TABLE 2
Cumulative Washout of Myocardial Radioactive Metabolites
Alpha-
BMIPP oxidation Intermediate Full
Dog no. (Backdiffusion) metabolite metabolites metabolites
1 179 335 40.6 8.0
2 213 29.9 39.2 9.6
3 216 205 215 36.4
4 36.7 25.7 36.2 14
5 244 23.2 26.5 259
Average (1 sd) 244 (7.3 266(5.2) 328(84) 16.3(14.4)

dial interventions to clarify clinical usefulness of BMIPP as an
agent for assessing myocardial fatty acid metabolism.
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NUCLEAR CARDIOLOGY

Ischemic and Reperfused Myocardium Detected
with Technetium-99m-Nitroimidazole

Kazuki Fukuchi, Hideo Kusuoka, Yoshiyuki Watanabe, Toshiyuki Fujiwara and Tsunehiko Nishimura
Division of Tracer Kinetics, Biomedical Research Center, Osaka University Medical School, Suita, Osaka, Japan

To evaluate the utility of **™Tc-labeled nitroimidazole (BMS) in the
detection of ischemic or reperfused myocardium, we performed
dual-tracer autoradiography with BMS and ['?[Jiodoantipyrine (IAP).
Methods: In open-chest rats, the left coronary artery was ligated to
produce 15- or 60-min ischemia followed by reperfusion or 60-min
ischemia without reperfusion. BMS was injected just before ligation,
1 min before reperfusion or 15 min after reperfusion. Results: In the
area at risk, regional myocardial blood flow ("MBF) evaluated by IAP
recovered to the level in the nonischemic septum in all hearts,
except in 60-min occlusion without reperfusion. In myocardium
reperfused after 15-min ischemia (stunned), normalized BMS up-
take (%BMS) in the area at risk was significantly increased only
when BMS was injected before ischemia. When BMS was injected
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before 60-min ischemia or just before reperfusion, %BMS was
significantly higher at the marginal zone of infarction than in the
infarcted area. In contrast, %BMS was significantly lower in the
infarcted area when BMS was injected during reperfusion. After 60
min of occlusion without reperfusion (permanent occlusion), rMBF in
the area at risk was significantly decreased as was %BMS. In the
peripheral zone of the area at risk, IMBF was significantly reduced,
but %BMS was significantly increased. Conclusion: BMS images
stunned myocardium only when it is injected before ischemia, while
it images the area at risk subjected to prolonged ischemia when it is
injected up to the time of reperfusion. The infarcted area can be
negatively visualized when BMS is injected after reperfusion.

Key Words: technetium-39m-nitroimidazole; ischemia; reperfusion
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Preservation of ischemic but viable myocardium is one of the
major goals of therapy for myocardial infarction and unstable
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angina. Appropriate and timely clinical intervention is neces-
sary to restore tissue oxygenation to prevent loss of function or
life. Myocardial reperfusion can be achieved by thrombolytic
therapy or early bypass surgery. Since reperfusion has become
a common treatment for acute myocardial infarction, it is
necessary to develop imaging techniques that can be used to
determine the success of reperfusion and to distinguish reper-
fused myocardium from nonreperfused myocardium or infarc-
tion. Nitroimidazole was developed as a new radiopharmaceu-
tical which indicates the state of tissue oxygenation (/,2). It is
a radiolabeled agent that undergoes reduction within cells,
forming reactive intermediates, depending on the intercellular
oxygen concentration (3). Fluorine-18 fluoro-misonidazole and
[**'IJiodovinyl-misonidazole have already been used to detect
myocardial hypoxia, and the possibility has been suggested of
imaging hypoxic tissues using both planar scintigraphy and
emission computed tomography (4-6).

Recently, we determined the kinetics of a new technetium-
labeled hypoxia tracer, propyleneamine oxime-1,2-nitroimida-
zole (BMS-181321), in ischemic or hypoxic myocardium using
isolated perfused rat hearts (7). We conducted the present study
to investigate whether BMS-181321 (BMS) can be used to
detect acute ischemic injury of the in vivo rat heart. Dual-tracer
autoradiography was used to characterize the binding of BMS
in comparison with myocardial perfusion as measured by
['**Iiodoantipyrine (8,9).

MATERIALS AND METHODS

Female Sprague-Dawley rats (body weight, 280-320 g) were
anesthetized with ether and mechanically ventilated after endotra-
cheal intubation. A left-sided thoracotomy was performed via the
fifth intercostal space, and a small incision was made in the
pericardium. An adjustable ligature was placed around the left
coronary artery near its origin beneath the left atrial appendage
using a 6.0 silk suture. Both ends of the suture were then threaded
through a polyethylene tube to form a snare loop around the
coronary artery which could be closed on pulling the free end of the
suture. Reperfusion was performed by releasing the snare loop
from the coronary artery. The femoral vein was cannulated with a
PE-50 polyethylene tube for the injection of radiopharmaceuticals.

Three types of acute ischemic myocardial damage were pro-
duced. In Group 1 (n = 12), the myocardium was reperfused after
15 min of coronary ligation. In Group 2 (n = 12), reperfusion was
applied for 30 min after 60 min of coronary ligation, and in Group
3 (n = 8), 60 min of coronary ligation was applied without
reperfusion. In all groups, occlusion was confirmed by the obser-
vation of development of myocardial cyanosis and lack of contrac-
tility in the ischemic region. In six other rats (sham operation
group), thoracotomy was performed and a ligature was placed
around the left coronary artery, but ischemia was not produced. All
experiments were approved by the Animal Research Committee of
Osaka University Medical School.

Experimental Protocol

Three different protocols were used to image the myocardium
with BMS (Fig. 1). Four of the 12 rats in each of Groups 1 and 2
were used for each protocol.

Protocol 1: One hundred and eleven MBq (3 mCi) BMS were
intravenously injected 1 min before coronary ligation, and 185
KBq (5 uCi) '*I-4-iodoantipyrine (['*’I]IAP) were injected 30
min after the start of reperfusion.

Protocol 2: BMS was injected at the start of reperfusion and
['*I)IAP was injected after 30 min of reperfusion.

Protocol 3: BMS was injected 15 min after the start of reperfu-
sion and ['**I]IAP was injected 15 min later.
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Protocol 1
BMS181321 1251-1AP
. ) . 7
| 1 | |
Baseline Occlusion Reperfusion  Sacrifice
(15 or 60 min) (30 min)
Protocol 2
BMS 181321 1251-1AP
. | { 7
| | I 1
Baseline Occlusion Reperfusion  Sacrifice
(15 or 60 min) (30 min)
Protocol 3
BMS181321 1251-1AP
| | 1 (15 min) ‘ ‘ |
| I | |
Baseline Occlusion Reperfusion Sacrifice
(15 or 60 min)
FIGURE 1. Experimental protocols.

In Group 3 (60 min of occlusion without reperfusion), BMS was
injected during ligation (45 min after the start of occlusion) and
['**I]IAP was injected after 60 min of occlusion.

Autoradiographic method using IAP is suitable for the measure-
ment of regional myocardial blood flow (rMBF), especially in
small animals such as rats, because of the excellent spatial
resolution it affords. This method is based on the presumption of
flow-limited and not diffusion-limited exchange of the tracer
between blood and tissue (/0). The validity of this presumption has
been confirmed in the brain, and in the heart it is probably also as
valid as flow measurement using microspheres (9).

One minute after the injection of ['>’I]IAP, the rats were killed
by injection of saturated KCl, and the heart was rapidly excised and
cut at the midline of the left ventricle (LV). The apical half of the
heart was frozen in powdered dry ice and cut into 20-um sections
with a cryostat in the direction perpendicular to the longitudinal
axis of the LV. The sections at the midventricle were placed on
glass cover slips and placed on an imaging plate.

The first autoradiographic exposure was performed for 1 hr to
detect the distribution of BMS. After a 7-day waiting period for
9mTc decay, the second exposure was conducted for 6 hr to obtain
an adequate '*°I image. It was preliminarily confirmed by single-
tracer autoradiography using ['2°’I]IAP that this agent was not
visualized under the conditions used for BMS imaging.

The autoradiographic images were analyzed by a computerized
imaging analysis system (//). To quantitate the myocardial distri-
bution of BMS and ['?’I]IAP, regions of interest (ROIs) were
placed at the interventricular septum (control) and the LV free wall
(area at risk). We placed five to six circular ROIs with area of 4
mm? in each area. The histological characteristics of each ROI was
determined directly by hematoxylin-eosin (H&E) staining, and the
corresponding sections in a proximal part of the heart was
examined by triphenyltetrazolium chloride staining. The uptakes of
BMS and ['?’I]IAP were normalized by that of the interventricular
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septum and expressed as the mean percent uptake of BMS
(%BMS) and of ['**I]IAP (%IAP), respectively. The %IAP uptake
was used as a measure of rMBF.
Histological Examination

In the determination of the infarcted area, the residual heart
tissue was rinsed with normal saline and cut into several transverse
slices (2-3 mm in thickness) parallel to the atrioventricular groove.
The slices were immersed in a 2% solution of 2,3,5-triphenyltet-
razolium chloride (TTC) at 37°C for 30 min and then fixed by
immersion in a 10% phosphate-buffered formalin solution (pH
7.4). Viable myocardium is stained red by TTC, whereas necrotic
myocardium appears pale yellow. This stain has been shown to be
a reliable indicator of myocardial infarction (12). The TTC-stained
slice obtained from the midventricle was photographed and the
area of infarction was measured planimetrically. The myocardial
tissue used for autoradiography was also sectioned at a thickness of
10—-15 um and stained with H&E stain.
Radiopharmaceutical Preparation

BMS-181321 was prepared from the provided ligand kits as
described previously (/3). The radiochemical purity was 90% as
determined by paper chromatography using a Gelman solvent
saturation pad developed in diethyl ether. ['2°I]-4-iodoantipyrine
was prepared as described previously (14). Briefly, ['**I]iodide (50
wpl/S mCi) and nonradioactive 4-bromoantipyrine (5.34 mg, 20
pmole) were mixed in an acidic aqueous solution at 100°C for 15
min. After cooling, the labeled 4-iodoantipyrine was separated
from the radioiodide by reversed-phase high performance liquid
chromatography (eluent: 45% methanol, flow rate: 5 ml/min,
retention time: 72 min). The radiochemical yield was 83.25 MBq
(45%, uncorrected for decay). Radiochemical purity of the sample
was confirmed by thin-layer chromatography.
Statistical Analysis

Data are expressed as the mean * s.e.m. Comparison among
groups was done using analysis of variance (ANOVA) with a
multiple comparison test. Comparison within groups was per-
formed using the paired Student’s t-test. Probability of less than
0.05 was considered to indicate a significant difference.

RESULTS
Sham Operation Group

There was no infarction of the LV free wall demonstrated by
either TTC or H&E staining. The ['*I]IAP uptake was homo-
geneous in all myocardial regions, and the BMS uptake was
also uniform. The relative uptake of BMS (%BMS) and of
['*°T]IAP (%IAP) for the LV free wall was 101% * 5% and
98% =+ 4%, respectively, and there was no significant differ-
ence compared to the uptake for the septum.

Group 1 (Stunned Myocardium)

Myocardium reperfused after a brief period of ischemia is
known as stunned myocardium (/5) and one of its characteris-
tics is the absence of necrosis. In all rats in Group 1, TTC and
H&E staining disclosed no infarction of the LV free wall (the
area at risk). Figure 2 shows autoradiograms obtained with
['*IJIAP and BMS. The uptake of ['>*I]IAP was uniform for all
three protocol (left panels), whereas the distribution of BMS
varied with the protocols (right panels). The BMS uptake was
significantly elevated in the area at risk when it was injected
before ischemia (Protocol 1, Fig. 2A), while the BMS uptake
was low when it was injected at the start of reperfusion
(Protocol 2, Fig. 2B) or during reperfusion (Protocol 3, Fig.
2C).

Figure 3 summarizes the relative uptake of ['*’IJIAP and
BMS by the LV free wall, i.e., the area at risk. The rMBF values
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"2I-1AP BMS-181321

A ' °

FIGURE 2. Dual-tracer autoradiograms obtained with ['2[liodoantipyrine
(1AP) and BMS-181321 (BMS) after 15 min coronary occlusion and reperfu-
sion. (A) BMS was injected before coronary ligation. (B) BMS was injected
just before reperfusion. (C) BMS was injected after 15 min of reperfusion.

measured by ['2’I]JIAP were almost identical among the three
protocols (103% =* 7% for Protocol 1, 95% * 3% for Protocol
2, and 104% * 7% for Protocol 3), and none of them differed
from that in the sham-operated group. In contrast, the values for
%BMS in the area at risk were significantly different among the
three protocols, that in Protocol 1 being significantly higher
(790% * 50%) than that in either of the others (98% * 1% for
Protocol 2 and 108% * 3% for Protocol 3; both p < 0.01).
Additionally, BMS uptake by the area at risk in Protocols 2 and
3 was almost identical to that in the sham-operated group. These
results indicate that BMS can image stunned myocardium only
when it was injected before the ischemic insult, and they are
comparable with data obtained in isolated perfused hearts (7).

Group 2 (Reperfusion after 60 Minutes of Occlusion)

Reperfusion after 60 min of occlusion resulted in myocardial
infarction of the LV free wall (area at risk), as confirmed by
TTC and H&E staining. Necrosis was found mainly in the
midmyocardial and subepicardial layers with subendocardial
sparing (Fig. 4), as reported earlier (12).

The uptake of ['25I]IAP in the area at risk was uniform for all
three protocols (left panels of Fig. 5), as was found in Group 1.
In contrast, the distribution of BMS in the infarcted area was
quite different from that in the noninfarcted risk area with all
three protocols (right panels of Fig. 5). When BMS was injected
before ischemia, %BMS was marked in the area at risk, and the
uptake for the noninfarcted risk area was significantly larger
than that for the infarcted area (Protocol 1, Fig. 5A). When
BMS was injected just before reperfusion (Protocol 2), its
distribution was similar to that with Protocol 1, but the uptake
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FIGURE 3. Myocardial biood flow and percent uptake of BMS by the area
after 15 min of ischemia and reperfusion. Before ischemia, at reperfusion and
during reperfusion indicate the times when BMS was injected.

was significantly lower (Fig. 5B). When BMS was injected
during reperfusion (Protocol 3), the uptake for the infarcted area
was significantly lower than that for the noninfarcted risk area
(Fig. 5C).

Figure 6 summarizes the relative uptake of ['*’IJIAP and
BMS for the area at risk. Infarction was confirmed by histo-
logical examination. The noninfarcted area in the risk area was
determined as the area adjusted to the necrosis in the LV free
wall, because the territory fed by the left coronary artery does
not vary among rat hearts due to the slight degree of collateral
formation (/6). The rMBF in the infarcted area was almost
identical to that in the noninfarcted area for all three protocols

FIGURE 4. Section of a heart reperfused after 60 min of occlusion. (A) TTC
staining. (B) H&E staining. Infarction of the infero-lateral left ventricular wall is
clearly demonstrated (white arrow heads).
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FIGURE 5. Dual-tracer autoradiograms obtained with ['2°[IAP and after 60
min of coronary occlusion and reperfusion. (A) BMS was injected before
coronary ligation. (B) BMS was injected just before reperfusion. (C) BMS was
injected after 15 min of reperfusion.

(121% = 4% versus 108% =+ 5% for Protocol 1; 121% * 5%
versus 109% * 7% for Protocol 2; and 93% * 3% versus 92%
* 3% for Protocol 3; all p = ns). On the other hand, %BMS in
the noninfarcted risk area was significantly higher than that in
the infarcted area when BMS was injected before ischemia or
just before reperfusion (956% * 54% versus 511% * 43% for
Protocol 1, p < 0.005; and 235% * 16% versus 108% * 7%
for Protocol 2, p < 0.01). When BMS was injected during
reperfusion, its uptake for the infarcted area (67% * 2%) was
lower than that for the noninfarcted area at risk (98% * 1%,
p < 0.05).

These results indicate that BMS was retained in the infarcted
myocardium when injected before coronary ligation, but that it
was not accumulated when injected just before reperfusion.
When BMS was injected during reperfusion, its uptake for the
infarcted area was lower than that for the septum because the
number of the viable cells was decreased in the necrotic area.
BMS uptake in the area at risk adjacent to the site of infarction
was markedly increased when it was injected before ischemia or
at reperfusion.

Group 3 (60 Minutes of Occlusion without Reperfusion)

Coronary occlusion for 60 min without reperfusion caused
infarction which was distributed similar to that in Group 2
except a larger extent of infarction.

With 60 min of ischemia and no reperfusion, BMS was also
retained only when injected before coronary ligation (data not
shown). In contrast, BMS showed different distribution when
injected during ischemia (Fig. 7). The distribution of ['2°IJIAP
was homogeneous in the septum ﬁcontrol) and the right ven-
tricular wall. On the other hand, ['2°’I]IAP uptake was almost
absent in the area at risk. BMS uptake did not occur in the area
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FIGURE 6. Myocardial blood flow and percent uptake of BMS by the area
after 60 min of ischemia. Before ischemia, at reperfusion and during reper-
fusion indicate the times when BMS was injected.

at risk, but it was marked in the marginal zone of the area at
risk.

Figure 8 summarizes the relative uptake of ['>’I]JIAP and
BMS in the different myocardial regions. The rMBF was
reduced to 14% * 1% in the area at risk, while it was 52% =+
8% in the marginal zone of the area at risk, and both levels were
significantly decreased compared to that for the septum (p <
0.005 and p < 0.01, respectively). %BMS in the area at risk was
reduced to 16% * 4% (p < 0.01). In contrast, its uptake by the

'25]-|AP

BMS-181321

FIGURE 7. Dual-tracer autoradiograms obtained with ['25[]IAP and BMS after
60 min of coronary occlusion without reperfusion (permanent occlusion).
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FIGURE 8. Myocardial blood flow and percent uptake of BMS by the area
after 60 min of ischemia without reperfusion.

marginal area at risk was significantly increased to 413% =*
36% (p < 0.005).

DISCUSSION

The energy for myocardial contraction is mainly supplied
through oxidative phosphorylation, and the lack of oxygen due
to ischemia or hypoxia naturally causes severe deterioration of
cardiac function. Thus, a marker of the imbalance between
oxygen supply and demand can provide important metabolic
information. Misonidazole and related compounds are metabol-
ically trapped in viable cells as a function of reduced cellular
pO2 (17,18). BMS, a derivative of misonidazole, was devel-
oped to identify hypoxic tissue (/9,20). This study focused on
the applicability of BMS in the detection of the reperfused
myocardium after ischemia.

BMS Uptake by Ischemic and Reperfused Myocardium
When BMS was injected before ischemia (Protocol 1), tracer
uptake in the area at risk was significantly increased after both
15 min and 60 min of ischemia. In this case, BMS was trapped
in the myocardium mechanically and irreversible binding oc-
curred in the area at risk during no-flow ischemia. Once this
occurred, reoxygenation and reperfusion did not wash BMS out
of the myocardium. With 60 min of ischemia and no reperfu-
sion, BMS was also retained only when it was injected before
coronary ligation. In an ischemia-reperfusion canine model, the
level of BMS in the ischemic area was reported to be markedly
greater than that in the normoxic region (4:1) when it was
injected before coronary ligation (2/). These data and our
results suggest that BMS can reveal an ischemic episode after
reperfusion when it is administered before the ischemic insult.
When BMS was injected just before the start of reperfusion
(Protocol 2), there was significant accumulation in the nonin-
farcted area at risk compared to that in the septum after 60 min
of ischemia. In the peri-infarct region, ischemia may persist for
several minutes after reperfusion, and this may have caused the
retention of BMS. On the other hand, BMS was not retained in
stunned myocardium when it was injected at reperfusion. It is
not surprising that the kinetics of BMS observed under these
conditions are similar to those in the normoxic region, because
stunned myocardium is well perfused and not hypoxic (15).
When BMS was injected during reperfusion (Protocol 3), it
was not retained by stunned myocardium, as was the case when
it was injected just before reperfusion (Protocol 2). Stone et al.
(22) reported similar results in an open-chest swine model with
40 min of ischemia followed by 100 min of reperfusion.
Regional uptake of BMS in the territory of the left coronary
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artery was not detected after injection during reperfusion.
Following 60 min of ischemia, BMS uptake by the infarcted
area was lower than that by the septum, because the number of
viable cells was smaller in the necrotic area. These results
suggest that enhanced uptake does not occur in the infarcted
area because the tissue is already necrotic and therefore lacks
the capacity to bind BMS. This explanation is certainly com-
patible with in vitro observations that binding of BMS to dead
cells does not occur (3,17). The marginal zone of the area at
risk completely recovered from hypoxia with sufficient reper-
fusion, so BMS was not trapped in this tissue. These data also
support the hypothesis that BMS can be trapped only at a
certain level of hypoxia which does not cause necrosis, sug-
gesting that it may be used as a metabolic probe for ischemic
but viable myocardium.

When BMS was injected during coronary occlusion, its
uptake by the area at risk was decreased to 16% of the control
level. The rMBF in this area also fell to 14% of the control
level, indicating that accumulation of BMS corresponded to
rMBF. In the peripheral region of the area at risk, however, the
accumulation of BMS was significantly increased despite the
low MBF. This finding indicates that hypoxic tissue was present
in this region, which was probably perfused by collateral flow
from the surrounding normally perfused area. Thus, BMS may
possibly be used clinically to identify myocardium which is
chronically underperfused but viable (i.e., hibernating).

Clinical Implications

BMS can clearly image ischemic myocardium if it is injected
before ischemia. This suggests that BMS may be useful in the
detection of ischemia induced by stress such as exercise under
circumstances in which the agent can be administered before the
onset of ischemia. Myocardial hypox1a is not specifically targeted
by flow indicators such as 2°'T1 and **™Tc-sestamibi (23,24). On
the other hand, infarct-avid agents such as ”mTc-pyrophosphate
and '!'In-antimyosin antibodies require cellular necrosis to detect
the area at risk (25,26). Our data demonstrate that BMS study
provides information which is different from that provided by
these other tracers and may be clinically useful in the identification
of hypoxic but potentially salvageable myocardium.

CONCLUSION

In this rat model, BMS can clearly image ischemic myocardium
when it is injected before ischemia. Stunned myocardium was not
identified by BMS. The area at risk after prolonged ischemia was
also imaged when BMS was injected before reperfusion, while the
infarcted area could be negatively visualized when it was injected
after reperfusion. BMS may be useful in imaging hypoxic but
potentially salvageable myocardium.
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