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Einblick in junge, noch nicht vollstandig klinisch

etablierte Techniken zu geben, welche sich in der

ndheren Zukunft als niitzlich im Hinblick auf eine
einfachere und genauere Diagnose dieser relevan-
ten Erkrankung erweisen konnten.

Key Points:

» Verschiedene bildgebende Verfahren spielen
eine zunehmend wichtigere Rolle in der Diag-
nostik der Myokarditis.

» Einige neue Bildgebungs-Techniken befinden
sich derzeit bereits auf dem Weg in die kli-
nische Routine.

» Dieser Ubersichtsartikel gibt einen Uberblick
iiber die diagnostische Wertigkeit der Echokar-
diographie, der kardialen MRT und CT sowie
nuklearmedizinischer Verfahren.
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Ein spezieller Fokus liegt hierbei auf den Moglichkeiten und Her-
ausforderungen neuer Bildgebungs-Techniken innerhalb der ver-
schiedenen Modalitdten.

Introduction

v

Myocarditis (MC) is defined as an inflammatory disease of the
myocardium [1], caused by a broad spectrum of infectious patho-
gens, cardiotoxins, as well as by hypersensitivity reactions and
autoimmune disorders [2]. Although most cases of suspected
MC are not linked to a specific etiology, viral infections represent
the most common cause in Western Europe and North America
[2]. Like the causes of disease, the symptoms vary greatly, ranging
from clinically inapparent cases and mild, spontaneously resol-
ving dyspnea and chest pain to arrhythmia, cardiogenic shock or
even sudden cardiac death [2]. Due to the clinical diversity and
the current lack of widely available and accurate diagnostic tools,
the true incidence of MC remains uncertain [3]. Early and accu-
rate diagnosis, however, is of utmost importance since MC is one
of the leading causes of sudden cardiac death in young adults and
represents an important precursor to dilated cardiomyopathy
with a corresponding bad prognosis [2].

The diagnosis of MC currently relies on an integrative diagnostic
approach including clinical history and examination, laboratory
testing (inflammation parameters, myocardial necrosis markers),
and electrocardiogram (ECG). However, all these initial clinical
tests are often non-specific in the setting of MC [4]. Endomyocar-
dial biopsy (EMB) is regarded as the current diagnostic gold
standard for the diagnosis of MC. This highly invasive procedure,
however, lacks diagnostic sensitivity due to the often focal dis-
ease manifestation and the fluoroscopic 2 D guidance of the biop-
tome in a 3 D environment, leading to sampling error of myocar-
dial tissue [5], and is associated with relevant patient risks [6].
Moreover, EMB does not provide adequate information about
the extension of inflammatory changes and the severity of func-
tional impairment and is often only available in specialized cen-
ters. Therefore, the current guidelines recommend EMB only for
specific cases with suspected giant cell MC or for clinical courses
with predominant signs of heart failure [6].

The diagnostic difficulties have led to increasing importance of
different imaging modalities in the setting of MC. With this inter-
disciplinary review, we would like to present the current state-
of-the-art imaging of MC with special emphasis on the presenta-
tion of novel imaging techniques that might become useful in the
near future for easier and more accurate diagnosis of this highly
relevant disease.

Echocardiography

v

Echocardiography represents an important imaging modality in
the initial diagnostic workup of suspected MC as well as for the
follow-up of MC patients. It is widely available, cost-effective
and therefore finds broad application as a first-line imaging mod-
ality in the clinical routine.

Standard transthoracic echocardiography

According to the current guidelines of the European Society of
Cardiology, all patients with clinically suspected MC should un-
dergo standard transthoracic echocardiography (TTE) at presen-
tation with follow-up examinations if there is any worsening of
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hemodynamics [7]. Various changes in quantitative echocardio-
graphic parameters have been described in the diagnostic work-
up of MC, such as ventricular dysfunction, wall motion abnorm-
alities, diastolic dysfunction or pericardial effusion [7-9].
Impaired right ventricular (RV) function may be observed as
well [9]. In an observational study, fulminant MC often leads to
a thickened, non-dilated, and hypocontractile left ventricle (LV)
[8,9].

However, none of these structural and functional changes is pa-
thognomonic for MC. Standard TTE lacks diagnostic specificity in
the setting of MC. In the absence of LV systolic dysfunction or
pericardial effusion, MC often remains undetected [10].

Speckle tracking

Over the last years, the advent of 2 D speckle tracking (ST) has ex-
panded the scope of echocardiography, providing objective non-
invasive information on cardiac deformation and regional con-
tractility [10].

In short, speckles (specific natural myocardial acoustic markers),
which are equally distributed throughout the myocardium, are
tracked with the aid of a computer from frame to frame in the
2D ultrasound image. Dedicated software allows calculation of
the velocity in the myocardial tissue due to the geometric shift
of the speckles. With this new technique it is possible to quantify
myocardial strain and strain rate in longitudinal, radial, and cir-
cumferential directions [11].

Strain parameters are thereby suggested to be more sensitive re-
garding their diagnostic and potentially prognostic potential
compared to conventional functional parameters, e.g. LV ejection
fraction. For an example and explanation of the technique, please
refer to© Fig. 1.

However, TTE ST depends on a high image quality with a suffi-
cient echocardiographic window to reproduce valid measure-
ments and is limited due to the rather time-consuming acquisi-
tion and post-processing [11].

In a study by Hsiao et al., LV circumferential as well as longitudi-
nal strain and strain rate were significantly lower in MC patients
compared to healthy controls, and longitudinal strain was shown
to exhibit the best diagnostic potential [12]. In addition, the au-
thors showed that event-free survival was significantly related
to the tested strain measures [12]. Escher et al. similarly observed
reduced LV global longitudinal strain and strain rate values in MC
patients [10] and demonstrated a correlation of LV longitudinal
strain parameters with clinically and histologically ongoing myo-
cardial inflammation. Another 2 D ST study observed diffuse im-
pairment of LV longitudinal strain in MC patients with preserved
ejection fraction (EF), whereas circumferential strain was only re-
gionally impaired in areas of subepicardial damage [13]. In a
study by Khoo et al., impairment of the LV circumferential early
diastolic strain rate additionally hinted at impaired LV diastolic
function in the setting of MC [14].

Using the 17 segment model of the American Heart Association,
another study showed reduced strain corresponding to intra-
myocardial edema in the basal inferior and inferolateral seg-
ments and in the midventricular anterior, anterolateral, and in-
ferolateral segments in comparison to the other segments of the
respective slice [15].
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Fig.1 Echocardiographic analysis of longitudinal strain using speckle
tracking. Measurement of longitudinal strain in the 4-chamber view (4CH,
a). The covered segments in 4CH are depicted color-coded. The graphs in b
represent the percental myocardial shortening/elongation in the cor-
responding segments over time. The white dotted graph shows the sum-
mation of the strain in all covered segments. The closure of the aortic valve
is marked with AVC. For calculation of the global strain, additional meas-
urements in 2-chamber and 3-chamber views are required (not shown). In
Figure c the peak strain of the segment is visually associated with the cor-
responding segment of the 4CH. Figure d represents the strain graphically
over time in the color scale of a and c.

According to these studies in MC patients and to an increasing
number of ST studies, strain and strain rate measurements ap-
pear to be sensitive indicators for clinical as well as sub-clinical
disease and might exhibit potential for prognostic patient evalu-
ation in MC patients and in others with an elevated risk of LV
heart failure.

In the future TTE 3D ST will emerge as an additional imaging
method. However, normative values are still to be determined
and are not interchangeable with 2D ST-derived or vendor-
specific values [16].

For an overview over the main advantages and disadvantages of
all discussed imaging techniques please refer to© Table 1.

Cardiac magnetic resonance

v

Over the last decades, cardiac magnetic resonance (CMR) has
emerged as an important diagnostic tool in the setting of MC
[17, 18]. According to the EuroCMR and MRCT registry [19, 20],
MC represents one of the leading indications for a CMR examina-
tion. In 2013, a position statement of the European Society of Car-
diology working group on myocardial and pericardial diseases [7]
recognized CMR as an independent diagnostic modality in the
setting of MC, taking into account its unique capability of com-
bining functional analysis with noninvasive tissue characteriza-
tion. Besides established diagnostic criteria (the Lake Louise
Criteria (LLC) [21]), novel imaging techniques have emerged
over the last few years with an inherent potential to revolutio-
nize the noninvasive diagnosis of MC. The most promising tech-

Abb.1 Echokardiografische Bestimmung des longitudinalen Strains mittels
Speckle Tracking. Dargestellt ist die Messung des longitudinalen Strains im 4-
Kammerblick (4KB, a). Die erfassten Segmente im 4KB sind farbkodiert dar-
gestellt. In b wird fiir die korrespondierenden Segmente die prozentuale
myokardiale Verkiirzung/Dehnung tiber die Zeit angegeben. Der Schluss der
Aortenklappe ist mit AVC markiert. Die gepunktete weiRe Linie entspricht
der Summation des Strains in allen dargestellten Segmenten. Fiir die Be-
rechnung des globalen Strains werden zusatzlich der 2- und 3-Kammerblick
bendtigt (nicht dargestellt). In Abbildung c wird der Spitzen-Strain des Seg-
mentes visuell dem entsprechenden Segment des 4KB zugeordnet. Abbil-
dung d stellt den Strain grafisch tiber die Zeit in der Farbskala aus a und c dar.

niques as well as the state-of-the-art CMR imaging of MC with its
principles and limitations will be reviewed in the following sec-
tions.

The Lake Louise Criteria: principles and limitations

Over the last decades, the recommendations of the LLC [21] have
been integrated into the standard CMR assessment of MC and are
widely used in the clinical routine. The recommendations are
based on the presence of two out of three diagnostic criteria
(e Fig.2): 1) a regional or global myocardial signal intensity (SI)
increase on T2-weighted (T2w) images, 2) an increased global
myocardial early gadolinium enhancement ratio (EGEr) between
myocardium and skeletal muscle in gadolinium-enhanced T1-
weighted (T1w) images, and 3) at least one focal lesion with
non-ischemic regional distribution in inversion recovery-prepar-
ed gadolinium-enhanced T1w images (late gadolinium enhance-
ment, LGE).

The Sl increase on T2w images can either be analyzed visually or
can be quantified by an Sl ratio of myocardium over skeletal mus-
cle of 21.9 (“T2-ratio” | “edema ratio”) [22, 23]. The largest to
date meta-analysis dealing with the T2-ratio showed an average
sensitivity of 70 % and an average specificity of 71 % for detecting
myocardial edema [21]. The threshold of > 1.9, however, has been
established using a body coil in combination with a T2w black
blood sequence [22] and only limited validation studies of this
threshold have been performed with respect to different coils,
scanners, field strengths and sequence types [24]. In addition,
systemic inflammatory conditions in which skeletal muscles
may equally be involved limit the sensitivity of diagnostic ap-
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Table1 Main advantages and disadvantages of differentimaging techniques.

method technique

echocardiography ~ TTE

speckle tracking

MRI Lake Louise criteria

T2 mapping

native T1 mapping

ECV mapping

DWI

feature tracking

computed cardiac CT/
tomography dual source CT/
spectral CT

nuclear medicine SPECT
imaging

FDG-PET

main advantages

widely available, cost-effective, no radiation,

no need for contrast administration

see TTE

allows assessment of active and passive strain, strain
parameters more sensitive compared to echocardio-
graphic “standard” parameters

qualitative tissue characterization combined

with functional and morphological imaging

(“one-stop shop”)

quantitative tissue characterization (edema) without
the need for contrast administration, increased diag-
nostic performance compared to Lake Louise criteria
quantitative tissue characterization (edema and fibrosis)
without the need for contrast administration, increased
diagnostic performance compared to Lake Louise criteria
quantitative tissue characterization, thought to be sen-
sitive for alterations of the extracellular space caused by
edema and fibrosis, increased diagnostic performance
compared to Lake Louise criteria

thought to be more sensitive compared to T2w imaging
in the presence of myocardial edema, no need for con-
trast administration

retrospective analysis of cine images, allows
assessment of active and passive strain, strain param-
eters more sensitive compared to “standard” functional
parameters

of special interest in patients with contraindications

to CMR or in centers where CMR is not available
Additional possibility of coronary artery examination

to definitely rule out coronary artery disease

Fast technique

Better temporal and spatial resolution when

compared to MRI

widely available, qualitative and semi-quantitative im-
age analysis, observer-independent

qualitative and quantitative image analysis,
observer-independent

main disadvantages

observer-dependent, sub-optimal echocardiographic
windows (especially for RV), no tissue characterization
see TTE

not yet fully integrated into clinical routine, not widely
available

not widely available, expensive, contrast administration
needed

lack of standardization, great inter-individual variability
of normal values, differences in myocardial T2 intro-
duced by sequence design and field strength

lack of standardization, many different sequences
available, differences in myocardial T1 introduced by
sequence and field strength

see native T1 mapping

need for contrast administration

still technically challenging due to motion,
susceptibility or pulsation artifacts

dedicated software needed (expensive), lack
of standardization, reproducibility issues

radiation exposure (depending on scanner type and
protocol)

need foriodine contrast administration

delayed contrast-enhanced imaging with CT not
routinely performed

dual source [ spectral CTscanners not widely available

not routinely used in clinical practice b/o limited num-
ber of publications with usually small patient numbers,
sensitivity of only 75 %, perfusion defects also seen in
coronary artery disease and therefore not specific for
myocarditis, radiation exposure

dedicated cardiac software needed (expensive), proto-
cols forimaging established but potentially time-con-
suming, diabetic patients are a special challenge, radia-
tion exposure, expensive

proaches in which Sl is normalized to the skeletal muscle and can
lead to false-negative results. This and several technical limita-
tions of T2w imaging in the heart have relativized the diagnostic
usefulness of the first criterion over the last few years [24] and
novel methods (e.g. T1 and T2 mapping) are currently being eval-
uated as potential alternative approaches to overcome these lim-
itations, as further discussed below.

Similar problems arise for the second diagnostic criterion, the
EGEr. An EGEr 24 is regarded as pathological [22]. This threshold
was also established using a body coil and until now, only limited
validation studies of the threshold with respect to different coils,
field strengths and scanner types are known [24]. As in the case
of the T2-ratio, systemic inflammatory conditions might lead to
false-negative results when normalizing the pre- and post-gado-
linium SI to skeletal muscles. Therefore, an absolute myocardial SI
increase between pre-gadolinium and post-gadolinium images
of more than 45% is recommended to be used as a threshold
when skeletal muscle involvement appears to be likely [25].
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LGE, which serves as the third criterion, represents a robust tech-
nique for imaging myocardial necrosis and fibrosis. A predomi-
nant subepicardial or intramural location of delayed contrast ac-
cumulation is commonly seen in MC, although transmural
patterns might also occur [26]. Recently, Griin et al. have stated
not only a diagnostic but also a prognostic value for LGE imaging
in MC [27].

The presence of LV dysfunction or pericardial effusion provides
additional supportive evidence for the presence of MC according
to the LLC[21], although they do not represent independent diag-
nostic criteria. Nevertheless, according to a large patient study by
Schumm et al., a normal CMR study, represented by normal car-
diac function and the absence of LGE, provided prognostic infor-
mation with respect to cardiac mortality and morbidity [28].

T2 mapping

Qualitative T2w imaging as recommended by the LLC is known to
suffer from various limitations, e.g. regional myocardial signal
variations caused by phased-array coils, high signal from stag-
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Fig.2 Classic Lake Louise criteria. Case of a 32-year-old male presenting
with chest pain, elevated troponin levels, and normal coronary angiogram.
CMR images show a pathological early gadolinium enhancement ratio of
4.1 a and focal myocardial edema in the midventricular septal wall (b, ar-
row) with corresponding late gadolinium enhancement, which can be de-
picted on a midventricular short axis slice (c, arrow) and on a four-chamber
view (d, arrow). With three out of three Lake Louise criteria being positive in
this case, the diagnosis of acute myocarditis was confirmed.

nant blood (“slow flow” artifact), which leads to difficulties in
differentiating edema from sub-endocardial blood, through-
plane motion and the qualitative nature of image interpretation
relying on relative regional SI differences [29].

Recently, T2 mapping has been introduced as a quantitative ap-
proach to edema imaging and might allow more sensitive detec-
tion of diffuse as well as subtle changes in myocardial T2 relaxa-
tion times [29, 30]. T2 parametric maps display T2 relaxation
times pixel-by-pixel and are basically generated after acquisition
of a series of images with various echo times, from which a T2 de-
cay curve is derived (© Fig.3) [31]. There have been several at-
tempts and different approaches to bring T2 mapping to the clin-
ical routine for more sensitive detection of myocardial edema in
the setting of MC (e Fig.4) [30, 32, 33].

Despite these and other approaches, there are still some hurdles
to be overcome for the integration of T2 mapping into the clinical
routine. One of its main challenges is the high intra- and interin-
dividual variability of myocardial T2, leading to potential difficul-
ties in discriminating between health and disease. While T2 is an
inherent tissue property, a recent study in healthy volunteers
demonstrated that myocardial T2 varies significantly depending
on the sequence type and field strength used, leading to varia-
tions in T2 times of almost 20 ms (with the mean myocardial T2
values being between 44 and 59 ms) [34]. Considering that the
difference between remote and edematous myocardium has

Review

Abb.2 Klassische Lake-Louise-Kriterien. Fall eines 32-jahrigen Patienten
mit Thoraxschmerzen, erhhtem Troponin und unauffalligem Koronaran-
giogramm. Die MRT-Bilder zeigen eine pathologische Early Enhancement
Ratio von 4.1 a sowie ein fokales myokardiales Odem im mittventrikuliren
Septum (b, Pfeil) mit korrespondierendem Late Enhancement auf einem
mittventrikuldren Kurzachsenschnitt (c, Pfeil) sowie im Vierkammerblick
(d, Pfeil). Da drei von drei Lake-Louise-Kriterien in diesem Falle positiv
waren, konnte die Diagnose ,Myokarditis“ bestatigt werden.

been reported to be in the range of 10 - 20 ms [30], the previously
defined cut-offs have to be applied carefully and only when the
same sequence parameters and field strength are used.
Moreover, the previous approaches to define cut-off values in or-
der to detect myocardial edema have a common major limita-
tion: averaging myocardial T2 over many segments or even over
the whole heart does not take into account the often focal nature
of MC. Small edematous changes, which can be distributed diffu-
sely or focally throughout the whole myocardium thereby invol-
ving only small parts of many different segments, may easily be
overlooked when choosing an “averaging” approach.

A recently published study therefore proposed a novel approach
to diagnose myocardial inflammation by mapping tissue inho-
mogeneity [35]. Our study group introduced a set of novel
parameters, which were derived from absolute myocardial T2 as
well as from the standard deviation originating when averaging
all pixels within one myocardial segment for segmental T2 quan-
tification (“Pixel-SD”). These novel parameters were designed to
reflect the main aspects of focal disease manifestation in MC
without missing diffuse disease. Moreover, these parameters
promise to be less dependent on the overall level of myocardial
T2, which, as outlined, may vary significantly between individ-
uals and appear to be determined by additional non-disease-
related factors. Future validation studies will have to show if this
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novel approach will be able to overcome the hurdles of T2 map-
ping for its integration into the clinical routine.

Fig.3 Technical principle of cardiac mapping based on the example of T2
mapping. Technical principle of T2 mapping, based on acquisition with a
gradient-echo spin echo (GraSE) sequence [62]. A set of nine images is ac-
quired using nine different echo times within one breath-hold a. The ac-
quired images are then processed to fit the T2 decay curve b at each pixel to
yield a T2 map c. Various acquisition schemes and sequences are available
for T2 as well as for T1 mapping, but all of them share the same principle of
acquiring a set of images with different echo or repetition times and fitting
them to the T2 or T1 decay curve in order to obtain T2 or T1 maps.

Abb.3 Technisches Prinzip des kardialen Mapping am Beispiel des T2-
Mapping. Technisches Prinzip des T2-Mapping, basierend auf der Akquisi-
tion mittels einer Gradienten-Echo Spin-Echo (GraSE) Sequenz [62]. Neun
Bilder mit unterschiedlichen Echozeiten werden innerhalb eines Ateman-
halters akquiriert a. Die akquirierten Bilder werden anschlieBend prozes-
siert und Pixel-basiert an die T2-Relaxationskurve angefittet b. Auf diesem
Wege erhdlt man die T2-Map c. Es existieren verschiedenste Akquisitions-
schemata und Sequenzen fiir das kardiale T2 als auch T1-Mapping. Allen
gemeinsam ist jedoch das technische Prinzip der Aufnahme verschiedener
Bilder zu unterschiedlichen Echo- bzw. Repetitionszeiten, dem anschlie-
Benden Anfitten an die T2- bzw. T1-Relaxationskurve und dem Generieren
von T2- bzw. T1-Maps.

T1 mapping

Like T2 relaxation times, T1 relaxation times can also be prolonged
in the inflamed myocardium. An elegant way to measure T1 times
in the myocardium is T1 mapping, which is technically equivalent
to T2 mapping. There are multiple ways to assess T1 times in the
myocardium with inherent advantages and disadvantages with re-
spect to the accuracy and precision of the determined T1 time [36].
In the clinical routine, precision is more important than accuracy
in determining T1 times with respect to the differentiation of car-
diac diseases. Therefore, inversion recovery techniques such as
modified Look-Locker sequences (MOLLI) have been widely intro-
duced in clinical research [37]. Two types of T1 mapping prevail: 1)
native T1 mapping, and 2) extracellular volume fraction (ECV)
mapping [38] (e Fig.5). The ECV is calculated from the change in
the T1 relaxation rate in the blood pool and myocardium between
pre- and post-contrast imaging, calibrated with the blood hemato-
crit [39]. The ECV is thought to be sensitive to the distribution of
the myocardium into its cellular and interstitial compartments,
thereby reflecting the size of the interstitium, which can be altered
in a variety of pathologic conditions [39]. In contrast to LGE ima-
ging, native T1 and ECV are thought to be more sensitive to diffuse
changes in the myocardium in the setting of myocardial inflamma-
tion and/or remodeling, as they do not rely on relative changes in
signal intensities inside the myocardium.

So far, several studies have shown the potential utility of T1 map-
ping in the diagnosis of MC. In 2013, Ferreira et al. demonstrated
that patients suffering from acute MC had higher native myocar-
dial T1 than healthy controls at 1.5 T [40]. In a large patient study
Hinojar et al. demonstrated the great potential of native T1 for
detecting MC, and in this study a combination of native T1 and
LGE performed even better [41]. In addition, the authors estab-
lished cut-offs for native T1 in order to discriminate acute from
chronic MC, thereby demonstrating a steady decline in native T1
as inflammation resolved. Somewhat controversially, a study by
Radunski et al. stated that not native T1 but rather a combination
of ECV and LGE significantly improved the diagnostic accuracy of

Fig.4 Incremental value of T2 mapping in a case of diffuse myocardial
edema. Case of a 36-year-old woman with severe myositis of the thighs and
signs of systemic inflammation, presenting with chest pain and a large
pericardial effusion. CMR was performed in order to exclude myocarditis.
T2-weighted black blood images a show an increased left ventricular wall
thickness, but no focal areas of increased signal intensity. The T2 ratio was
normal (1.4). In contrast, T2 mapping b revealed highly pathological T2
values of up to 110 ms especially in the entire septum, but also focal spots
of high T2 values in the lateral wall. These finding indicate diffuse myocar-
dial edema, which had been missed on conventional T2-weighted imaging.
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Abb.4 Diagnostischer Zusatznutzen des T2-Mapping im Falle eines dif-
fusen myokardialen Odems, Fall einer 36-jahrigen Patientin mit schwerer
Oberschenkel-Myositis und Zeichen einer systemischen Inflammation,
welche sich mit Thoraxschmerzen und einem ausgedehnten Perikarderguss
vorstellte. Eine kardiale MRT-Untersuchung wurde zum Ausschluss einer
Myokarditis durchgefiihrt. T2-gewichtete Black-Blood-Bilder a zeigen ein
verdicktes linksventrikuldres Myokard, jedoch keine fokalen Areale erhohter
Signalintensitdt. Die T2-Ratio lag im Normbereich (1.4). Im Gegensatz dazu
zeigt das T2-Mapping b hochgradig pathologische T2-Werte bis zu 110 ms
insbesondere im gesamten Septum, jedoch auch in der Lateralwand. Diese
Befunde waren mit einem diffusen myokardialen Odem vereinbar, welches
in der konventionellen T2-Bildgebung der Diagnose entgangen war.
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Fig.5 T1/ECV mapping in a case of biopsy-proven acute myocarditis. Case
of a 24-year-old male presenting with respiratory-dependent, not stress-
related chest pain. The patient had a history of recent gastrointestinal in-
fection and a cold. Coronary artery disease was excluded by coronary an-
giography. Fat-suppressed T2w sequences showed diffuse edema of the
basal anterolateral wall a and the apical segments. Myocardial inflammation
was assessed with the classic LLC (relative water content 2.1 b, EGEr=9.1).
LGE showed subepicardial enhancement in the basal anterolateral wall ¢
and mid-wall enhancement in the apical segments. Native T1 was pro-
longed to 1107 ms d, and the ECV was elevated to 36 % e. EMB showed a
moderately active chronic parvovirus B19 MC. Evaluation of classic sequen-
ces was performed with cmr42 (Circle, Leiden, The Netherlands), T1- and
ECV-maps generated with Mapmaker (Medis medical imaging systems,
Leiden, The Netherlands).

CMR compared to LLC [42], and recently, a case report of biopsy-
proven MC reported that both native T1 and ECV were superior
to LLC in diagnosing MC.

Taken together, it remains unclear which parameter (native T1,
ECV, combined or not combined with LGE) will ultimately pro-
vide the best diagnostic performance for MC. Future prospective
patient studies will have to solve this issue. With respect to a
comparison of T1 mapping with T2 mapping in the setting of
MC, there is currently only one study showing superior diagnos-
tic performance for T2 mapping over T1 mapping [43]. The com-
parison of these novel methods in a multiparametric approach
also needs further patient studies.

Diffusion-weighted imaging

Over the last few years, diffusion-weighted imaging (DWI) has
increasingly been recognized as an interesting diagnostic tool in
the heart. However, despite technical improvements such as
more powerful gradients and phased-array coils and the devel-
opment of fast imaging techniques, DWI of the heart remains

\—__j_f__ A LIS g 3 "3
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Abb.5 T1-ECV-Mapping bei bioptisch gesicherter Myokarditis. Ein Patient
(24 Jahre, mannlich) stellte sich mit atemabhéngigen, aber nicht belas-
tungsassoziierten Thoraxschmerzen nach vorausgegangenem gastrointes-
tinalen Infekt und Schnupfen vor. Der Ausschluss einer koronaren Herzerk-
rankung erfolgte mittels Herzkatheter-Untersuchung. In der
fettsupprimierten T2-gewichteten Sequenz zeigt sich ein diffuses Odem der
basalen Anterolateralwand a sowie der apikalen Segmente. Die myokardiale
Inflammation konnte mittels der klassischen Lake-Louise-Kriterien bestdtigt
werden (relativer Wassergehalt 2.1 b, relatives Early Enhancement=9.1).
Die Analyse der Late-Enhancement-Sequenzen ergab eine subepikardiales
Kontrastmittelanreicherung basal anterolateral sowie ein streifiges intra-
myokardiales bis subepikardiales Late Enhancement der apikalen Seg-
mente. Die native T1-Zeit war auf bis zu 1107 ms verlangert d, das extra-
zelluldre Volumen (ECV) auf 36 % erhoht e. Die Endomyokardbiopsie ergab
eine maRiggradig aktive chronische Parvovirus B19-Myokarditis. Die Evalu-
ation der klassischen Sequenzen und der Lake-Louise-Kriteren erfolgte mit
cmr4?2 (Circle, Leiden, Niederlande), die Generierung der T1- und ECV-Maps
mit Mapmaker (Medis medical imaging systems, Leiden, Niederlande).

technically challenging due to motion, susceptibility or pulsation
artifacts [44].

A small set of studies, however, has addressed the field of DWI in
the heart in order to establish a more sensitive diagnostic tool for
edema detection in the setting of MC. In 2013, Potet et al. de-
scribed for the first time that a low b-value diffusion-weighted
echo-planar imaging sequence might be a sensitive alternative
to T2w imaging for detecting myocardial edema in MC patients
[45]. In addition, they showed first results that DWI might be
even more sensitive compared to T2w imaging in the presence
of myocardial edema (© Fig. 6). Further studies should address
and validate this interesting approach, as DWI represents a fast
technique without the need for contrast administration, which
could provide additional information in the setting of MC.

Feature tracking-based strain analysis

An additional alternative diagnostic approach in the setting of
MC is CMR feature tracking (FT)-based myocardial strain analysis,
which represents a comparable technique to echocardiographic
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Fig.6 Diffusion-weighted imaging (DWI) in acute myocarditis. DWI a, T2-
weighted STIR b, and late gadolinium enhancement c images acquired in a
four-chamber plane in a patient with suspected acute myocarditis. Arrows
on a show myocardial high signal areas located within the basal part of the
lateral wall as well as in the apex. b did not reveal any local increase of signal
intensity. The arrows on ¢ show focal enhancement located in the same
areas as in a, underlining the potential of DWI in detecting myocardial ede-
ma. Courtesy of Jean-Francois Deux, Department of Radiology, Henri Mon-
dor Hospital, University Paris Est, Créteil, France.

ST. FT allows tracking of tissue voxel motion from routinely ac-
quired cine images and derivation of myocardial strain param-
eters without the need for the acquisition of additional sequen-
ces [46]. In contrast to ST, which tracks randomly generated
myocardial speckle artifacts in the echo image throughout the
cardiac cycle [47], the FT algorithm is based on tracking of the
epi- or endocardial borders [46].

A recently published study could show the potential diagnostic
value of a combined left and right ventricular strain analysis in
acute MC even when EF was preserved, thereby highlighting a
potential role for the often “forgotten” RV in the pathophysiology
of MC [48]. Moreover, the study demonstrated the diagnostic val-
ue of RV strain analysis in patients with clinically diagnosed acute
MC showing an otherwise completely inconspicuous CMR study.
Therefore, FT may prove advantageous in cases of clinical MC
where traditional CMR techniques are inconclusive.

Computed Tomography

v

Although CMR is the reference noninvasive technique for the di-
agnostic assessment of MC, preliminary investigations have in-
troduced cardiac computed tomography (CT) as an interesting al-
ternative for visualizing myocardial damage in patients with
clinically suspected MC [49]. Cardiac CT is particularly useful in
the setting of acute chest syndrome for differentiating myocardial
ischemia from acute myocarditis [50]. Indeed, in a simple and ra-
pid examination CT provides a comprehensive evaluation of both
the coronary arteries and myocardial tissue characteristics. In
practice, first-pass CT acquisition allows assessment of the coron-
ary anatomy as well as of LV enhancement so that significant cor-
onary stenosis is revealed by subendocardial hypoperfusion. The
delayed CT acquisition is performed 3 to 5 minutes later without
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Abb.6 Diffusions-gewichtete Bildgebung (DWI) bei akuter Myokarditis.
DWI a, T2-gewichtete STIR b und Late Enhancement c Bilder, aufgenom-
men im Vierkammerblick bei einem Patienten mit Verdacht auf akute
Myokarditis. Die Pfeile in a weisen auf Areale mit erhchter Signalintensitat
in der basalen Lateralwand sowie im Apex. b zeigte keinen lokalen Anstieg
der Signalintensitat. Die Pfeile in ¢ zeigen auf ein fokales Late Enhancement
in korrespondierenden Arealen zu a, was das Potential der DWI fiir die
Diagnostik des myokardialen Odems unterstreicht. Mit freundlicher Ge-
nehmigung von Jean-Francois Deux, Institut fiir Radiologie, Henri Mondor
Hospital, Universitat Paris Est, Créteil, France.

any reinjection of contrast medium, allowing imaging of iodine
uptake on late contrast-enhanced images in a similar fashion as
CMR. The latest generation of CT machines has closed a technolo-
gical gap with the principle of spectral imaging. The technology is
based on the use of multi-energy imaging obtained either by sin-
gle or dual source emission. It allows collection of the entire
range of attenuation curves of the different materials included
in the acquired volume, thus allowing tissue decomposition
based on the X-ray attenuation at different photon energies emit-
ted by the tube. lodine is well recognized by its specific curve at-
tenuation according to its physical and chemical composition so
that it is easily possible to extract the iodine map [51]. Delayed
iodine contrast-enhanced imaging reveals the inflamed area
showing increased uptake of iodine contrast agent in the intersti-
tial space (© Fig.7)[52, 53]. It is also possible to objectively quan-
tify the iodine concentration in the inflamed tissue (¢ Fig.7)[52,
53]. Moreover, a recently published study could demonstrate for
the first time the feasibility of cardiac CT for ECV quantification
by dynamic equilibrium CT in cardiac amyloidosis [54] and high-
lighted some advantages of CT over CMR in this setting, one of
them being the simple linear relationship between attenuation
and iodine concentration as opposed to the nonlinear effect on
the relaxivity of hydrogen following the administration of gado-
linium.

Further evaluation is needed for these interesting novel tech-
niques, which will determine whether cardiac CT could be an al-
ternative to MRI for the diagnosis of acute MC. It might be of spe-
cial interest in patients with contraindications to CMR or in
centers where CMR is not widely available. Furthermore, a poten-
tial advantage of cardiac CT compared to MRI could be the addi-
tional possibility of a validated coronary artery examination to
definitely rule out coronary artery disease.
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Fig.7 Cardiac CT: lodine map extraction obtained from delayed contrast-
enhanced imaging and quantification of myocardial iodine concentration.
Myocardial injury typical for myocarditis seen in the subepicardial layer of
the inferolateral segment of the LV appearing as a hyperintense area (arrow)
on LGE imaging a. Corresponding iodine uptake can be depicted in the
same area on delayed iodine imaging b. The iodine concentration in this
region (ROI 1) is measured at 28.9 ug/cm3 ¢, whereas it is measured only at
17.40 pg/cm3 in the normal myocardium in the interventricular septum
(ROI 2). d shows the corresponding histogram demonstrating the clear se-
paration of the density of the previously measured ROIs (ROI 1 density in
yellow corresponding to high concentration of iodine in the inferolateral
segment of the LV; ROI 2 density in blue corresponding to low concentra-
tion of iodine in the septum).

Review

Abb.7 Kardiale CT: Jod-Map-Extraktion und Quantifizierung der myokar-
dialen Jod-Konzentration. Die myokardiale Ldsion in der subepikardialen
Region des linksventrikuldren inferolateralen Segmentes imponiert in der
MRT-Late-Enhancement-Bildgebung als hyperintense Region (Pfeil; a). Auf
der mittels Kontrastmittel-verstarker CT-Technik aufgenommenen Jod-Map
ist in korrespondierender Lokalisation eine verstarkte Jod-Aufnahme nach-
weisbar b und die Jod-Konzentration wird mit 28.9 ug/cm3 gemessen (c;
ROI 1), wéhrend sie im normalen Myokard im interventrikuldren Septum
(ROI 2) lediglich 17.40 ug/cm3 betrégt. d zeigt das korrespondierende His-
togramm mit einer klaren Trennung der Dichtewerte der zuvor gemessenen
ROIs (ROI 1: die Dichtewerte in gelb entsprechen der hohen Jod-Konzen-
tration im inferolateralen Segment; ROI 2: die Dichtewerte in blau entspre-
chen der geringeren Jod-Konzentration im interventrikuldren Septum).

Fig.8 Myocarditis-induced perfusion abnormalities on TI-201-SPECT. Api-
cal, mid-ventricular and basal short-axis views as well as vertical and hori-
zontal long-axis views after injection of 74 MBq TI-201-chloride at rest

(10 min p.i.; upper row) and after reperfusion (3 h p.i.; lower row) demon-
strating perfusion defects predominantly in the inferior wall after myocar-
ditis. Coronary artery disease had been excluded.

Abb.8 Myokarditis-induzierte Perfusionsdefekte in der TI-201-SPECT.
Apikale, mittventrikuldre und basale Kurzachsenschnitte sowie jeweils ein
vertikaler und horizontaler Langachsenschnitt nach Injektion von 74 MBq
TI-201-Chlorid in Ruhe (10 min. p. i.; obere Bildreihe) und nach Reperfusion
(3 h p.i.; untere Bildreihe). Bei klinisch diagnostizierter Myokarditis zeigen
sich Perfusionsdefekte insbesondere in der Hinterwand des linken Ventri-
kels. Eine koronare Herzkrankheit war vorher ausgeschlossen worden.
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Nuclear medicine imaging

v

While recent progress has been achieved with nuclear imaging
techniques to diagnose infective endocarditis or cardiac device-
related infections, there is a paucity of nuclear imaging data con-
cerning the diagnosis of MC.

It has long been known that a patchy uptake pattern seen on
myocardial perfusion scintigraphy can be indicative of MC
(e Fig. 8). This sign, however, has an insufficient sensitivity of
about 75% [55] to be used alone for the diagnosis of MC and
therefore, the current German guidelines on myocardial perfu-
sion single photon emission computed tomography (SPECT) [56]
do not include the indication of MC.

Recently, increasing relevance has been reported for positron
emission tomography (PET) in combination with CT or MRI for
the diagnosis of MC and especially for sarcoidosis, which repre-
sents a special subtype of MC. A special challenge for cardiac ima-
ging by fluorodeoxyglucose (FDG)-PET, however, is the variable
physiologic uptake of FDG within the heart, depending on the
length of the fasting period [57]. There are several approaches to
stimulate myocardial glucose metabolism with either oral or IV
glucose loading [58]. In addition, the time between the onset of
MC and FDG-PET has to be taken into account [59]. According to
a small set of case studies, a patchy FDG uptake pattern might be
typical in the setting of MC [60, 61].

Due to the lack of reliable data, larger studies are needed to better
define the clinical value of FDG PET/CT and FDG PET/MRI for the
diagnosis of MC.

Conclusion

v

Different imaging modalities are increasingly used in the nonin-
vasive diagnosis of MC. Especially some of the novel techniques
discussed above have the potential to revolutionize the future di-
agnostic work-up of MC and significant research efforts are cur-
rently being undertaken in order to overcome the hurdles for es-
tablishing one or the other technique in the clinical routine.
ST-based myocardial strain imaging is on the way of becoming
part of the echocardiographic routine protocol and its potential
prognostic role needs assessment in further patient studies.
CMR with its inherent potential to combine functional analysis
with noninvasive tissue characterization in a “one-stop shop” ap-
proach and with its set of emerging quantitative imaging tech-
niques such as T1, ECV and T2 mapping, DWI and FT is likely to
gain more and more influence in the noninvasive diagnosis of
MC. Most likely, the future diagnosis of MC by CMR will rely on a
comprehensive multiparametric imaging approach, combining
mapping techniques (either native T1, ECV or T2 or even two or
three of them) with other diagnostic imaging parameters like
LGE and FT or novel, emerging imaging methods, thereby chan-
ging or even replacing the traditional LLC.

As summarized in the present study, the diagnostic approach to
MC is likely to undergo several changes in the near future, point-
ing towards an earlier and more accurate diagnosis of this highly
relevant disease. If diagnosis can be made more reliably, novel
therapeutic strategies will be able to evolve resulting in the pro-
spect of more effective treatments for MC in the future - just like
Sir William Osler stated in his “Principles and Practice of Medi-
cine” already in 1892: “There are three phases to treatment: di-
agnosis, diagnosis and diagnosis.”
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