131 Suspected acute  Histology <14 20 ¢RE > 4.0 49 74 57 78 43
et al. retrospective, myocarditis
[41] CMR 1.5T

EGE early gadolinium enhancement, SN sensitivity, SP specificity, PPV positive predictive value, NPV negative predictive value, gRE global relative enhancement
and is defined by signal intensity enhancement ratio between myocardium and skeletal muscle, calculated as absolute enhancement of myocardium/absolute

enhancement of skeletal muscle, where absolute enhancement of myocardium = SIyocardium post-contrast —

SImyocardium pre-conlrasl/sImyocardium pre-contrasts and absolute

enhancement of skeletal muscle = Slielea muscle post-contrast Slikeletal muscle prcfc(mlrust/SIskc]cm] muscle pre-contrast

myocarditis, T2 and EGE findings also tend to be subepi-
cardial when focal or transmural and global when dis-
seminated. Both tend to be more specific when present,
rather than sensitive, especially in detecting small areas of
injury or low-grade disease. As with the use of LGE as a
diagnostic criterion for myocarditis, the use of either T2-
STIR oedema ratio (ER) or early gadolinium enhancement
ratio (gRE) alone is insufficient to rule in or rule out
myocarditis. A combination of these three parameters can
improve the diagnostic accuracy of myocarditis on CMR.

Cardiovascular magnetic resonance (CMR)
versus endomyocardial biopsy (EMB): superiority,
inferiority or synergy?

Despite impressive technical progress in non-invasive
CMR imaging over the last years and successful clinical
implementation of multi-parametric CMR imaging in sus-
pected myocarditis, there are still some major drawbacks
that have to be addressed:

The currently available and clinically established tech-
niques regarding myocardial tissue characterization (such
as Tl-weighted LGE imaging, T2-weighted oedema
imaging or T1-weighted EGE imaging) allow the non-
invasive diagnosis of myocarditis with a high specificity,
but suboptimal sensitivity (as compared to histopathology
and immunohistology as the gold standard). Considering
typical values of in-plane resolution for the respective
techniques (typically ~1.4 x 1.4 mm in case of TlI-
weighted LGE or T2-weighted oedema imaging) [38, 39]
in contrast to the histological extent of myocardial areas
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with ‘patchy’ inflammation (typically only a few hundred
microns), the still limited resolution capacity of non-
invasive CMR represents an important disadvantage com-
pared to the diagnostic capability of invasive endomyo-
cardial biopsy (EMB). Hence, theoretically the presence of
myocarditis is visualized by CMR only if at least one
‘confluent” hot spot of myocardial inflammation approa-
ches the aforementioned value of in-plane resolution.
Obviously, such a ‘confluent’ hot spot of myocardial
inflammation (that is required for successful CMR detec-
tion) represents a rather advanced and severe phase of
inflammation. Therefore, the diagnostic sensitivity of CMR
is particularly limited in case of mild/subtle myocardial
inflammation. This important issue was highlighted by
Baccouche et al. [57] who demonstrated that the diagnosis
of myocarditis was more frequently made by CMR in
patients with active myocarditis compared to those with
borderline myocarditis, since patients with active myocar-
ditis showed more segments with the finding of LGE in
accordance with higher serum values of cardiac enzymes as
markers of the severity of myocardial damage compared to
subjects with borderline myocarditis. This indicates that a
higher extent of myocardial damage will be associated with
a greater diagnostic accuracy of (at least) LGE-CMR.
Another drawback of diagnosing myocarditis by using
CMR is that potential therapeutic options in case of myo-
carditis can only be implemented if the exact cause of
myocarditis — such as viral, bacterial, giant cell or eosin-
ophilic - is known. Based on a huge armamentarium of
sophisticated diagnostic techniques (comprising histology,
immunohistochemistry and molecular pathology) [6, 7], a
pathologist is able to provide more detailed information
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about the nature of the inflammatory process compared to
CMR. A comprehensive histopathological workup of
EMBs was shown to be highly sensitive for the detection of
myocardial inflammation (even in the absence of focal
lymphocytic infiltration) and has been suggested to identify
patients responding to immunomodulatory therapy in pre-
liminary studies [58, 59]. Previously, Why et al. prospec-
tively evaluated 120 patients with clinical suspicion of
myocarditis and/or dilated cardiomyopathy and divided
them into two groups on the basis of the presence or
absence of enteroviral genome in the biopsy samples [60].
Mortality and progression to cardiac transplantation during
the follow-up was greater in the enterovirus positive group
than in the enterovirus negative group. Furthermore, the
detection of enterovirus RNA in the myocardium was
shown by multivariate regression analysis to be an inde-
pendent predictor of clinical outcome. Accordingly, Frus-
taci et al. recently published the results of their TIMIC
study [61] and showed that immunosuppressive therapy
(with cortisone and azathioprin) for six months improved
left ventricular systolic function only in those patients with
inflammatory cardiomyopathy who did not have virus
genome persistence in their EMBs. However, viral persis-
tence (without inflammation) cannot be assessed by CMR.
Therefore, invasive sampling of EMBs still constitutes the
gold standard in the diagnosis of myocarditis and is the
only way to directly detect inflammatory infiltrates in
the myocardium.

However, just as CMR, EMB also has method-specific
limitations [57]. Although workup of EMBs still consti-
tutes the gold standard in the diagnosis of myocarditis, this
method is limited by a) the ‘sampling error’ resulting in
‘false’ negative results due to missing the area of inflam-
mation (due to the patchy distribution of myocarditis) when
taking biopsies [62], b) the invasiveness of this procedure
with a low but non-negligible risk of complications [63, 64]
and c) the inability to perform serial biopsies or even no
biopsy in patients with preserved left ventricular function
as guidelines do not support this in such patients. In con-
trast, non-invasive imaging strategies such as CMR allow
a) the diagnosis of myocarditis non-invasively without the
risk of complications, b) to assess the entire myocardium
based on different axes and views and c) to repeat the
procedure at any time and follow up changes in the extent
and degree of myocardial inflammation (to a certain limited
level). Hence, considering those aforementioned advanta-
ges and limitations of these two methods, the question
which method to use first in case of clinically suspected
myocarditis inevitably arises from a clinical point of view.

Recently, Baccouche et al. [57] evaluated the diagnostic
performance of both CMR and endomyocardial biopsy in
the same patients with clinically suspected myocarditis.
They found that biopsy was superior (at least) to LGE-

based CMR imaging in diagnosing myocarditis, because of
its capabilities based on immunohistochemistry and nested-
PCR enabling the detection of minor forms such as bor-
derline myocarditis or virus genome presence. However,
there was a high diagnostic conformity between CMR-
based and biopsy-based results. Hence, it may be reason-
able to initially perform non-invasive CMR (without the
risk of complication) in patients with clinically suspected
myocarditis. If the initial CMR study establishes the
diagnosis of myocarditis, additional invasive biopsy is
unlikely to change this diagnosis. In contrast, if the initial
CMR study is non-conclusive, but a diagnosis needed for
instance in a patient with persistent symptoms, invasive
biopsy can still be employed as a second step, since biopsy
allows to capture more mild/subtle forms of myocarditis,
which cannot be detected with CMR. Theoretically, such
an algorithm will avoid biopsies in a substantial number of
patients and therefore minimize the risk of complications
associated with biopsy. However, such a stepwise approach
is obviously not a perfect alternative because CMR infor-
mation is less detailed and—in contrast to biopsy—does
not allow to evaluate the exact degree of inflammation, the
presence of special forms of myocarditis (such as giant cell
or eosinophilic myocarditis which require specific thera-
pies), or the presence and type of virus.

Moreover, the study of Baccouche et al. demonstrated
that the combined application of CMR and EMB yielded a
considerable diagnostic synergy: The combined approach
was superior to each single technique regarding the final
diagnostic yield and could overcome some of the well-
known limitations of CMR and EMB as individually
applied techniques. In addition, recent data by Kindermann
et al. [65] suggest that the presence of inflammation in
biopsies has prognostic implications, and previous CMR
data indicate that the presence and distribution of LGE may
also have prognostic implications [43-45]. Therefore, a
combined approach (comprising CMR and EMB) could
also be superior for future risk stratification and imple-
mentation of specific therapies. However, an exact algo-
rithm, when and in which patient and in which procedure
should be preferentially used, is unfortunately still not
available. Whether it is necessary to obtain detailed his-
topathological information using biopsies in addition to a
preceding conclusive CMR study has to be decided in
consideration of the individual circumstances.

LGE-targeted biopsy to increase the sensitivity
of EMB: illusion or reality?
Theoretically, guidance of biopsy by CMR (to the area of

LGE) might be helpful to improve the accuracy and safety
of EMB procedure by minimizing the sampling error
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caused by the patchy distribution of inflammatory areas in
case of myocarditis. However, one important caveat has to
be remembered: the area of LGE may be small and con-
sequently cannot exactly be reached by the bioptome due to
the limited steerability of the bioptome. Appropriate data
addressing this important issue are quite scarce. Based on
the results of an earlier study [38], it was hypothesized—in
line with the aforementioned conception—that the diag-
nostic yield of biopsy might be increased if EMBs were
obtained from the ventricle demonstrating LGE. However,
data of this previous study were based on 32 patients only
and did not comprise biventricular biopsy in every patient
of this study group. Therefore, this clinically important
issue was addressed in more detail by Yilmaz et al. [64] in
a larger study group: Data from 116 patients who had
undergone biventricular EMBs (with histopathological
diagnosis of myocarditis) in addition to a CMR study
(showing LGE) were available in this recent study. The
distribution of LGE (in the septal or LV free wall) in
relation to the EMB results was precisely analysed. Sur-
prisingly, there were no substantial differences in the
number of diagnostic LV-EMBs, RV-EMBs or biventric-
ular (LV and RV) EMBs when related to the site of LGE
disproving the initial hypothesis of LGE-targeted biopsy in
order to increase the sensitivity of EMB.

As discussed in detail previously [64], LGE is a non-
specific sign of myocardial damage and only indicates an
increase in extracellular space (that may be due to acute
necrosis as well as chronic fibrosis). Hence, the missing
increase in the diagnostic yield of biopsies obtained from the
ventricle showing LGE in the study of Yilmaz et al. may be
due to the potential detection of LGE in patients with already
healed myocarditis (without any inflammatory infiltrates
left). Theoretically, histopathological EMB workup that
focuses on the detection of inflammatory cells and/or anti-
gens may result in non-pathological or non-diagnostic find-
ings in such patients with already healed myocarditis, while
CMR may be indicative of myocarditis due to the presence of
LGE. Consequently, a LGE-guided biopsy in such patients
would not increase the diagnostic yield, but decrease the
specificity of the CMR procedure for the diagnosis of myo-
carditis when the EMB procedure is considered as the gold
standard. Unfortunately, there are no data yet relating the
diagnostic yield of EMB to tailoring the procedure to focal
increases in the T2 signal which may be more indicative of
the focal nature of the acute inflammatory process.

Quo vadis: future perspectives and challenges
Considering the diagnostic value of CMR in the workup of

patients with clinically suspected myocarditis, the bench-
mark regarding its diagnostic yield and success will be set by
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current and future capabilities of histopathological EMB
workup. For example, Heidecker et al. [66] have shown
recently that transcriptomic biomarkers from even a ‘single’
EMB yield clinically relevant and accurate molecular sig-
natures and thereby essentially improve the clinical detec-
tion of patients with inflammatory diseases of the heart. They
identified a transcriptome-based biomarker containing 62
genes that distinguished myocarditis with 100 % sensitivity
(95 % confidence interval 46—100) and 100 % specificity
(95 % confidence interval 66—100). Hence, apart from the
hitherto established huge armamentarium of sophisticated
diagnostic EMB-techniques (comprising histology, immu-
nohistochemistry and molecular pathology) that already
allow detailed diagnoses, newer techniques such as the
analysis of transcriptomic biomarkers promise a further
increase in the sensitivity as well as specificity of EMBs.

Overall, non-invasive CMR has to overcome two major
drawbacks as compared to the diagnostic capabilities of
histopathological EMB workup: (1) The sensitivity of
current CMR techniques regarding the diagnosis of myo-
carditis has to be improved. (2) CMR techniques need to be
developed that enable more detailed information regarding
the ‘composition’ and ‘origin’ of myocarditis. Addressing
the first point, newly developed quantitative mapping
techniques promise to increase both sensitivity and speci-
ficity of CMR-based diagnoses. For example, Giri et al.
[56] have recently shown that quantitative T2 mapping
addresses the well-known problems associated with T2-
weighted imaging of the heart and offers the potential for
increased accuracy in the detection of myocardial edema.
Moreover, T1 mapping promises to overcome the limita-
tion of needing large areas of necrosis to get a sufficient T1
contrast for LGE imaging [67]. Regarding the second
point, predominating forms of myocarditis in humans are
caused by viral pathogens and are characterized by mac-
rophage-rich inflammation. Hence, macrophages infiltrat-
ing the myocardium or other ‘molecular targets’
overexpressed in myocardial inflammation constitute
interesting targets for ‘molecular’” CMR imaging since such
approaches have already yielded promising results in car-
diac applications [68, 69].
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