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Abstract The aim of the current study
was to use an established animal model
of autoimmune myocarditis and to
judge the ability of cardiovascular MRI
(CMR) in quantitatively measuring the
extent of myocardial involvement
compared with histopathological mea-
surement of severity and extent.
Experimental autoimmune myocarditis
(EAM) was induced in 10 male Lewis
rats. On day 21, all animals were
investigated by CMR to measure the
extent of late gadolinium enhancement
(LGE). Subsequently, histopathologi-
cal evaluation of the entire heart was
performed. All animals of the experi-
mental group fulfilled histopathological

criteria of myocarditis, revealing
necrosis in seven of eight cases. At
reduced heart rate, area of LGE corre-
lated highly with histologically proven
area of myocarditis (#=0.80-0.87, p<
0.05). LGE was mainly located in the
anterior (range 50-62.5%) and lateral
(range 62.5-75%) left ventricular wall
and septum (range 25-50%) with a
midwall to subepicardial accentuation.
The LGE pattern found by CMR can
be regarded as suggestive of EAM.
With cellular necrosis being the main
mechanism for LGE we were able to
show high correlations between CMR
examination results and histopatholog-
ically proven areas of myocarditis.
Thus we think the current animal
model can provide the opportunity

for further fundamental research into
myocarditis.

Keywords Myocarditis - Animal -
MRI

Introduction

Myocarditis is defined as myocardial inflammation asso-
ciated with edema, cellular infiltration, apoptosis and
necrosis of cardiomyocytes [1]. Myocarditis was found in
the autopsy of 16-21% of children with sudden cardiac death
[2]. The clinical presentation of myocarditis varies from
asymptomatic to nonspecific symptoms (arrhythmia, angina
pectoris, sudden cardiac death) making its diagnosis difficult.

Despite innovations in diagnostics, a definitive diagno-
sis of myocarditis still requires an invasive image-guided
endomyocardial biopsy (EMB). As the myocardial inflam-

mation pattern of myocarditis may be diffuse or focal, the
so-called sampling error leads to very low sensitivity of
EMB of about 20% [3]. As alternatives to EMB,
noninvasive methods such as cardiovascular magnetic
resonance imaging (CMR) have gained increasing interest
[4-7]. Late gadolinium enhancement (LGE) with an intra-
myocardial to subepicardial accentuated pattern is consid-
ered to be highly suggestive of myocardial inflammation [4,
7, 8]. Compared with EMB, sensitivity and specificity of
CMR lie between 90 and 100% [4]. Nevertheless these
figures result from clinical studies verifying myocarditis by
EMB. Fundamental research using an animal model with the
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possibility of histopathological examination of the whole
myocardium has not been published to date. Furthermore, the
important issue of correlating the enhancement with the
histologically proven extent of myocarditis has not yet been
investigated.

Experimental autoimmune myocarditis (EAM) is an
established animal model to display myocarditis [9-11] as
its histomorphology is similar to human myocarditis [12—
14]. The aim of the current study was to establish an animal
model for CMR imaging research and to judge the ability
of CMR in quantitatively measuring the extent of myocar-
dial involvement compared with histopathological mea-
surement of severity and extent.

Methods
Immunization of animals

Twenty male Lewis rats, aged 68 weeks, weighing 250—
300 g were used in this study. All experiments were
approved by the governmental committee and our institu-
tional animal research review board.

According to the established EAM model [12] 10
animals served as the experimental group and were
immunised with porcine cardiac myosine (PCM; Sigma
Aldrich, M0531); the remaining 10 animals served as
control. The allocation to the control or experimental group
was done by random selection.

PCM was diluted with phosphate-buffered saline (PBS,
BD Heidelberg, Germany) and finally emulsified with
complete Freud’s adjuvant (CFA; BD Heidelberg, Germany)
1:1. On days 1 and 7 experimental group rats were
subcutaneously injected in the footpad with 0.5 ml PCM-
CFA emulsion, containing 1 mg PCM. Control group
animals were subcutaneously injected with 0.25 ml CFA
only, i.e. without PCM.

CMR sequences and procedure

On day 21, animals were examined by ECG-triggered
CMR (1.5 T, Magnetom Sonata Siemens, Erlangen,
Germany) under isoflurane anaesthesia (2.2% isoflurane
in air). Isoflurane anaesthesia was used due to its negative
inotropic effect [15].

Animals were positioned headfirst, supine. ECG elec-
trodes were placed on the animal’s pads and a finger
surface radiofrequency coil, serving as receiver, was fixed
on the animal’s chest.

Slice levels were adjusted to the individual heart axis and
images of the horizontal long axis (4-chamber-view) and
short axis were performed by a turboFLASH imaging
sequence (turbo fast low angle shot, TFL). These fast
gradient echo (GRE) sequences deliver T1-weighted
images using the inversion recovery technique with low

angle shots. Determination of inversion time in short-axis
sequences was performed by a scout (inversion time scout)
10 min after intravenous injection of gadolinium-DTPA
(Magnevist®; 0.1 mmol/kg), as recommended in the
literature [16]. At ideal inversion time, MR scout images
show dark, healthy myocardium in contrast to a bright
blood pool.

Using the previously determined TI, animals were
examined by using GRE sequences in a high resolution
2D fashion without and with fat suppression. GRE imaging
was performed with and without fat suppression to improve
the topographic mapping of myocarditis by eliminating the
high fat signal ratio by increasing the contrast for
visualizing the area of myocarditis. CMR examination
was performed as follows: 15 min after Gd-DTPA injection
CMR imaging started with GRE sequences without fat
suppression (FoV read 120 mm, FoV phase 46.0%, slice
thickness 3 mm, TR 750 ms, TE 4.38 ms, averages 2, flip
angle 25°, base resolution 256, phase resolution 100%) and
directly afterwards with fat suppression.

To assess a possible influence of heart rate on CMR
imaging quality, 25 min after Gd-DTPA injection heart rate
was reduced to 90—120 bpm by injection of propofol and
metoprolol, and GRE sequences first without (Fig. 1a) and
then with fat suppression were repeated.

Subsequently, animals were sacrificed by propofol
overdose and turbo spin echo (TSE) sequences (FoV read
100 mm, FoV phase 57.8%, slice thickness 2 mm, TR
742 ms, TE 17 ms, averages 3, flip angle 180°, fat
saturated, base resolution 448, phase resolution 100%) of
the arrested heart were performed, 30 min after Gd-DTPA
injection (Fig. 1b) to achieve a higher signal-to-noise ratio.

CMR images were analysed using a commercially
available PACS system (Centricity, GE Healthcare, Chicago,
USA) by two radiologists with 5 and 8 years experience in
the field of cardiac MRI in consensus. LGE was traced by
manual drawing of regions of interest (ROIs) around the
enhanced areas. The size of LGE was expressed as a
percentage of the total segment for each slice. As we could
not be sure to perform the CMR examination in the same
phase of the cardiac cycle for each animal and additionally
due to variation of animals regarding heart size and weight,
the expression of LGE as a percentage of the total segment
seems to be the optimal method for evaluation rather than
absolute figures of LGE. Percentages of LGE were measured
in three representative slices from base to apex and summed
for each animal.

In order to investigate the LGE distribution, the right and
left ventricle were divided into six segments in order to
specify LGE location.

Histopathological preparations and analysis

After CMR the heart was explanted by thoracotomy, then
fixed in formalin (4%) for 6 h and finally dehydrated.
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Fig. 1 CMR images (a, b) in one animal of the experimental group
and histological findings for the same animal (¢). a GRE sequence
without fat saturation at reduced heart rate, 25 min after gadolinium
injection. Arrows indicate area of late gadolinium enhancement in
the anterior and lateral left ventricular wall. b TSE sequence shows

For paraffin embedding and sections, 2-mm-thick slices
were prepared from the formalin-fixed myocardium. On
the following day tissue was effused in paraffin and stored
at 21°C. A microtome was then used to afford 5-pum-thick
slices, which were transferred into warm water and placed
on a slide. Hematoxylin—eosin (HE) staining was used.

Macroscopy of rat hearts was evaluated by assigning a
macroscopic score according to Yuan et al. [17], regarding
macroscopic morphology and pericardial effusion (macro-
scopic morphology, 0=no inflammatory alteration; 1=
focal inflammatory signs; 2=multiple/diffuse inflammato-
ry signs less than or equal to one third of heart size; 3=
diffuse inflammatory signs greater than one third of heart
size; pericardial effusion, 0=no effusion; 1 =mild effusion;
2=massive effusion).

The severity of myocarditis was histologically analysed
and the results were based on a microscopic score system
according to the following histological criteria: density of
inflammatory infiltration (graded 0-3) defined by presence
of leucocytes, strength of inflammatory destruction with
rarefaction and pushing apart of heart muscle fibres (graded
0-3), occurrence of pericarditis (graded 0-2), occurrence
of necrosis (graded 0-3). Degree of necrosis was defined
according to Kanda et al. [18] as: grade 0, no necrosis;
grade 1, necrosis involving less than 25% of the ventricular
myocardium; grade 2, necrosis involving 25-50% of the
myocardium; grade 3, necrosis involving more than 50% of
the myocardium. Results were pooled into a microscopic
score system, with a maximum score of 11 points, to
express severity of myocarditis.

Areas of infiltration were measured in slices from the
base to apex of the heart by using dedicated software
(analySIS® 5.0, Soft Imaging System, Miinster, Germany).
Infiltrated areas were bordered manually, each in a
representative slice of apex, mid and base of the heart in
a way similar to ROI drawing in CMR.

late enhancement (arrows) in the anterior and lateral wall of left
ventricle, 30 min after gadolinium injection. ¢ Histological findings
demonstrate subepicardial to midwall cellular infiltration by
leucocytes in the anterior and lateral left ventricular wall (black
arrows)

To analyse the location of histological infiltration we
used the identical ventricular segment model employed for
encoding of LGE location.

Statistical analysis

All statistical analyses were calculated with biostatistical
software (SPSS® 12.0 for Windows, SPSS Inc., Chicago,
[linois, USA and BiAS for Windows 8.6) Percentages of
LGE areas and histologic inflammation areas are expressed
as means =+ standard deviation (SD). Correlations between
LGE area size in images and histological inflammatory
area were calculated by using the Bland—Altman correla-
tion test. Median scores for histopathology and CME were
calculated, because the scores have ordinal scales. The
Mann—Whitney U test was used to detect significant
differences in evaluating the extent of late gadolinium
enhancement at physiological and reduced heart rate.
Results were considered to be significant at p<0.05.

Results

On day 21, we examined animals by CMR. Two animals of
the experimental group died on days 15 and 17 and
consequently could not be examined on day 21 by CMR;
those animals were assigned a macroscopic score of 5 and a
microscopic score of 11.

CMR examinations
As mentioned before, only eight experimental and all

control group animals (n=10) were examined by CMR,
using GRE and TSE sequences, on day 21. In general, LGE
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was detectable in CMR images of experimental animals,
but in none of the control group animals.

Analysis of GRE examination

Beginning with GRE sequences without fat suppression,
LGE was detectable in six of eight animals (75%); the
mean percentage of LGE areas was 5.67% (SD+4.37) at
physiological heart rate (280—400 bpm). At reduced heart
rate (90—120 bpm) LGE was detectable in all examined
experimental animals (100%); mean percentage of LGE
areas was 25.93% (SD+23.6).

GRE examination with fat suppression displayed LGE in
five of eight animals (62.5%) at physiological heart rate;
mean percentage of LGE areas was 6.74% (SD+5.19). At
reduced heart rate, LGE was detectable in all examined
experimental animals (100%); mean percentage of LGE
areas was 22.20% (SD+17.22).

Statistically significant difference was detected on
evaluating the extent of LGE at physiological and reduced
heart rate by using the Mann—Whitney U test, indicating
extent of LGE to be higher at reduced heart rate than
physiological heart rate (»p=0.037).

Analysis of TSE examination

TSE sequences without fat suppression detected LGE in
seven of eight animals (87.5%); mean percentage of LGE
areas was 5.43% (SD=+6.42). In TSE sequences with fat
suppression LGE was found in six of eight animals (75%);
mean percentage of LGE areas was 5.74% (SD+7.0).

Distribution of LGE

Independent of the examined CMR sequence (GRE vs.
TSE) LGE was mostly localized in the myocardium of the
left ventricle, anterior (range 50—62.5%) and lateral (range
62.5-75%), and in the septum (range 25-50%), according
to the ventricular segmental model; inside the myocardium,
LGE was predominantly found midwall and subepicardial,
and in no case subendocardial or transmural (Fig. 2).

Histopathological analysis

All remaining animals of the experimental group (n=38)
developed myocarditis according to the described micro-
scopic score system, whereas control group animals (n=
10) were histopathologically healthy.

In seven of eight animals of the experimental group we
found pericardial effusion and visible signs of inflamma-
tion. Median macroscopic score was 4.5 (range 0-5) in the
experimental group and 0 (range 0—1) in the control group.

Experimental group animals had a mainly high
density of inflammatory infiltration with a subepicardial
accentuation. Heart muscle fibres were destroyed and
pushed apart as a result of inflammation. Necrosis was
observed in seven of eight animals of the experimental
group. The degree of necrosis detected in the experi-
mental group by histopathological examination was
graded from 0 to 3 (Table 1).

Control group animals showed histologically un-
changed, healthy myocardium. Median microscopic score
was 9 (range 1-11) in the experimental group and 0 (range
0) in the control group.

Correlation of CMR examination and histology

Comparing mean percentages of LGE areas in CMR
images and percentage of histological areas of inflamma-
tion, we found high correlations (Bland—Altman correla-
tion test) for GRE examination at reduced heart rate
(correlation coefficient=0.80, p=0.02), for GRE examina-
tion with fat saturation at reduced heart rate (correlation
coefficient=0.87, p=0.005), for TSE examination (corre-
lation coefficient=0.81, p=0.01) and for TSE examination
with fat saturation (correlation coefficient=0.73, p=0.04)
(Table 2). There was no significant correlation for GRE
examination at physiological heart rate (Table 2).

Discussion

CMR has been established for a long time, especially in
evaluating myocardial infarction and differentiating viable
and nonviable myocardium [19]. In diagnosing myocardial
inflammation, CMR has gained interest due to the
disadvantages of EMB [4, 5, 7]. Hypotheses concerning
the molecular pathophysiology of late gadolinium en-
hancement have been provided based on necrotic cardio-
myocytes. As found in experimental animals, the necrotic
cardiomyocytes with ruptured membranes are able to take
up contrast media such as gadolinium-DTPA, whereas
gadolinium as an extracellular molecule cannot penetrate
into healthy cardiomyocytes, resulting in contrast media
enhancement of necrotic foci. This conclusion is also
agreed by Friedrich et al. [20].

LGE patterns have been described for myocardial
infarction and for myocardial inflammation [4, 7, §].
Several studies verified a subendocardial accentuated LGE
pattern as typical for myocardial infarction by comparing
CMR examination with histological findings in experi-
mental animal models of myocardial infarction [21]. To our
knowledge no study comparing CMR findings with
histological findings in experimental animal models of
myocardial inflammation has been published. Conse-
quently, described LGE patterns probably indicating myo-
cardial inflammation, as well as data for sensitivity and
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specificity of CMR, still have to be verified by comparing
CMR and histology.

As described before, LGE was only detectable in
experimental group animals and the extent of LGE areas
correlated highly with histological inflammation. Even the
lack of a nonclinical high-field MR magnet seems to be no
barrier to perform CMR imaging in small rodents, in
agreement with Gilson and Kraitchman [16]. All animals of
the experimental group revealed LGE in GRE sequences at
reduced heart rate. Even animals with minimal histological
changes (histopathological score 1 and 2) revealed LGE.

Table 1 Degree of necrosis detected by histopathological examina-
tion in the experimental group

Degree of necrosis Number of rats Percentage
Grade 0 1 12.5
Grade 1 4 50

Grade 2 1 12.5
Grade 3 2 25

Grade 0, no necrosis; grade 1, necrosis involving less than 25% of
the ventricular myocardium; grade 2, necrosis involving 25-50% of
the myocardium; grade 3, necrosis involving more than 50% of the
myocardium

The rat heart rates during CMR examination at physiolog-
ical heart rate varied from 280 to 370 bpm. This heart rate
diversity might be a reason why some of the experimental
animals did not reveal LGE in GRE sequences at
physiological heart rate, but at reduced heart rate (all
animals < 120 bpm) showed LGE.

Concerning influence of heart rate on CMR image
quality, examined mean percentage of LGE areas in GRE
examination was higher at reduced heart rate than at
physiological heart rate (Fig. 2). At physiological heart rate

Table 2 Correlation between extent of LGE and histologically
proven area of inflammation

Bland—Altman correlation
coefficient (pvalue)

CMR sequence

GRE —0.129 (0.76)
GRE, HR reduced 0.80 (0.02)
GRE with fat suppression —0.063 (0.88)

GRE with fat suppression, HR 0.87 (0.005)

reduced
TSE with fat suppression 0.728 (0.04)
TSE 0.81 (0.01)
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(280400 bpm) LGE appears to be underestimated due to
more intense imaging artefacts [21]. On the other hand
LGE was revealed more often at reduced heart rate than at
physiological heart rate (100% vs. 62.5-75%, respec-
tively), independent of the GRE sequences used.

We presume that smaller areas of LGE in TSE
sequences compared with GRE sequences result from
the long time (about 30-35 min) between injection of
gadolinium and the TSE measurement. In consequence
we think that more gadolinium was washed out than
during the GRE measurement.

In small rodent CMR imaging a heart rate of
appropriately 100 bpm should be attained to minimize
imaging artefacts. To what extent a reduction of heart rate
should be applied in human cardiac MRI could be
evaluated by clinical studies.

Evaluating the distribution of LGE, we found a pattern in
which LGE was mainly located inside the anterior and
lateral left ventricular wall including septum with a
midwall to subepicardial accentuation.

Comparing our results with Mahrholdt et al.’s [22], who
showed that LGE patterns differ according to type of viral
myocarditis (Parvovirus B19 versus human herpesvirus 6),
and with Abdel-Aty et al.’s [23] we can affirm that a
predominant accentuation of LGE pattern in the midwall to

subepicardial layer is highly suggestive of myocardial
inflammation. Differences in LGE distribution inside myo-
cardium can be explained by different aetiologies of myocar-
ditis in the compared studies (viral versus autoimmune).

Compared with the LGE pattern presumed as typical for
myocardial infarction with a subendocardial accentuation,
the main difference seems to be the subepicardial accen-
tuation in myocarditis.

The animal model’s clinical relevance arises from its
histomorphological similarity to human myocarditis [13,
14, 24].

Conclusion

EAM in a rat model can be detected by using a clinical MR
magnet. LGE located in the anterior and lateral left ventricular
wall including the septum with a midwall to subepicardial
accentuation seems to be a pattern suggestive of the diagnosis
of myocarditis. Even though cellular necrosis is mostly
accepted as the main mechanism for LGE, we were able to
show high correlation between CMR examination results and
histopathological findings and thus we think the current
animal model can provide the opportunity for further
fundamental research into myocarditis.
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