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To elucidate the change in perfusion and aerobic metabolism in myocarditis, tissue counting and 
dual tracer ex vivo autoradiography with T1-201 and a free fatty acid analog, I-123- or I-125-labeled 
(p-iodophenyl)-methyl-pentadecanoic acid (BMIPP), were performed in rats with myocarditis 
induced by immunization with cardiac myosin. Inflammatory damage was classified histologically. 
At the acute stage (2~- weeks after the antigen-injection), total heart uptakes of Tl and BMIPP and 
the ratio (BMIPP/TI) were significantly reduced in myocarditis rats (N = 15) compared with the 
controls (N = 12). Myocardial distribution of Tl and BMIPP was not homogeneous. Relative uptake 
ofT1 and BMIPP (N = 9, 128 regions) was gradually decreased with the extent of inflammation, and 
the regional BMIPP/TI was smaller than the control. At the subacute stage (7 weeks after the 
antigen-injection), total T1 uptake in myocarditis rats (N = 5) recovered to the control level (N = 4), 
but that of BMIPP was still significantly lower than the control. BMIPP/TI was still significantly 
lower in myocarditis. Myocardial distribution of TI and BMIPP recovered to be more homoge- 
neous. Relative uptake of T1 and BMIPP (N = 6, 78 regions) still gradually but significantly 
decreased with the extent of inflammation. Regional BMIPP/TI was still depressed in myocarditis. 
These results indicate that myocardial perfusion and aerobic metabolism were discrepant and 
heterogeneously suppressed with severe inflammation during the acute stages, but the difference 
decreases with time. Examination with T1-201 and BMIPP may provide information about the 
severity of myocarditis. 
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INTRODUCTION 

MYOCARDITIS sometimes causes sudden unexpected death 
or severe congestive heart failure. 1 Furthermore, it may 
contribute to the pathogenesis of idiopathic congestive 
cardiomyopathy, 2 but accurate detection of myocarditis is 
frequently difficult) The myocardial energy supply mainly 
depends on aerobic metabolism of free fatty acids (FFA). 4,5 
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Necrosis and fibrosis, or microcirculation disorder in- 
duced by inflammation would decrease tissue uptake of 
FFA, whereas increased energy demand might enhance 
the FFA uptake, so that, if myocarditis induces specific 
changes in perfusion and FFA metabolism, the detection 
of such changes may help in the diagnosis of myocarditis. 
But, little is known about these changes. 

Several fatty acid analogs labeled with radionuclides 
such as C- 11 and I- 123 have recently been developed for 
the noninvasive evaluation of regional fatty acid metabo- 
lism. 6-9 Radioiodinated 15-(p-iodophenyl)-3-R,S- 
methylpentadecanoic acid (BMIPP) is one of such ana- 
logs, l~ and has been widely used for clinical imaging of 
myocardial fatty acid metabolism.I 
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This study focused on the changes in myocardial perfu- 
sion and free fatty acid metabolism induced by myocardi- 
tis at the acute and subacute stages. Dual tracer ex vivo 
autoradiography with 2~ and radioiodinated BMIPP 
was performed in rats with autoimmune myocarditis. 

MATERIALS AND METHODS 

Experimental myocarditis in rats was generated by immu- 
nization with cardiac myosin as described previously. 12 
Briefly, cardiac myosin purified from the ventricular 
muscle of pig hearts by the standard method l~ was pre- 
pared and used as an antigen. The antigen was dissolved 
at a concentration of 20 mg/mL in phosphate-buffered 
saline (PBS) containing 0.3 mol/L KC1 and mixed with an 
equal volume of complete Freund's adjuvant (CFA) con- 
taining I 1 mg/mL of Mycobacterium tuberculosis (Difco 
Laboratories, Detroit MN). Antigen-adjuvant emulsion 
(0.2 mL) was injected subcutaneously into the footpads of 
male Lewis rats (8-weeks old). Another group of age- 
matched rats (control group, N = 16) received 0.1 mL of 
saline mixed with an equal volume of CFA. The rats were 
purchased from Charles River Japan Inc. (Hino, Japan) 
and maintained under specific pathogen-free conditions 
at the Facilities for Comparative Medicine and Animal 
Experimentation, Osaka University Medical School. All 
experiments followed the "Principles of laboratory ani- 
mal care" (NIH publication No. 86--23, revised 1985), and 
the protocols were approved by the Committee of Animal 
Experiments of Osaka University Medical School. 

Measurement of myocardial uptake of 2~ and 12Sl- 
BMIPP 
At 2-4 weeks after the antigen-injection (acute stage, N = 
15) 12 or 7 weeks after the antigen-injection (subacute stage, 
N = 5), 12 the rats were anesthetized with pentobarbital 
(0.01 g/100 g body weight). 123I-BMIPP (Nihon Medi- 
Physics, Nishinomiya, Japan; 7.4 MBq) was injected 
from the tail vein, and 5 min later 2~ (7.4 MBq) was 
injected. The rats were sacrificed by injection of saturated 
KC1 30 rain after the injection of 2~ The heart was 
excised, blotted on filter paper, and weighed. The activity 
of 123I-BMIPP and 2~ was measured in a single channel 
analyzer with a 2 • 2 NaI scintillator (Ohya Koken Kogyo, 
Tokyo, Japan). The myocardial uptake (% of injected 
dose; %ID) of 2~ and 1231-BMIPP was calculated as 
followsl4; 

myocardial uptake (%) 

= myocardial count / heart weight • 100 
total injected dose / body weight 

The rats injected only with adjuvant (CFA) served as the 
control for total myocardial uptake of TI and BMIPP (N 
= 12 for the acute stage, N = 4 for the subacute stage). 

Dual tracer autoradiography 
Dual tracer autoradiography with 2~ and 1251-BMIPP 
was performed at the acute (N = 9) and subacute (N --- 6) 
stages of myocarditis or the control (N = 5 as indicated 
above). The protocol was similar to the previous one; rats 
were first injected intravenously with 1.85 MBq of t25I- 
BMIPP, and later with 18.5 MBq of 2~ then killed with 
KC1. The heart was rapidly excised, rinsed with saline, 
and cut at the midline of the left ventricle. The apical half 
of the heart was rapidly frozen in powdered dry ice and cut 
into 20-/.tm thick sections with a cryostat in the direction 
perpendicular to the longitudinal axis of the ventricle. The 
sections at the mid-ventricle were placed on glass cover 
slips, and on an imaging plate. The first autoradiographic 
exposure was performed for 1 hour to detect the distribu- 
tion of 2~ After a 30-day waiting period for 2~ 
decay, the second exposure was conducted for 10 days to 
obtain an adequate 125I-BMIPP imaging. The injection 
doses were determined to minimize the effect of BMIPP 
on the first autoradiograph of TI based on the preliminary 
experiments. 

The image data were analyzed with a computerized 
imaging analysis system (Fuji Bio-Imaging Analyzer 
BAS 2000, Fuji Photo Film, Tokyo, Japan). To quantitate 
the regional uptake of 2~ or 125I-BMIPP, ROI's (0.36 
mm 2) were set on each autoradiogram. The myocardial 
uptake of the ROI in the regions with normal histological 
features was used as the individual reference for each 
heart. The regional uptake at each ROI was normalized by 
this standard value. The rats injected only with adjuvant 
(CFA) also served as controls for regional uptake (N = 3 
for the acute stage, N = 2 for the subacute stage). The 
hearts used for the measurement of total heart uptake and 
those for the regional uptake were completely separate in 
these experiments. 

Histopathological assessment 
The consecutive myocardial tissue used for autoradiogra- 
phy was also sectioned at a thickness of 10/Jm, and 
stained with hematoxylin and eosin. The extent of inflam- 
matory cell infiltration and that of myocyte necrosis were 
evaluated by two independent observers, and classified as 
follows: slight, lesions involving < 30% of the myocar- 
dium; moderate, lesions involving = 30% to 70% of the 
myocardium; and severe, lesions involving > 70% of the 
myocardium (Fig. 1). 

Statistical analysis 
Data are expressed as the mean + SE. Comparison among 
groups in each stage was done by one-way analysis of 
variance (ANOVA) with a multiple comparison test. 
Comparison within the group was done by paired Student's 
t-test. Probability less than 0.05 was considered to indi- 
cate a significant difference. 
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Fig, 1 Pathological grading of the extent of inflammatory 
damage. 
A: severe change, B: moderate change, C: slight change. The bar 
in the panel indicates 25 #m in length, (magnification x 200) 

Fig. 2 Body weight (A), heart weight (B), and heart weight-to- 
body weight ratio (C) at the acute and subacute stages of 
myocarditis. 
Open and closed bars indicate control and myocarditis rats, 
respectively. 
***: p < 0.00l vs. control. 

Fig. 3 Total heart uptake of 2~ (A) and 1231-BMIPP (B), and 
the ratio of 123I-BMIPP uptake to 2~ one (C) at the acute and 
subacute stages. 
Open and closed bars indicate control and myocarditis rats, 
respectively. 
**, ***: p < 0.01 and p < 0.001 vs. control. 
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A B C 
Fig. 4 Microscopic findings and dual-tracer 
autoradiograms at the acute stage. A: Hema- 
toxylin and eosin staining (magnification • 2). 
B: 2~ image. C: 1251-BMIPP image. 
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Fig. 5 Relative regional uptake of 2~ (A) and 125I-BMIPP (B), and the relative regional uptake ratio 
of 125I-BMIPP to 2~ (C) at different pathological grades of the inflammation at the acute stage. 
*, **, ***: p < 0.05, p < 0.01, and p < 0.001 vs. severe. #: p < 0.001 vs. moderate. 

A B C 
Fig. 6 Microscopic findings and dual-tracer 
autoradiograms at the subacute stage. A: Hema- 
toxylin and eosin staining (magnification • 2). 
B: 2~ image. C: 125I-BMIPP image. 
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Fig. 7 Relative regional uptake of2~ (A) and 125I-BMIPP (B), and the relative regional uptake ratio 
of ~251-BMIPP to 2~ (C) at different pathological grades of inflammation at the subacute stage. 
***: p < 0.001 vs. moderate. 

RE SU L T S 

Changes in the whole heart 
The measurement of  body and heart weights was done in 
rats used for the measurement of  total heart uptake. Both 
in the acute (N = 15) and subacute (N = 5) stages, rats with 

myocarditis had significantly lighter body weight (Fig. 
2A; p < 0.001) but heavier heart weight (Fig. 2B; p < 
0.001) than the control rats (N = 12 for acute stage, N = 4 
for subacute stage). The ratio of  heart weight to body 
weight was therefore significantly greater in myocarditic 
rats than in controls (Fig. 2C; p < 0.001), indicating 
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myocardial hypertrophy. Furthermore, myocarditic rats 
showed signs of congestive heart failure such as subcuta- 
neous edema, ascites, hydrothorax and hydropericardium. 
These results suggest that the cardiac function of the 
myocarditic rats was decompensated at both stages. 

Total heart uptake at the acute stage of myocarditis (N 
= 15) was significantly reduced with both 2~ (Fig. 3A; 
p < 0.001 ) and 123I_BMIP P (Fig. 3B; p < 0.001 ) compared 
with control rats (N = 12). At the subacute stage, total 
heart uptake of 2mTl in myocarditic rats (N = 5) recovered 
to the level of control rats (N = 4; Fig. 3A), but that of 1231- 
BMIPP was still significantly lower than controls (Fig. 
3B; p < 0.001). The ratio of BMIPP to 2mTl uptake was 
significantly lower in myocarditic rats both at the acute 
(Fig. 3C; p < 0.001) and subacute (Fig. 3C; p < 0.01) 
stages. 

Regional changes at the acute stage 
At the acute stage of myocarditis, scattered inflammatory 
foci of various sizes were observed, and some of them 
spread transmuratly. The inflammatory lesions corre- 
sponded well with macroscopically discolored areas (Fig. 
4A), in which microscopical findings were consistent 
with a previous report. 12 

Myocardial distribution of2mT1 and 125I-BMIPP was 
heterogeneous as shown in Figure 4. A region showing 
little histological damage was selected in each slice, and 
served as the control region. The myocardial uptake in 
each ROI was normalized by that in the control region, 
because no external standard was used. Relative 2mTl 
uptake at regions with slight, moderate and severe inflam- 
matory changes (Fig. 5A) were 100.0 + 0.9% (44 regions 
selected from 9 hearts, p < 0.001 vs. moderate and severe), 
74.3 + 1.9% (38 regions, p < 0.001 vs. severe), and 46.7 
+ 1.9% (46 regions), respectively. BMIPP autoradio- 
grams were matched to corresponding 2~ autoradio- 
grams. BMIPP uptake at regions with slight, moderate, 
and severe damage (Fig. 5B) were 100.0 + 2.1% (p < 0.001 
vs. moderate and severe), 77.3 + 3.0% (p < 0.001 vs. 
severe), and 52.3 + 2.3%, respectively. Relative uptake of 
2mTl and BMIPP was significantly decreased with the 
extent of inflammation (p < 0.001). The ratio of BMIPP 
uptake to that of 2~ in the same region was increased to 
the same extent as inflammation (Fig. 5C). The ratio at the 
regions with severe damage (1.16 + 0.47) was significantly 
higher than in any other region (slight, 1.00 + 0.18, p < 
0.001; moderate, 1.06 + 0.47, p < 0.05). Similar analysis 
was done in the control rats (1.00 + 0.01, p < 0.01; 45 
regions), but when this ratio was corrected by the ratio in 
a whole heart (0.77; Fig. 3C), the ratio (I.16 x 0.77 = 0.89) 
was still smaller than the control (1.00 x 0.97 = 0.97), 
indicating that regional BMIPP uptake is more depressed 
than that of 2~ at the acute stage. 

Regional changes at the subacute stage 
At the subacute stage, interstitial cellular infiltration and 

edema had almost disappeared and been replaced by 
fibrosis (Fig. 6A). Inflammatory foci were rarely de- 
tected. There were few regions showing severe inflamma- 
tory changes. Myocardial distribution of 2~ and 125I- 
BMIPP recovered to become more homogeneous than at 
the acute stage (Fig. 6B, C). Few regions showed any sign 
of severe inflammatory changes. Relative 2~ uptake in 
the regions with slight and moderate inflammatory changes 
(Fig. 7A) were 100.0 _+ 0.9% (40 regions from 6 hearts, 
p < 0.001 vs. moderate), and 76.3 _+ 1.6% (38 regions), 
respectively. BMIPP uptake in the regions with slight and 
moderate damage (Fig. 7B) were 100.0 + 1.4% (p < 0.001 
vs. moderate) and 74.5 + 1.9%, respectively. Relative 
regional uptake of 2~ and BMIPP was also gradually 
but significantly decreased with the extent of inflammation 
(p < 0.001). The regional ratios of BMIPP uptake to that 
of 2~ in the areas with slight change (1.00 + 0.14) and 
moderate change (0.98 + 0.15) were almost identical to 
those in control hearts (1.01 +_ 0.01, 17 regions; Fig. 7C). 
Correction by the ratio in a whole heart (l.00 x 0.79 = 0.79 
at slight change, t.01 x 1.03 = 1.04 in control) indicated 
that regional BMIPP uptake was still more depressed 
than that of 2inTl. 

DISCUSSION 

In this study, myocardial perfusion and free fatty acid 
metabolism in hearts with myocarditis were investigated 
by dual tracer ex vivo autoradiography with 2~ and 
radiolabeled BMIPP. Our results showed that perfusion 
and metabolism varied according to the severity of 
inflammation, and neither was homogeneously suppressed 
during the acute stage of myocarditis, but the difference 
decreased during the subacute stage. Our results suggest 
that the ratio of BMIPP uptake to that of T1 (BM/TI) 
indicates the regional severity of myocarditis at each 
stage, and myocardial SPECT with 2~ and BMIPP 
could be applicable to the assessment of the severity. 

Radionuclide imaging is a useful, non-invasive tech- 
nique that can evaluate cardiac performance, myocardial 
perfusion and metabolism in ischemic and non-ischemic 
heart disease.13-16 Radiolabeled antimyosin antibody has 
been used to detect myocarditis. 17,18 In contrast, 2mTl and 
BMIPP were used in the current study. The myocardial 
distribution of 2~ depends on regional coronary flow 
and closely parallels regional myocardial perfusion. Since 
injected ZmTl is considered to be transported by the Na-K 
ATPase system, 19 2mTl myocardial uptake is considered 
to reflect a good general state of myocardial perfusion and 
unimpaired energy metabolism in myocardial cells which 
support Na-K ATPase. 

In acute myocarditis, there is an interstitial inflamma- 
tory reaction, and it is not uncommon for fibrous tissue to 
be deposited and replace myocardial cells. 2~ Usually 
this process is diffuse throughout the myocardium, and 
inflammatory damage to myocytes might lead to dysfunc- 
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tion of the membrane bound Na-K ATPase system and 
hence to inability of myocardial cetts to incorporate 20~TI. 
Cellular damage in the myocardium after myocarditis, 
revealed by endomyocardial biopsy, is characterized by 
cellular infiltration, cell lysis, interstitial edema, fibrosis 
and degeneration. 2~ Focal myocardial damage was also 
reported in a significant percentage of patients with myo- 
carditisfl 2 Coronary involvement is rare in myocarditis. 2~ 
Coupled with our vbservation about the recovery of T~ 
uptake at the subacute stage, the inhomogeneous uptake 
of ZmT1 at the acute stage may be caused by the cellular 
damage induced by inflammation. 

Free fatty acid is a major substrate for cardiac energy 
generation. 4,23 The myocardial uptake of BMIPP has been 
reported to depend on the intracellular ATP level. 24,25 The 
degree to which the inflammatory changes disturb aerobic 
energy metabolism remains unclear. Nevertheless, it is 
reasonable to consider that the depressed uptake of BM1PP 
in myocarditis is due to the inflammatory changes and 
parallels the severity of damage. 

Our study indicated that myocardial BMIPP uptake is 
more sensitive to inflammatory damage than 2~ uptake, 
The depression of myocardial BMIPP uptake continues 
till the subacute stage when inflammatory cell infiltration 
has almost disappeared. The post-myocarditic heart has 
almost normal microscopic features because of the disap- 
pearance of inflammatory changes. In this condition, the 
depression of myocardial BMIPP uptake may be the only 
sign of post-inflammation. The disorder in free fatty acid 
metabolism, which can be estimated by BMIPP imaging, 
continues longer than the changes in 2~ images. The 
intracellular ATP level is one of the major determinants of 
myocardial uptake of both tracers. The difference be- 
tween the two tracers may be due to the intracellular ATP 
compartmentation in the myocardiumfl 6-2s ATP genera- 
tion for intracellular ion handling based on glycolysis, i,e., 
ATP related to 2~ uptake, may be more robust than that 
based on aerobic metabolism, i.e., ATP for BMIPP up- 
take. 

In our study, the regional ratio of BMIPP uptake to that 
of TI (BM/TI) showed discrepancy with that in a whole 
heart. We did not quantitate the area of different severity, 
but normalized the regional data with those for total 
uptake, The discrepancy may be caused by the difference 
between BMIPP and TI in uptake abnormality. Our data 
indicate that BM/T1 is affected not only by the severity but 
also by the stage. It is therefore necessary to take these 
factors into account when interpreting the BM/T1 data. 

In conclusion, our study has indicated that myocardial 
perfusion and aerobic metabolism were discrepant and 
inhomogeneously suppressed with increasing severity of 
inflammation in myocarditis during the acute stage of 
myocarditis, but that these differences recover with heal- 
ing. Examination with 2~ and BMIPP and the ratio of 
BM1PP uptake to that of TI may provide the information 
about the severity of myocarditis at each stage. 
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