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Fluoromisonidazole, a member of a class of compounds referred to as “hypoxic sensitizers,”
accumulates in hypoxic, viable tumor cells. We hypothesized that it might therefore
accumulate also in ischemic, but non-necrotic myocardium potentially salvageabile by
interventional therapy. To evaluate the myocardial kinetics of ['*F}fluoromisonidazole (FM), 20
isolated perfused rabbit hearts were used to characterize the uptake and binding of tracer
under control conditions (n = 6), or with ischemia (flow 10% of control, n = 5), hypoxia
without low flow (control flow rates with hypoxic medium, n = 5), or with reperfusion (n = 4).
Myocardial retention of tracer detected externally with gamma scintillation probes after 20 min
of constant ["®F]FM infusion followed by 20 min of washout with nonradioactive buffer was 41
+ 7% and 46 + 8% of peak activity in hearts subjected to ischemia or hypoxia, respectively,
and significantly higher than in hearts subjected to either control perfusion or to ischemia
followed by reperfusion (18 + 6 and 16 + 5% of peak activity, respectively, p < 0.01). The
biologic half-time of retained tracer was 40 hr in all hearts indicating essentially irreversible
binding. Based on these findings, we measured uptake of ['®F]FM using positron emission
tomography in five dogs subjected to acute coronary occlusion. Five to thirteen millicuries of
tracer were injected within 3 hr of occlusion. Within 30 min after administration of tracer, '°F
accumulation in ischemic myocardium was greater than that observed in normal myocardium.
The results indicate that ['®F]FM accumulates in ischemic myocardium in relation to
diminished tissue oxygen content and not simply because of diminished flow. Thus, this class

of compounds may be potentially useful to help identify hypoxic myocardium.
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’I:le etiology of chest pain, potentially indicative of
ischemia is often unclear. Its delineation is essential in
part because interventions such as thrombolysis sal-
vages myocardium jeopardized by acute coronary
thrombotic occlusions only with early administration
after the onset of ischemia (/). Currently there is no
sensitive, noninvasive diagnostic test that can rapidly
identify or quantify jeopardized (i.e., ischemic or hy-
poxic but not yet necrotic) myocardium (2).

We previously demonstrated that positron emission
tomography with oxygen-15- (**0O) labeled water can be
used to quantify myocardial perfusion (3). However,
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during acute coronary events, estimation of areas of
diminished blood flow, although defining areas-at-risk,
does not permit differentiation between jeopardized
and nonviable myocardium. Positron-emitting radi-
otracers such as fluorine-18 fluorodeoxyglucose ['*F)
FDG (4) or rubidium-82 (3?Rb) (5) have been proposed
for use in identification of jeopardized myocardium,
but the complex relationship between blood flow and
metabolism and the dependence of uptake and reten-
tion of ["*F]JFDG or #’Rb on factors such as circulating
levels of substrate and hormones and on the duration
of ischemia have complicated the use of these tracers
for identification of jeopardized myocardium (2,6-9).

Although we recently demonstrated that carbon-11
(*'C) acetate is a valid tracer of myocardial oxygen
consumption (10,11), after transient ischemia, myocar-
dial oxygen consumption continues to be depressed and
may not recover for 24 hr or more (12).
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The nitroimidazoles are a class of compounds with
high electron affinity that have been studied extensively
as radiosensitizers of hypoxic regions in tumors (/3).
The most extensively studied radiosensitizer, 1-(2-nitro-
1-imidazolyl)-3-methyoxy-2-propanol (misonidazole),
has been shown to accumulate in hypoxic regions of
multicellular spheroids and EMT6 tumors with little
uptake into the necrotic core (/4,15). These results
suggest that labeled congeners of misonidazole might
serve as novel imaging agents for non-necrotic, revers-
ibly hypoxic tissue. A fluorinated derivative, fluoromi-
sonidazole, labeled with the positron emitting radio-
nuclide '®F was first synthesized by Jerabek et al. (16)
and subsequently shown to exhibit increased uptake in
ischemic brain tissue (/7). Tritiated fluoromisonidazole
has been shown in preliminary reports to have increased
uptake in hypoxic isolated myocytes (/8) and in intact
ischemic canine myocardium (/9).

The aim of the present study was to characterize the
accumulation and retention of '®F fluoromisonidazole
(['*F]FM) in an isolated perfused rabbit heart prepara-
tion in which the variables of tracer delivery, myocar-
dial perfusion, and perfusate oxygenation could be con-
trolled to determine whether this radiopharmaceutical
would be useful for identification of hypoxic myocar-
dium.

METHODS

Isolated Heart Preparation

Male New Zealand rabbits weighing 1.5 kg to 2 kg were
stunned with a blow to the head. Hearts were excised rapidly
and perfused retrogradely via the aorta at 37°C with nonrecir-
culating, oxygenated (95% 0./5% CO;) modified Krebs-Hen-
seleit perfusate containing 0.4 mM albumin, S mM glucose,

and 70 mU/1 insulin (20). Hearts were paced at 180 bpm with
a right atrial bipolar electrode. Left ventricular pressure was
monitored continuously with a fluid-filled latex balloon in-
serted through the left atrium. Left ventricular end-diastolic
pressure was set at 5-10 mmHg by adding volume to the
ventricular balloon. The first derivative of left ventricular
pressure (dP/dt) and coronary perfusion pressure were also
monitored continuously. The pulmonary artery was cannu-
lated for collection of coronary venous effluent. Oxygen con-
tent of the perfusate was measured with a co-oximeter. Paired
external sodium iodide gamma scintillation crystals were ori-
ented at 180° across the heart for detection of radioactivity
(Fig. 1). Coincidence counts were detected with an Ortec fast
coincidence counter and recorded with a Digital Equipment
Corporation RX-08 minicomputer. Data were stored on
floppy disks for subsequent analysis.

Experimental Procedure

All hearts were perfused initially under control conditions
(i.e., with oxygenated buffer at a control flow rate of 20 mi/
min; ~4 ml/g/min-supraphysiologic but necessary for ade-
quate oxygen delivery with crystalloid buffer). After stabiliza-
tion of left ventricular pressure, dP/dt, left ventricular end-
diastolic pressure, and perfusion pressure (at least 15 min),
the kinetics of ['*F]JFM were evaluated in each heart over 40
min. Hearts from four groups were studied. A control group
(n = 6) was evaluated to characterize ['*F]JFM accumulation
and retention in normal myocardium. In these hearts, perfus-
ate flow and oxygenation was not altered over the experimen-
tal period. Accumulation of tracer in the heart was monitored
during 20 min of infusion of ['*F]JFM, accomplished by rapidly
switching the parallel circuits of the perfusion system to the
one containing buffer with ['*F]JFM at a concentration of ~1
uCi/ml. After the 20-min period of tracer infusion, the hearts
were then perfused with non-radioactive (or “cold”) buffer for
an additional 20-min observation period so that retention of
tracer in the myocardium could by monitored. To evaluate
the effects of ischemia, the accumulation of ['*F]JFM was
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Schematic diagram of the isolated
perfused heart preparation used in
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monitored during low flow induced by reducing perfusate flow
rate to 10% of control (i.e., 2 ml/min of oxygenated perfusate,
n = 5). After 20 min of infusion of tracer, radioactivity was
monitored during 15 min of washout with “cold” buffer at
the ischemic flow rate. After 15 min of washout, flow was
increased to control flow rates to evaluate the effects of bulk
flow in this group of hearts. A third group of hearts (the
hypoxic group, n = 5) was studied to evaluate the effects of
hypoxia per se. In this group, after the equilibration period,
hearts were subjected to hypoxia, achieved by equilibrating
the perfusate containing tracer with 95% nitrogen/5% CO-
which diminished perfusate pO, to <40 mmHg while main-
taining pH and pCO; at the physiologic level. Radioactivity
was monitored for 20 min during tracer infusion, and during
washout with “cold” oxygenated buffer at control flow rate
for an additional 20 min.

To evaluate the effects of reperfusion and reoxygenation
on the myocardial handling of ['*F]FM, a group of hearts were
studied during reperfusion. These hearts (n = 4) were subjected
to 35 min of ischemic flow followed by 20 min of reperfusion
at control flow rates with oxygenated buffer. This protocol
was selected based on results of previous studies from our
laboratory which showed that this period of ischemia and
reperfusion resulted in recovery of ventricular function to
>90% of pre-ischemic values. Twenty minutes after the initi-
ation of reperfusion, hearts were then subjected to tracer
infusion for 20 min followed by 20 min of washout at control
flow rates.

In selected hearts, perfusate and coronary venous radioac-
tivity were monitored directly in a gamma well counter for
direct estimates of tracer extraction.

Analysis of Time-Activity Curves

As depicted in Figure 2, which shows representative myo-
cardial time-activity data, radioactivity accumulated in iso-
lated hearts over the period of tracer infusion. Washout ap-
peared to be biexponential with a rapid phase, presumably
washout of tracer from vascular and interstitial pools, and a
much more prolonged phase thought to represent irreversibly
bound tracer. For analysis, radioactivity at the end of the
washout period was compared to peak radioactivity (just prior
to switching to “cold” washout), and expressed as the residual
fraction (i.e., the percentage of radioactivity remaining in the
hearts compared with peak radioactivity). Estimates of the
biologic half-time of tracer were made by a least squares fit of
the decay corrected time-activity data during the last 15 min
of the washout period after washout of tracer from the vas-
culature.

Synthesis of No-Carrier-Added 3-{"*F}-Fluoro-1-(2-Nitro-1-
Imidazolyl)-2-Propanol

No-carrier-added ['®FJFM was synthesized by the recently
reported method of Hwang et al. (21). Briefly, 200 mCi of '*F
in H,'®*0 was mixed with 2 mg of K;CO; and 6 mg of
Kryptofix 222, heated at 105-110° under N and azeotropi-
cally dried with CH3CN. The residue was taken up in 200 ul
of anhydrous CH;CN, transferred to a 1-ml conical vial con-
taining 4 mg of (2R) (-) glycidyl tosylate and heated for
12 min at 95%. The resulting ['*Flepifluorhydrin was isolated
by passing the reaction mixture through a short silica column
and eluting with CH;CN (100 ul). The solution of epifluoro-
hydrin was added to a 1-ml conical vial containing 2 mg of 2-
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FIGURE 2

Representative time-activity curves from three hearts. The
horizontal bar in each graph represents the time of infusion
of a constant concentration of ['*F]JFM. Control hearts
were perfused at 20 mi/min throughout the observation
period. Ischemic hearts were subjected to a flow of 10%
of control with oxygenated media. Hearts subjected to
hypoxia were perfused at control flow rates but with
hypoxic medium (pO. < 40 mmHg) during the tracer infu-
sion period, and with oxygenated medium (pO. > 450
mmHg) during the washout phase. Hearts subjected to
ischemia or hypoxia accumulated and retained significantly
more tracer than hearts subjected to control perfusion or
hearts subjected to reperfusion.

nitroimidazole, 6 mg of NaHCOs, and 300 ul of H;O. The
mixture was heated with stirring for 45 min at 95%. The
product was purified by preparative high performance liquid
chromatography (HPLC) on a silica column using CH,Cl,/
CH;CN 55:45 (v/v) as the mobile phase at 1.5 ml/min. The
overall synthesis time was 2 hr. Radiochemical purity, deter-
mined by HPLC was consistently 99%, and estimated specific
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activity was >400 Ci/mmol. The tracer dissolved in normal
saline and was radiochemically stable for at least 4 hr at room
temperature.

Positron Emission Tomography

The primary objective of our study was to characterize the
myocardial kinetics of ['*F]JFM under controlled conditions
in isolated perfused hearts. However, based on the promising
findings obtained (see below), we then performed a pilot study
to evaluate the feasibility of imaging ischemic myocardium in
intact animals with this tracer.

Coronary thrombosis was induced as previously described
(1) in five closed-chest, anesthetized, mongrel dogs (20-25 kg)
by placement of a thrombogenic copper coil into the left
anterior descending coronary artery distal to the first diagonal
branch. Verification of coronary occlusion was documented
by selective angiography after development of ST segment
elevation on the electrocardiogram. Animals were then se-
cured in a Plexiglas shell and positioned within the PETT VI
tomograph (22). To delineate myocardial blood flow, 25-30
mCi of 'O-labeled water were administered intravenously
and data collected for 90 sec (3). To delineate blood pool,
after decay of radioactivity from 'O water, animals inhaled
40-50 mCi of '*O carbon monoxide. After allowing 1 min for
radioactivity to clear the lungs, data were collected for 5 min.
Ten minutes following the 'O carbon monoxide scan (an
average of 2 hr and 45 min following coronary occlusion), a
bolus of 5-13 mCi ['*FJFM was given i.v. Sequential 5-10
min scans were acquired 7.5, 30, 60, 90, and 120 min after
the injection of tracer.

For delineation of the distribution of myocardial blood
flow, data obtained with '*O water were corrected for intra-
vascular tracer with subtraction of blood-pool radioactivity as
described previously (3). Because arterial clearance of ['*F]
FM was also prolonged, reconstructions of the data from ['*F]
FM were corrected for blood-pool radioactivity in an analo-
gous fashion.

Statistical Analysis

Data are expressed as mean + s.d. Comparisons of unpaired
samples were subjected to analysis of variance followed by t-
tests corrected for the number of comparisons by the Bonfer-
roni method (23). Linear regression was calculated by the
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least squares method. Probabilities < 0.05 were taken to
indicate statistically significant differences.

RESULTS

Hemodynamics

Heart rate, perfusion pressure, left ventricular devel-
oped pressure, flow, and dP/dt during the pre-interven-
tion equilibration period were similar in all hearts.
Hearts in the control group (n = 6) exhibited stable
function throughout the experimental period (Fig. 3).
Hearts subjected to ischemia (n = 5) exhibited > 90%
reduction in left ventricular developed pressure and dP/
dt. Hearts subjected to hypoxia (n = 5) exhibited >
94% reduction of developed pressure and dP/dt during
hypoxia (perfusate pO, < 40 mmHg) but recovered to
> 70% of pre-hypoxic values during the washout period
with oxygenated media. Hearts subjected to ischemia
and reperfusion exhibited > 90% reduction of devel-
oped pressure during ischemia, but recovered to > 98%
of pre-ischemic values with reperfusion (Fig. 3).

Myocardial Uptake and Clearance of ["*FJFM
Time-activity curves are shown in Figure 2. In con-
trol hearts, infusion of a constant concentration of ['*F]
FM led to a rapid rise in tracer in the myocardial field
of view. During the washout period with “cold” buffer,
clearance of radioactivity from the myocardium was
biexponential with a rapid phase apparent early, fol-
lowed by a plateau. The rapid phase most likely repre-
sents clearance of radioactivity from vascular and inter-
stitial compartments, whereas the prolonged phase rep-
resents tracer irreversibly bound in tissue. In hearts
subjected to ischemia or hypoxia, radioactivity accu-
mulated monotonically during infusion of tracer. Dur-
ing the washout phase, much more radioactivity was
retained in both of these groups of hearts compared
with that observed in control hearts. In hearts subjected
to ischemia, augmentation of flow of perfusate from 2
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FIGURE 4

Histogram depicting the residual fraction (% of radioactivity
retained at the end of the washout period compared to
peak radioactivity just prior to the washout period) for all
hearts. Data are expressed as the mean + s.d. Hearts
subjected to ischemia or hypoxia retained significantly
more tracer than retained in hearts subjected to control
perfusion. The enhanced retention was not due simply to
bulk flow since hearts subjected to hypoxia were perfused
at normal flow rates but with hypoxic media.

ml/min to 20 ml/min during the last 5 min of the
washout period did not effect myocardial clearance.
Myocardial time-activity curves in hearts subjected to
infusion of tracer during reperfusion paralleled those
seen in control hearts.

The residual fraction or percent of peak activity
retained in the myocardium averaged 18 + 6% in
control hearts, 41 + 7% in hearts subjected to ischemia,
46 + 8% in hearts subjected to hypoxia, and 16 + 5%
in hearts subjected to reperfusion (Fig. 4). The differ-
ence between hearts subjected to ischemia or hypoxia
compared with control hearts was highly significant (p
< 0.01).

The biologic half-time of tracer in myocardium after
5 min of washout was 40 hr in all hearts studied (Table
1) and consistent with irreversible binding of tracer
within the myocardium.

The initial objective of this study was to define the
myocardial accumulation and clearance of ['*F]JFM
under diverse conditions in isolated perfused hearts.

Volume 30 « Number 3 » March 1989

TABLE 1
Biologic Half-life of '°F in Isolated Perfused Hearts (hr)
Control Ischemic Hypoxic Reperfusion
(n==6) (n=15) (n=>5) (n=4)
66 + 27 40+6 42+8 83 + 37

Values are mean + s.d. Half-life was calculated from the least
square regression of data from 5-20 min of the washout period
(see text). The data suggest essentially irreversible binding.

Because of the promising findings of increased accu-
mulation and prolonged retention in ischemic myocar-
dium, we explored the feasibility of using ['*F]JFM to
delineate jeopardized myocardium by positron emis-
sion tomography in canine hearts with regional myo-
cardial ischemia in vivo.

Figure 5 depicts a single mid-ventricular reconstruc-
tion from one dog. On the left, the perfusion image
depicts a large area of diminished blood flow in the
anterior myocardium distal to the occluded left anterior
descending coronary artery. Accumulation of ['*F]JFM
(depicted on the right) in the ischemic territory is strik-
ing. In all dogs, by 30 min after injection of ['*F]JFM,
ischemic myocardium exhibited enhanced concentra-
tions of tracer despite profound ischemia compared
with radioactivity in normal myocardium supplied by
the left circumflex coronary artery. The ratio of decay
corrected counts/voxel/minute in the anterior com-
pared with normal regions was 1.3 + 0.2 at 30 min (p
< 0.05, n = five dogs) and 1.4 + 0.2 at 60 min (p <
0.05, n = 5 dogs) after administration of tracer.

DISCUSSION

Compounds known as hypoxic sensitizers, of which
fluoromisonidazole is an example, localize in hypoxic
but non-necrotic tumor cells (/3-15). The results of
the present study indicate that fluoromisonidazole also
accumulates in ischemic myocardium, an effect not due
to low flow per se. Use of this agent may therefore
represent a new approach for the identification of hy-
poxic but potentially salvageable myocardium.

The binding of 2-nitroimidazoles in tumor cell lines
and spheroids has been shown to be inversely related
to the oxygen content of the media (24). Accumulation
of tracer was not noted in the necrotic core of the
spheroids. Nitroimidazoles are believed to diffuse across
the cell membrane and then undergo nitro-reduction in
the cytoplasm (25). The first step of nitro-reduction
occurring, regardless of intracellular pQO,, is the forma-
tion of the RNO, radical anion. When oxygen is abun-
dant, it reacts with the radical anion yielding superoxide
and noncharged misonidazole. Misonidazole then dif-
fuses out of the cell with no net nitro-reduction having
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FIGURE 5

A single mid-ventricular slice from one dog subjected to acute coronary occlusion. On the left is the perfusion scan
(obtained with *O-labeled water with correction for biood-pool radioactivity). The septum is to the right, the anterior
myocardium is uppermost, and the lateral free wall is to the left. The mitral valve plane is at the bottom. On the perfusion
scan, a large flow deficit is observed in the anterior myocardium distal to the territory supplied by the occluded left
anterior descending coronary artery. On the right is the concordant tomographic reconstruction obtained 90 min later
and 60 min after i.v. administration of 10 mCi of '®F-FM. Marked accumulation is observed in the ischemic region. In all
five dogs studied, an enhanced uptake of '®F compared with uptake in normal myocardium was observed in the region

of diminished perfusion within 30 min after administration of tracer.

occurred. With hypoxia, reduction of the misonidazole
radical anion proceeds further yielding nitroso com-
pounds, and subsequent reduction to hydroxylamines,
and other amines may occur. These products can bind
covalently to intracellular macromolecules, thereby be-
coming trapped in the cell. Nitro-reduction in hypoxic
cells is believed to be mediated enzymatically in view
of its time and temperature dependence (26).

Fluorine-18-FM Binding in Myocardium

In control perfused hearts, some tracer was irrevers-
ibly trapped in the myocardium, although the residual
fraction was only 18%. In contrast, hearts subjected to
ischemia or hypoxia showed monotonic increases in
accumulation of tracer during the infusion period, and
exhibited much more retention of tracer after washout
with nonradioactive buffer. Direct perfusate-coronary
venous measurements of radiotracer concentration in
selected hearts confirmed increased extraction of tracer
in ischemic or hypoxic hearts compared with that seen
in control hearts [13 + 12% (n=2),2 £ 2% (n = 2)
and 1 = 1% (n = 3), respectively].

To determine whether accumulation and subsequent
binding of ['®F]JFM was attributable to low flow per se
(i.e., increased tracer residence), we compared hearts
subjected to low-flow ischemia (flow 10% of control) to
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those perfused at the control flow rate but with hypoxic
media (perfusate pO, < 40 mmHg). The residual frac-
tion and biologic half-times in these two groups were
identical indicating that low oxygen and not low flow
per se was responsible for the increased accumulation
and retention of tracer observed in these hearts. Hearts
subjected to hypoxic perfusion were exposed to oxygen-
ated perfusate during the washout period. Since reten-
tion was identical to that seen in hearts subjected to
ischemia, the results suggest that once the processes that
are responsible for irreversible binding have occurred,
they cannot be reversed by reoxygenation. This inter-
pretation was confirmed in hearts subjected to ischemia
alone since after 15 min of ischemic washout with
“cold” buffer, flow rate was increased to control flow
rates without change in the content of tracer in the
tissue.

To determine the influence of prior ischemia on
uptake of tracer, we analyzed a fourth group of hearts
subjected to ischemia followed by reperfusion. Tracer
was administered after the onset of reperfusion when
myocardial function had recovered to pre-ischemic val-
ues. The accumulation and retention of tracer in these
hearts was identical to control hearts, corroborating the
fact that tissue oxygen content is the primary determi-
nant dictating the amount of tracer residualizing in the
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myocardium. The prolonged biologic half-times ob-
served in all hearts studied indicate that ['*F]FM is
bound essentially irreversibly in myocardium (Table 1).

Studies in Intact Animals

In dogs with acute coronary occlusion, myocardial
perfusion was delineated with 'O water, and the uptake
of ['®F]FM by sequential positron emission tomography
scanning. Despite profound ischemia induced by coro-
nary occlusion, ['*F]JFM accumulated in the region of
ischemia and by 30 min a clear contrast between is-
chemic and normal myocardium was definable. In these
initial feasibility studies in intact animals, tracer was
administered between 22 and 3 hr after coronary oc-
clusion, an interval that would be expected to result in
a mixture of reversibly and irreversibly damaged cells
in the ischemic region. We have previously demon-
strated that reperfusion initiated after an interval of 2-
4 hr is associated with myocardial salvage in this prep-
aration (7).

Clinical Implications

The results of the present study indicate that ['*F]
FM accumulates in hypoxic myocardium by a mecha-
nism independent of flow per se. Because accumulation
in ischemic regions in intact dogs permits delineation
of hypoxic myocardium within 30 min after tracer
administration, this tracer, or other tracers in its class
with particularly favorable blood-pool clearance, may
permit rapid identification of patients with myocardial
hypoxia within the time constraints in which interven-
tions may be salutary.
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