Iodine-123-BMIPP Myocardial Washout and
Cardiac Work During Exercise in Normal

and Ischemic Hearts

Kan Takeda, Kimimasa Saito, Katsutoshi Makino, Yasuhiro Saito, Shigeru Aoki, Takakazu Koji, Kaname Matsumura,

Yoshiyuki Nomura, Tokio Kitano and Tsuyoshi Nakagawa

Department of Radiology, Mie University School of Medicine and Matsusaka Chuo Hospital, Mie, Japan

lodine-123-BMIPP washout at rest and after exercise was investi-
gated in relation to cardiac work in normal and ischemic myocar-
dium. Methods: Sixteen healthy volunteers and 10 patients with
ischemic heart disease were examined. After injection of 111 MBq
of '23-BMIPP, successive SPECT imaging was performed to eval-
uate washout ratio (WR) at rest and after mild and maximal exercise.
Resuilts: In the healthy volunteers, the mean WR was 3.3 + 3.5%
after 1 hr of rest and increased during both mild and maximal
exercise. The WR showed a better correlation with net pressure rate
product (PRP) than with the peak PRP. After maximal exercise, the
WR showed a distinct correlation with the net PRP in the range from
200-300 X 10°® mmHg/min and then showed a plateau greater than
10%. In five ischemic heart disease patients with the net PRP =
300 x 10° mmHg/min, the exercise WR values were significantly
elevated in normal segments relative to ischemic segments.
Conclusion: BMIPP washout increased with the increase in cardiac
work during exercise in normal myocardium but not in ischemic
myocardium. A certain amount of exercise is necessary to evaluate
fatty acid metabolism in normal and ischemic myocardium.
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Iodine- 123-labeled 15-(p-iodophenyl)3-R,S-methylpentade-
canoic acid (BMIPP) is a structurally modified fatty acid,
which has been designed to reveal normal myocardial extrac-
tion but not to be readily catabolized through the oxidative
pathway (/). Many published papers have described BMIPP’s
clinical usefulness in testing patients with ischemic heart
disease (IHD) (2-10) and hypertrophic cardiomyopathy (8, 71—
13). Although BMIPP is protected from beta-oxidation by the
methyl-branching, Dudczak et al. (/4) first detected some
BMIPP metabolites in blood and urine in a clinical study.
Recently, several animal studies showed that BMIPP is partially
metabolized in the heart through alpha-oxidation and decarbox-
ylation and followed by beta-oxidation (/5—-17). Thus, there is
a possibility that BMIPP is also partially metabolized in the
human heart. The clinical investigation of BMIPP washout in
the human heart is, therefore, important for the evaluation of
fatty acid metabolism in normal and diseased myocardium.
Although several papers evaluating the washout ratio (WR) of
BMIPP at rest and after exercise in normal and ischemic
myocardium have been published (3,4), the kinetics of BMIPP
in the heart are not yet understood and the clinical usefulness of
this assessment is still controversial. In the protocols they used,
BMIPP was injected at peak exercise and followed by succes-
sive SPECT imaging to calculate exercise WR (3,4). We,
however, interpret this to be postexercise WR rather than
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exercise WR. In this study we used a protocol in which BMIPP
was injected before exercise was started. This protocol is
designed based on the assumption that if BMIPP is metabolized
in the myocardium, the radioactivity of BMIPP after incorpo-
ration and equilibration in the myocardium should decrease
during exercise because of consumption.

The purpose of this study was to investigate: (a) how much
the radioactivity of BMIPP in the heart decreases at rest and
during exercise; (b) whether the WR values are increased with
the increase of cardiac work during exercise; (c) whether the
WR values are influenced by the type of workload (constant or
multigrade); and (d) whether there is a difference in WR values
between ischemic myocardium and normal myocardium.

MATERIALS AND METHODS

Sixteen healthy volunteers and 10 patients with IHD were
examined in this study. Before participation in the study, all
subjects gave informed consent in accordance with the hospital
Human Clinical Study Committee guidelines. The volunteers were
physicians, technologists or employees in our hospitals; 15 men
and one woman. Their ages ranged from 2663 yr with a mean age
of 39 yr. None of the volunteers had a history of cardiac disease or
diabetus mellitus, and all showed blood chemistry within the
normal range.

The 10 IHD patients included two with effort angina, two with
acute myocardial infarction and six with old myocardial infarction.
These patients had a 2°'Tl stress myocardial study within 1 wk
before this study and were selected because the *°'TI SPECT
images showed that they had abnormal myocardial perfusion.

Is
lIodine-123-labeled BMIPP was commercially available. The
formulation contained 111 MBq (3 mCi) '*’I-BMIPP (0.6 mg)
dissolved in an aqueous solution (1 ml) of ursodeoxycholic acid
(10.5 mg). The radiochemical purity was greater than 98%. The
product showed a single, homogeneous radioactive component on
thin-layer chromatography analysis.

Instrumentation

A three-headed SPECT system was used for SPECT imaging.
For continuous data acquisition of the myocardial counts during
exercise, a multicrystal gamma camera was used.

Healthy Volunteers. After breakfast on the day of examination,
all subjects were deprived of liquids and solid food until comple-
tion of the study. A 111-MBq dose of BMIPP was injected into the
antecubital vein of each subject about 2 hr after breakfast. The
initial SPECT imaging was started 30 min later. After 1 hr of rest,
the second SPECT imaging was performed to calculate the resting
WR in all subjects. Subsequently, 11 subjects performed mild and
maximal exercise successively using a bicycle ergometer. Mild
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FIGURE 1. Protocols for healthy volunteers and patients with IHD. Ex =
exercise; max = maximal.

exercise was performed for 40 min with a constant workload of 25
W, after which the third SPECT imaging was initiated. This was
followed by maximal exercise for 15 min, starting with a workload
of 50 W and increasing by 25 W every 3 min. After this, the fourth
SPECT imaging was performed (Fig. 1).

The other five subjects performed only maximal exercise over a
period of 20 min, starting with a workload of 50 W, increasing by
25 W every 5 min. Cardiac activity during exercise was monitored
by successive 1-min data collection in these subjects using a
multicrystal gamma camera.

Patient Study. The 10 patients with IHD performed only maxi-
mal exercise after the second SPECT imaging. They were divided
into two groups, each with five subjects. The exercise was initiated
at 50 W for both groups. For Group A, the workload increased by
25 W every 3 min, while for Group B, the workload increased by
25 W every 5 min. Exercise was terminated when chest pain,
serious arrhythmia, ST depression (=0.2 mV) and/or fatigue
occurred.

The electrocardiogram, heart rate and blood pressure were
monitored once per minute during exercise in the healthy volun-
teers as well as in the patients with IHD.

lodine-123-BMIPP SPECT Imaging. Images were acquired in a
continuous rotating mode using a high-resolution parallel-hole
collimator with a 64 X 64 matrix. A total of 90 projection images
was obtained over 360° in 4° increments with 20 sec per view.
Projection data were collected from a main window (159 keV *
12%) and two 3% scatter rejection windows. Scatter correction for
each pixel was performed using the triple-energy window method
(18). Construction of transaxial tomographic images was per-
formed with a 128 X 128 matrix using Butterworth and ramp
filters. The parameter of the Butterworth filter was of the order 8
for each dataset and the cutoff frequency was 0.28 cycle/pixel.
Contiguous left ventricular short-axial slices, 12.8 mm in thickness,
were reconstructed from apex to base.

Continuous Measurement of Myocardial Counts During Exer-
cise. Continuous acquisition of myocardial counts was performed
during exercise with the multicrystal gamma camera in the left
anterior oblique view. The data were recorded by successive 1-min
data collection and the time-activity curve of the left ventricle was
obtained after background correction.

Thallium-201 SPECT Imaging. Stress SPECT imaging was
started 10 min after 74 MBq of ?°' Tl were injected at peak exercise.
Three hours later, rest SPECT imaging was performed after
reinjection of 37 MBq of 2°'TL.

Data Analysis

Washout Ratio of BMIPP. The myocardial BMIPP counts of
each short-axial tomographic slice were measured by setting a
region of interest precisely over the myocardium and total counts
of the left ventricle (TCLV) were calculated by summation. TCLV
was computed in each SPECT study with a physical decay
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correction. The WR values for BMIPP during rest, mild exercising
and maximal exercising were calculated using the equation:

WR(%) = (TCLV before each work load change —
TCLYV after each work load change) X 100

TCLYV before each work load change

Eq. 1

The pressure rate product (PRP) was calculated by multiplying
the heart rate by the blood pressure once per minute and the peak
PRP (maximum value of PRP during exercise) and the net PRP
values (cumulative value of PRP during exercise) were obtained.

Statistical Analysis

The data were expressed as the mean * s.d. A paired Student’s
t-test was used to compare WR at rest and after mild and maximal
exercise in the healthy volunteers. For the patients with IHD, a
paired Student’s t-test was used to compare WR at rest and after
exercise in the normal segments, and an unpaired Student’s t-test
was used to compare W R between normal and abnormal segments.
Differences were considered significant when p < 0.05.

RESULTS

Results for Healthy Volunteers

Washout Ratio at Rest and After Mild and Maximal Exercise.
Rest WR values per 60 min ranged from —2% to 10% with a
mean of 3.3 * 3.5% (n = 16). Mean WR values after mild and
maximal exercise were 3.9 + 3.4% (n = 11) and 8.8 * 4.9%
(n = 16), respectively. There were no significant differences
among them. As compared with the mean rest WR values
calculated per 40 and 15-20 min, corresponding to the period of
each exercise, the mean WR after maximal exercise was
significantly greater than mean rest WR values per 15-20 min
(8.8 = 4.9% vs. 0.8 = 0.9%, p < 0.01).

Relationship Between Washout Ratio and Pressure Rate
Product After Mild Exercise. The mean PRP at rest was 8.3 *
1.6 X 10° mmHg/min and ranged from 6-12.2 X 10° mmHg/
min. After mild exercise, the peak PRP showed a slight increase
with a mean of 10.6 = 1.5 X 10> mmHg/min, and correlated
well with the WR (r = 0.833, p < 0.01) (Fig. 2A). Since the
period of exercise was long, the net PRP showed fairly large
values with a mean of 403.4 = 71.1 X 10* mmHg/min and also
correlated strongly with the WR (r = 0.886, p < 0.01) (Fig.
2B).

Relationship Between Washout Ratio and Pressure Rate
Product After Maximal Exercise. After maximal exercise, the
peak PRP showed a considerable increase with a mean of
26.8 = 7.2 X 10° mmHg/min, but showed no significant
correlation with the WR (Fig. 3A). The net PRP, on the other
hand, showed a wide range of values with a mean of 294.6 +
92.7 X 10 mmHg/min. While WR showed a nearly linear
increase with the net PRP in the range from 200-300 X 103
mmHg/min (r = 0.796, p < 0.01, n = 10), only a mildly
undulating plateau was observed within a 10—15% range (mean
12.5 = 1.6%, n = 6) for net PRP values greater than 300 X 10°
mmHg/min (Fig. 3B).

Continuous Measurement of Myocardial Counts During Ex-
ercise. The average time-activity curve of myocardial BMIPP
activity during exercise and sequential change of mean net PRP
values in five healthy volunteers is shown in Figure 4. Myo-
cardial activity began to decrease rapidly around 5-6 min after
initiation of the exercise (approximately 100 X 10> mmHg/min
of the net PRP). The rapid decrease continued until 10—12 min
and was followed by a slow decline with increased background
activity.
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FIGURE 2. Relationship between the WR of BMIPP and (A) peak pressure
rate product (PRP) and (B) net PRP after mild exercise in 11 healthy
volunteers.

Results for Patients with Ischemic Heart Disease

Thallium-201 SPECT imaging showed 12 segments with
abnormal perfusion in 10 patients (4 redistribution, 4 reversed
redistribution, 4 decreased perfusion). The WRs of BMIPP at
rest and after exercise in the segments with normal and
abnormal perfusion are summarized in Table 1. In Group A, all
patients terminated the exercise due to leg fatigue or chest pain
before 15 min (mean duration of exercise was 8.2 * 2.9 min)
and thus their net PRP values were below 300 X 10> mmHg/
min. The WRs of the segments with normal and abnormal
perfusion did not differ significantly either at rest or after
exercise. In Group B, by contrast, all patients successfully
continued the exercise for 20 min and their net PRP values were
greater than 300 X 10> mmHg/min. In the normal segments, the
WR after exercise increased significantly greater than the rest
WR (10.3 = 2.4% vs. 3.5 * 1.8%, p < 0.002), whereas in the
abnormal segments the WR after exercise did not increase
significantly relative to the rest WR (4.9 = 3.7% vs. 3.6 *
1.5%, ns). Thus, the exercise WR was significantly greater in
the normal segments than in the abnormal segments (10.3 *
2.4% vs. 4.9 = 3.7%, p < 0.03).

A representative case of a 64-yr-old female patient with
angina is presented in Figure 5. Thallium-201 SPECT images
showed posterolateral ischemia. The BMIPP study was done §
days later, when the patient performed maximal exercise
corresponding to a net PRP of 371.8 X 10° mmHg/min after the
protocol of Group B. WR at rest was similar in normal and
ischemic segments (2.8% vs. 2.3%). After exercise, however,
WR showed a marked increase to 7.9% in the normal segment
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FIGURE 3. WR of BMIPP plotted against (A) peak PRP and (B) net PRP after
maximal exercise in 16 healthy volunteers.

without a corresponding increase in the ischemic segment
(3.4%).

DISCUSSION

BMIPP Washout in Normal and Ischemic Myocardium

In this study, the mean WR of BMIPP after 1 hr of rest was
3.3 *= 3.5%. This is basically similar to previously reported
values (13-19% over 3 hr) (3,4,13). During exercise, the WR
values increased relative to cardiac work for constant mild
exercise as well as for multigrade maximal exercise.
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FIGURE 4. Sequential change of average myocardial BMIPP radioactivity
and net PRP values during exercise in five healthy volunteers. Vertical bars
represent mean * s.d.

561



TABLE 1
BMIPP Washout Rate in Normal and Abnormal Perfusion
Segments at Rest and After Exercise in Patients with
Ischemic Heart Disease

Washout ratio, %
Thallium-201
perfusion Normal Abnomal
n NetPRP Rest Exercise Rest Exercise

GroupA 5 1053+399 2111 41*x18 26*20 29=*31
GroupB 5 3245+293 35+18 103+x24" 36*x15 49*37

Net PRP: Net pressure rate product (x10° mmHg/min).
*p < 0.002 versus rest WR of normal segments in Group B and p < 0.03
versus WR after exercise of abnormal segments in Group B.

Peak PRP and net PRP were used as indexes of the cardiac
work in this study because PRP has a close relationship with
myocardial oxygen consumption (/9). The exercise WR is
consistent with the total myocardial loss of BMIPP radioactivity
during the entire period of exercise. Since net PRP reflects the

- —

FIGURE 5. Thallium-201 and '2|-BMIPP myocardial SPECT images of a
64-yr-old woman with angina. In the posterolateral wall (B), ischemia is
demonstrated on a 2°'Tl image (white amowhead), but the WR of BMIPP
does not increase relative to normal segments (A) after exercise. SPECT (1),
SPECT (2) and SPECT (3) denote images obtained before rest, before
exercise and after exercise, respectively.
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total oxygen consumption during the whole exercise more
substantially compared with peak PRP, the correlation of net
PRP with the WR of BMIPP after both mild and maximal
exercise was better than that of peak PRP.

The WR values increased relative to the net PRP but showed
a plateau for net PRP greater than 300 X 10> mmHg/min at
maximal exercise. Moreover, myocardial release of BMIPP
radioactivity became slower 10—12 min after initiation of the
exercise in contrast to the initial rapid decrease (Fig. 4). These
two findings might be related to an increase of lactate in blood
during exercise, which suppresses the fatty acid metabolism
19).

In ischemic myocardium, the WR values were similar to
those of normal myocardium at rest with poor response to the
exercise.

BMIPP Metabolism in Normal and Ischemic Myocardium. In
normal myocardium, BMIPP is extensively incorporated into
myocardial cells and substantially retained in a triglyceride
pool. A certain fraction of BMIPP is washed out through the
catabolism of BMIPP by alpha-oxidation followed by beta-
oxidation and/or back diffusion of BMIPP itself (/4-16).
Fujibayashi et al. (/6) reported that BMIPP was washed out
mainly as alpha and beta-oxidation metabolites, with a little
unchanged BMIPP released by back diffusion in normal canine
hearts. In experimental cardiac ischemia, the WR of BMIPP as
well as the alpha and beta-oxidation metabolites have been
found to decrease, whereas back diffusion of BMIPP has been
seen to increase (20,21). Based on these results, it seems
reasonable to infer that the increase of BMIPP washout by
exercise is caused by the intensified metabolism of BMIPP by
alpha and beta-oxidation, which occurs in normal myocardium
but not in ischemic myocardium. These findings are consistent
with the fact that energy sources are converted from fatty acid
to glucose or other substrates in ischemic myocardium (19).

Clinical Implication. Most BMIPP studies have been per-
formed in comparison with blood flow assessment using 2°'Tl
or *Tc-MIBI. The concordance or discordance between the
two findings is an important factor in the evaluation of
myocardial viability (2-10). However, these studies have some
limitation because BMIPP uptake might be dependent on blood
flow. In contrast to the uptake study, the WR is a parameter that
is inherently independent of blood flow. In this study, in
particular, the WR of BMIPP was evaluated after BMIPP was
incorporated and equilibrated throughout the myocardium.
Therefore, it seems reasonable to expect myocardial blood flow
to have little effect on our assessment.

When patients continued the maximal exercise until the net
PRP was more than 300 X 103 mmHg/min, the WR of BMIPP
became greater than 10% in normal myocardium. This value
was significantly greater than the rest WR in normal myocar-
dium and the exercise WR in ischemic myocardium. To
evaluate fatty acid metabolism in normal and ischemic myocar-
dium, maximal exercise with net PRP = 300 X 10°> mmHg/min
is required because the rest WR values are similar. Thus, a net
PRP of 300 X 10> mmHg/min can be used as an index of the
endpoint of the required exercise. To obtain a net PRP greater
than 300 X 10° mmHg/min, exercise should be performed over
a longer period, as in the protocol used with Group B patients.
Patients with IHD might not be able to perform this protocol.
However, all patients of Group B continued the exercise for 20
min, whereas nobody sustained the exercise in Group A.
Therefore, even aged and/or seriously ill patients can perform
this protocol more easily than the usual stress test.
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CONCLUSION

In normal myocardium, BMIPP washout increased with the
increase in cardiac work during exercise. In ischemic myocar-
dium, on the other hand, the BMIPP WRs were similar to those
in normal myocardium at rest and were not increased by
exercise. A certain amount of maximal exercise (net PRP =
300 X 10° mmHg/min) was thus found to be necessary to
evaluate fatty acid metabolism in normal and ischemic myocar-
dium.
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Left Ventricular Function and Perfusion
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The aim of this study was to evaluate left ventricular (LV) perfusion
and function in patients with Becker muscular dystrophy (BMD).
Methods: Fourteen male patients (age range 14-40 yr) with BMD
were evaluated by 2°'TI SPECT and radionuclide angiography both
at rest and after dipyridamole stress test. Results: All patients
showed uptake defect demonstrated by 2°'TI SPECT (mean 4.1 +
2.2 uptake defect/patient). Significant relationships (p < 0.05) were
found between the number of uptake defects and rest LV ejection
fraction (LVEF) (r = —0.54), peak filling rate (PFR) (r = —0.57) and
dipyridamole LVEF (r = —0.65). Dipyridamole induced reversible
uptake defects were found in 7/14 (50%) patients with BMD. The 14
patients were divided into two groups on the basis of the presence
(Group A, n = 6) or the absence (Group B, n = 8) of severe
irreversible uptake defect (i.e., < 50% 2°'TI uptake). Group A
showed lower values of PFR and LVEF when compared to patients
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of Group B. Conclusion: In patients with BMD there is a relatively
high incidence of uptake defects and LV function (both at rest and
after dipyridamole) appears to be related to the number of uptake
defects. Moreover, the presence of severe irreversible uptake de-
fects identifies a subgroup of patients with BMD characterized by a
severely depressed LV function.

Key Words: thallium-201-SPECT; Becker muscular dystrophy; ra-
dionuclide angiography
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Becker muscular dystrophy (BMD) is an X-linked recessive
muscular disease showing a slowly progressive skeletal muscle
disorder with onset in late childhood characterized by weakness
of proximal limb girdle muscles and calf muscle hypertrophy
(1-3). Although muscular symptoms are predominant, heart
involvement is a relatively common occurrence with a wide
range of cardiac symptoms and manifestations (4). Subclinical
cardiomyopathy (5) as well as dilated cardiomiopathy may be
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