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Myocarditis is an inflammatory disease of the heart muscle
that is pathologically characterized by the infiltration of the myo-
cardium by immune cells such as T cells and macrophages. Still, it
is a major cause of dilated cardiomyopathy and sudden cardiac death
in younger adults (/). The clinical presentation of myocarditis is
highly variable and associated with a wide range of symptoms, such
as dyspnea, chest pain, and cardiac arrhythmia (3,5). Therefore,
diagnosis solely based on the clinical presentation is challenging.
Endomyocardial biopsy is considered the gold standard for definite
diagnosis of myocarditis; however, this highly invasive approach is
associated with inherent sampling error, limiting its sensitivity
(6). Therefore, in patients with suspected myocarditis noninvasive
imaging may play a pivotal role for rapid initial diagnosis, biopsy
guidance to increase diagnostic sensitivity, and therapy monitor-
ing and adaptation/optimization of therapeutic strategies. Among
the available imaging modalities, cardiac MRI has been proven to be
a useful tool for the assessment of myocardial inflammation (7)
because it allows for high-resolution measurements of ventricular
morphology, function, and tissue characterization of the myocardium
(8-10). In addition, irreversible myocardial injury, such as necrosis
and fibrosis, can be visualized by late gadolinium enhancement
(8,11,12). However, standard MRI may be insensitive for the detec-
tion of inflammatory activity, which is critical for monitoring thera-
peutic responses to prevent secondary tissue alterations. On the other
hand, PET is a highly sensitive, noninvasive technology that can be
applied to visualize target-specific molecules using appropriate pos-
itron-emitting radioactive tracers (/3). This technology is promising for
the quantitative detection of myocardial alterations such as immune cell
infiltration, even at early stages of myocarditis before structural alter-
nations can be visualized by other morphologic imaging modalities.
L-[methyl-!!C]methionine ('!C-methionine) has been widely used
for diagnosis of various cancers, such as brain tumors (/4) and multiple
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myeloma (/5). Recently, several experimental studies have sug-
gested the potential of 'C-methionine PET to detect inflammatory
lesions (16,17). Kubota et al. reported that methionine uptake is
increased in macrophages that invade tumor lesions (/8). By con-
ducting in vitro binding experiments using isolated inflammatory
cells, Oka et al. further confirmed that L-[methyl-'“C]methionine
('#C-methionine) accumulates in inflammatory cells, including
macrophages, T cells, and B cells (19).

In the present study, we aimed to explore the usefulness of
radiolabeled methionine for the assessment of cardiac inflammatory
lesions in a rat model of autoimmune myocarditis.

MATERIALS AND METHODS

All reagents were commercial products and used without further
purification unless otherwise indicated. Animal studies were approved
by the local institutional animal care and use committee and performed
according to the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health (NIH publication
85-23, revised 1996 (20)).

Radiochemistry

14C-methionine was purchased from PerkinElmer. !!C-methionine
and '8F-FDG were produced in-house with a 16-MeV Cyclotron
(PETtrace 6; GE Healthcare), as described previously (27). Briefly,
I8F-FDG was produced on a FASTlab synthesizer (GE Healthcare),
and !'C-methionine was synthesized on a TRACERIab FX-C Pro mod-
ule (GE Healthcare) by an online ''C-methylation of L-homocysteine.
I8F_fluorobenzyl triphenyl phosphonium, a myocardial perfusion PET
tracer, was prepared as reported previously (22,23). All radiolabeled
ligands were analyzed by high-performance liquid chromatography or
thin-layer chromatography at the end of syntheses to confirm radio-
chemical identity and purity (>95%).

Animal Model of Myocarditis

EAM was induced in female Lewis rats (Charles River Laborato-
ries; weighing 200-250 g) as previously described (24,25), with
some minor modifications. Briefly, 0.5 mg/mL of pig cardiac myosin
(0.25 mL; Sigma Aldrich) in an equal volume of complete Freund
adjuvant (Difco) supplemented with Mycobacterium tuberculosis
(Difco) was injected subcutaneously into the backs (3 different sites)
of 15 rats on days O and 7. Control rats (n = 9) were injected with
adjuvant alone. Imaging experiments were performed on day 21 after
the first immunization.

Ex Vivo Dual-Tracer Autoradiography

Dual-tracer autoradiography was conducted with '“C-methionine and
I8F-FDG (26). '8F-FDG (37 MBq) was injected intraperitoneally into
conscious rats (n = 4) after a 14-h fasting period to minimize physio-
logic cardiac glucose uptake. Subsequently, '“C-methionine (0.74 MBq)
was injected via the tail vein 40 min after the '8F-FDG injection. Tracer
distribution times before euthanasia were 60 min for '8F-FDG and
20 min for “C-methionine. The heart was extracted, frozen, and cut into
20-pm short-axis slices using a cryostat (Leica). First, the imaging plate
(Multi Sensitive Phosphor Screens; PerkinElmer) was exposed for
60 min to visualize the distribution of '®F-FDG with a digital autoradi-
ography system (CR 35 Bio; Raytest). After 48 h to allow for the decay
of 8F, the same preparations were exposed again for 30 d to measure
14C-methionine uptake. After autoradiography, the same tissue slices
were stained with standard hematoxylin and eosin staining. Quantitative
analysis of the digital autoradiographic images was performed with im-
age analysis software (Raytest). Regions of interest (ROIs) were placed
on the mid-ventricular short-axis cardiac images to cover the whole area
of the section and were visually classified into 3 types based on the
corresponding histologic findings of hematoxylin and eosin staining:
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control areas (nonimmunized rat hearts, n = 21), noninflammatory areas
(<3% myocardial inflammatory lesions in immunized rat hearts, n =
20), and inflammatory areas (>3% myocardial inflammatory lesions,
n = 41). The respective activities of '“C and '8F were calculated using
identical ROI sets. Obtained activity values were normalized for the
injected dose and expressed as the background-corrected quantum levels
per unit area (QL/pixel).

Immunohistochemistry

Immunohistologic analysis of cardiac tissues was performed using
7-pm slices adjacent to the short-axis slices used for autoradiographic
analysis. Immunohistochemical staining was performed using stan-
dard techniques. Briefly, tissue sections were fixed (10-min acetone)
and blocked with 10% bovine serum albumin. The sections were then
incubated overnight with either rabbit anti-CD68 (Abcam) or rabbit anti-
CD3 (Abcam) antibodies. Biotinylated goat antirabbit IgG (Thermo
Fisher Scientific) was used as a secondary antibody. Optical microscopy
images were obtained using a Keyence BZ-9000 microscope (Keyence
Corp.). To quantify the percentage of an area having CD68-positive
myocardial areas, ROIs were set on the anterior, lateral, inferior, and
septal left ventricular wall as well as right ventricular wall (Fig. 1D). The
percentage of CD68-positive areas within each ROI was determined by

FIGURE 1. (A) Exemplary images of mid-ventricular short-axis slices
of an EAM rat heart and a control rat. Intense focal myocardial “C-
methionine uptake was noted in macroautoradiograms of EAM rats.
14C-methionine uptake matched well with CD68-positive macrophage
infiltrates. (B) Microautoradiograms with hematoxylin counterstaining
and CD3 and CD68 immunohistochemistry to analyze subcellular tracer dis-
tribution. Precise localization of tracer signals and cellular infiltrates are
shown. Scale bar = 100 pm. (C) "“C-methionine activity was significantly
higher in inflamed (black bar) than noninflamed myocardial areas (gray bar) or
hearts from control animals (white bar). QL/pixel = background-corrected
quantum levels per unit area. (D) High “C-methionine uptake correlated
strongly with CD68 signals of positively stained myocardial areas (in %).
HE = hematoxylin and eosin staining; RV = right ventricle; LV = left ventricle.



computer-aided image analysis (Image J software, version 1.47v; Na-
tional Institutes of Health) using an intensity threshold that matched the
visually identified CD68-positive staining area as closely as possible.
Then, the correlation between the histologically CD68-positive areas
and the intensity of '*C-methionine uptake was analyzed.

Microautoradiography

High-resolution microautoradiography was used to assess the distribution
of “C-methionine at the microscopic level. '“C-methionine-radiolabeled
sections were dipped into the liquid emulsion (NTB-2; Kodak) at 43°C.
The slides were air-dried for 5 h at room temperature and exposed in the
dark at 4°C for 1 mo. The sections were then developed (D-19 developer
[Kodak], 5 min), washed in pure water, fixed (Kodak Fixer, 10 min), and
washed again (pure water, 2 X 5 min). The tissue sections were counter-
stained with hematoxylin for 2 min, and optical microscopy images were
taken using a microscope (BZ-9000; Keyence).

In Vivo PET Imaging

A dedicated small-animal PET scanner (Inveon; Siemens) was used to
explore the feasibility of in vivo detection of myocardial inflammation by
'1C-methionine imaging. All animals were maintained under anesthesia
with 2% isoflurane during PET image acquisition. ''C-methionine
(50 MBq) was injected intravenously into EAM rats (n = 6) and control
animals (n = 5), and 30 min after tracer injection data acquisition was
initiated for a period of 7 min. Dynamic PET imaging over 40 min,
beginning at the time of tracer administration, was performed with
exemplary EAM rats. Because a tracer with a short physiologic half-
life (*1C, 20 min) was used, only 2 dynamic PET scans were obtained.
After completion of ''C-methionine PET, '8F-FDG PET was conducted
with an interval of more than 4 half-lives of ''C decay. Sixty minutes
after intraperitoneal administration of '8F-FDG (37 MBq), PET images
were acquired over a period of 7 min. Subsequently, '8F-fluorobenzyl
triphenyl phosphonium myocardial PET was performed as a reference
for the heart location (23).

Data Analysis of PET

PET images were analyzed by AMIDE-bin, version 1.0.2 (27). ROIs
were drawn manually on the left ventricular wall in a mid-ventricular
short-axis slice. The mean concentration of radioactivity within the ROIs
was expressed as the percentage injected dose per tissue cubic centime-
ter (%ID/cm?). To analyze the correlation between !''C-methionine
and '8F-FDG uptake, both images were carefully coregistered, and
ROIs were set on the anterior, lateral, inferior, and septal left ventric-
ular wall and right ventricular wall to cover the whole slice. Within
identical ROIs, the respective uptake values (%ID/cm?) of each tracer
were calculated. In the dynamic PET study, list-mode data were recon-
structed into a dynamic sequence (25 frames: 15 x 8, 3 x 60, and 7 x
300 s) using ordered-subset expectation maximization with 16 subsets
and 4 iterations. Decay-corrected time—activity curves were generated
for myocardial tissue and blood input function, respectively. A partial-
volume effect correction was not performed in the present study be-
cause a widely accepted method for the heart of a small animal has not
yet been established.

Statistical Analysis

Statistical analysis was performed using PRISM software (GraphPad
Software). Results are given as mean *= SD. Normality of the data and
equality of variances were checked by the Kolmogorov—Smirnov and
Brown—Forsythe tests, respectively. Multiple comparisons were per-
formed by the Kruskal-Wallis test and Dunn multiple-comparison test
to evaluate differences in '“C-methionine uptake in healthy myocardium
(control rats), noninflammatory myocardial areas, and acute inflamma-
tory lesions. Comparisons of uptake ratios of '“C-methionine and
I8F-FDG between acute inflammatory lesions and the noninflammatory
areas were compared by the paired Student ¢ tests. Unpaired Student

t tests were used to assess the differences in !''"C-methionine uptake
between EAM rats and control animals. Correlations were calculated
using Spearman rank correlation. A P value of less than 0.05 was
considered statistically significant.

RESULTS

Determination of 14C-Methionine Uptake by Macro-
and Microautoradiography

Postmortem analysis macroscopically showed enlarged hearts with
discolored surfaces in 10 of 15 (67%) EAM rats. Subsequently,
multiple focal cardiac inflammatory lesions were histologically
identified by hematoxylin and eosin staining in EAM rats, whereas
no lesions were detected in control animals (Fig. 1A). In addition,
macroautoradiographic images clearly demonstrated high-density fo-
cal cardiac '“C-methionine accumulation in EAM rats, but no rele-
vant regional tracer uptake in control rats (Fig. 1A). “C-methionine
uptake was almost confined to inflammatory cells in light microscopy
images (Fig. 1B). Quantitative analysis of macroautoradiography
showed that '“C-methionine uptake was significantly higher in the
histologically identified inflammatory lesions (2,561 *= 894 QL/
pixel) than in the remote noninflammatory areas (1,068 = 339
QL/pixel; P < 0.0001) or control hearts (727 £ 97 QL/pixel; P <
0.0001; Fig. 1C).

Correlation with Immunohistologic Analysis

Correlations of “C-methionine uptake with immunohistologic
findings were analyzed in serial cardiac sections stained with anti-
CD3 and anti-CD68 antibodies. On the basis of the results of our
immunostainings, approximately 70% of the cells present in the
inflammatory lesions were macrophages (Figs. 1A and 1B), whereas
only a small number of CD3-positive T cells was observed. An
increase in '“C-methionine uptake was noted in the CD68-positive
myocardial areas (Figs. 1A and 1B). Furthermore, quantitative anal-
ysis yielded a rather good correlation between '“C-methionine sig-
nal intensity and CD68 positivity (percentage positively stained
areas; r = 0.57; P < 0.01; Fig. 1D).

Comparison of 14C-Methionine and '8F-FDG Distribution

Analysis of dual-tracer autoradiograms showed a congruent
distribution pattern of '“C-methionine and '8F-FDG (Fig. 2A).
Quantitative analysis yielded a strong positive correlation between
the signal intensity of '“C-methionine and '®F-FDG uptake (r =
0.96; P < 0.0001; Fig. 2B). The contrast between inflammatory
and noninflammatory myocardial areas was slightly higher for
BE_FDG than for '*C-methionine (3.45 = 0.68 vs. 2.07 * 0.21,
respectively; P < 0.05; Fig. 2C).

In Vivo PET Imaging

1C-methionine PET revealed a high focal uptake in the hearts
of EAM rats, whereas no cardiac tracer uptake was observed in
the hearts of control animals (Fig. 3A). The average tracer uptake
(%1D/cm?) was significantly higher in EAM hearts than in control
hearts (0.64 = 0.09 vs. 0.28 = 0.02, respectively; P < 0.001; Fig.
3B). Tracer uptake in the thymus and the liver was similar in both
EAM and control rats, indicating physiologic tracer distribution.

The time course of cardiac ''C-methionine distribution deter-
mined by in vivo PET analysis of an EAM rat over a period of
40 min is shown in Figure 3C. The time—activity curve revealed a
constantly increasing focal tracer accumulation in the heart of
EAM rats together with a rapid clearance from the blood. Focal
cardiac ''C-methionine uptake reached a plateau approximately
10 min after tracer injection and, thereafter, remained constant.
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FIGURE 2. Direct comparison of #C-methionine and '8F-FDG distribu-
tion by dual-tracer autoradiography. (A) Representative mid-ventricular
short-axis images of EAM rat. Myocardial areas with '*C-methionine
and '8F-FDG uptake are well matched. (B) Excellent correlation between
14C-methionine and '8F-FDG uptake was determined. (C) Uptake ratio of
inflamed versus noninflamed myocardial areas was significantly higher for
18F-FDG (black bar) than for #C-methionine (white bar).

PET images demonstrating colocalization of 'C-methionine and
I8FE-FDG in the same rats are shown in Figure 4A. Quantitative analysis
of PET images revealed a strong positive correlation between
11C-methionine and '8F-FDG uptake (r = 0.82; P < 0.0001; Fig. 4B).

DISCUSSION

The results of our study demonstrate the potential feasibility of
an assessment of cardiac inflammation by radiolabeled methio-
nine. In EAM rats, ex vivo tissue analysis revealed increased focal
14C-methionine accumulation in histologically proven myocardial
inflammatory lesions. Furthermore, focally increased tracer uptake
matched well with focal macrophage infiltration as determined by
CD68 immunohistochemical staining. In vivo PET studies allowed
the focal '!C-methionine signal in EAM hearts to be followed.

EAM rats fairly well mimic human myocarditis in the acute and
chronic phases (28). To date, several groups have reported induction
of autoimmune myocarditis by immunization in the rear footpad
using a combination of porcine cardiac myosin and Freund
complete adjuvant (24,25). These EAM rats developed myocardial
inflammatory cell infiltrates beginning 12-14 d after the first immu-
nization, with a peak around day 21 (29). Immunohistologically,
macrophages and CD4-positive T cells are the predominant cell
types present in the early infiltrates (30,31). To reduce the distress
of antigen administration into the footpad, Schmerler et al.
immunized rats subcutaneously into the neck and flanks. They
reported minor morbidity (22%) and milder inflammation of the
myocardium than in rats receiving footpad injections (25). In the
present study, we modified the previously published protocol and
succeeded in generating an EAM model that exhibited high mor-
bidity (67%) at 21 d after immunization. Consistent with other
EAM models, we found that macrophages accounted for the
majority of infiltrating cells with a small number of CD3-positive
T cells (25,30,32). All experiments in the present study were per-
formed only at the peak of inflammation (day 21 after the first
immunization); however, in a future study, data at different time
points should also be obtained to evaluate the usefulness across a
wide variety of severities and various types of inflammatory cells.
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In addition to the myosin-induced EAM model, a virus-induced
myocarditis model has also been reported (29,33,34), which has
only been established in mice, however. Because of the limited
resolution of small-animal PET imaging, rat models have the great
advantage of better image quality.

In our ex vivo autoradiography studies, the uptake of '“C-
methionine in inflammatory lesions was significantly higher than that in
remote noninflammatory areas and in control hearts. Furthermore, the
strong positive correlation between “C-methionine uptake (autoradiog-
raphy) and CD68-positive signals (immunohistochemistry) suggests
that 14C-methionine accumulates mainly in macrophages. We observed
a slight increase in tracer uptake in noninflamed myocardial areas
compared with the control hearts of nonimmunized animals, although
this increase was not statistically significant. Because CD68 immunos-
taining revealed a small number of macrophages even in remote non-
inflamed myocardial areas of our EAM rats (Fig. 1B), in the present
EAM model, we assume that minor nontargeted macrophage penetra-
tion also occurred in myocardial areas near the inflamed core areas.

In the present study, '“C-methionine accumulation was assessed
using microautoradiography. Microautoradiography is a classic tech-
nique that enables elucidation of the tracer distribution at the cellular
level, providing high-resolution images using light microscopy (35).
14C-methionine accumulation in inflammatory cell infiltrates could be
well documented at the microscopic level. Furthermore, from CD68
immunohistochemical staining of the respective adjacent cardiac sec-
tions, it could be inferred that macrophages represented most of the
infiltrating cells.

FIGURE 3. (A) Representative ''C-methionine PET images 30 min after
intravenous tracer administration. Strong focal cardiac ''C-methionine
uptake was observed in EAM rats but not in control animals. Extracardiac
tracer accumulation in thymus (asterisk) and the liver (arrowheads) was
noted in both EAM and control rats, whereas respective tracer activities in
lungs and blood pool were rather low. (B) Cardiac tracer uptake in EAM
rats (black bar) was significantly higher than that in control rats (white bar).
(C) Representative short-axis PET images and time-activity curves of
dynamic PET imaging in EAM rat. Ten to 20 min after administration,
tracer uptake increased in heart together with rapid clearance of blood
activity. Cardiac signals remained stable for 3040 min. Gray scale im-
ages serve as reference for location of heart.



tection of cardiac inflammation. ''C/4C-
methionine accumulation colocalized with
histologically confirmed cardiac inflamma-
tory lesions and '8F-FDG uptake, indicating
that 1'C-methionine PET might represent a
novel promising imaging modality for the
noninvasive diagnosis of myocarditis also
in human patients. However, further in-
depth assessment of this tracer in large an-
imal models or clinical trials is warranted.

FIGURE 4.

(A) Representative ''C-methionine and '8F-FDG PET images from EAM rat. Coloc-

DISCLOSURE

alization of focal myocardial uptake of both ''C-methionine and '8F-FDG is shown. Extracardiac

11C-methionine uptake was noted in thymus (asterisk) and liver (arrowheads). Gray scale images
serve as reference for location of heart. (B) In vivo, a strong correlation between cardiac tracer

signals of 1'"C-methionine and '8F-FDG was found.

A rather strong focal cardiac uptake of ''C-methionine could be
observed in our PET imaging studies, indicating the feasibility of
in vivo detection of myocardial inflammation. No conspicuous
physiologic uptake of ''C-methionine was observed in the hearts
or lungs of our rats; however, the tracer was found to accumu-
late in the liver and the thymus. In our dynamic PET study, focal
1C-methionine accumulation in the myocardium was readily visu-
alized, remaining stable until the end of the scan together with a
rapid clearance of the blood-pool activity, thus minimizing the
signal-to-noise ratio for cardiac imaging.

IBFE-FDG is the most commonly used PET tracer for assessing
inflammation, including sarcoidosis (36), postmyocardial infarction
(37), and other acute and chronic inflammatory conditions (38,39).
Therefore, we performed a side-by-side comparison between
1C/1%C-methionine and '8F-FDG in ex vivo and in vivo experi-
ments. Our ex vivo dual-tracer autoradiography analysis results in-
dicated an excellent positive correlation between the accumulation of
14C-methionine and uptake of '8F-FDG in immunohistologically
confirmed inflammatory myocardial lesions; moreover, these find-
ings were consistent with the results from our in vivo PET experi-
ments. Thus, both '8F-FDG and ''C-methionine PET appear suitable
for use in diagnosing cardiac inflammatory processes. On the other
hand, '8F-FDG PET has the advantages of better contrast between
inflamed and noninflamed myocardial areas and lower physiologic
uptake in the liver and the thymus. However, physiologic myocardial
background activity is sometimes difficult to suppress, especially in
patients with heart failure, thereby special preparations such as fast-
ing for prolonged periods, taking high-fat meals, and administering
heparin would be necessary before performing '8F-FDG PET
(40,41). In our rat experiments, we minimized physiologic cardiac
tracer uptake by implementing long fasting periods before the scans
and by avoiding anesthesia during the distribution period of in-
traperitoneally injected '8F-FDG. !'C-methionine PET has an
advantage over '8F-FDG PET on this point because of the lack of
C-methionine uptake in the healthy myocardium, as shown in our
analyses. Further evaluation is needed to assess which tracer is
preferred in a variety of clinical practice settings.

CONCLUSION

Using a rat model of autoimmune myocarditis, here we
demonstrate the feasibility of ''C-methionine imaging for the de-
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