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The 2-nitroimidazole fluoromisonidazole is metabolically trapped in viable hypoxic cells in
inverse proportion to PO.. This attribute suggests that ['8F]fluoromisonidazole may be useful
for imaging hypoxic tissue using positron emission tomography. To examine this potential, we
studied the pharmacokinetics and biodistribution of [*H]fluoromisonidazole in six open chest
dogs. In two normal dogs, plasma and urine samples were collected over a 4-hr period
following i.v. injection of the drug. In four animals, regional myocardial ischemia was produced
2 hr prior to drug injection by occlusion of the circumfiex coronary artery and maintained
during the 4-hr sampling period. In all animals, postmortem samples of myocardium and other
organs were obtained and tissue, plasma, and urine tritium activity were determined by liquid

scintillation counting. In areas of reduced flow, [*H]fluoromisonidazole accumulated in
myocardium in inverse proportion to myocardial blood flow measured by microspheres,
indicating enhanced binding in hypoxic tissues. Maximum tissue concentrations in ischemic
myocardium were two- to three-fold greater than in normal myocardium and plasma. Plasma
clearance data indicate the drug is rapidly distributed into the total-body water, clears from
the body with a half-life of 275 + 50 min, and undergoes minimal metabolism by 4 hr. We
conclude ["®Flfluoromisonidazole may be a suitable agent for radionuclide imaging of hypoxic

myocardium.
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Mammalian myocardial cells require some mini-
mal oxygen tension to sustain an optimal bioenergetic
and contractile state. Oxygen deficiency is a proposed
basis for the metabolic and functional abnormalities
associated with ischemic heart disease. In the normal
heart, local “microhypoxia” may be a key element in
the regulatory processes which provide for the close
matching of oxygen utilization and myocardial blood
flow (1,2). Yet there are no clinically useful methods of
detecting hypoxic myocardium.

In man, abnormalities in relative regional blood flow
provide indirect evidence for myocardial hypoxia. Yet
measurement of blood flow alone does not adequately
account for other factors which may influence oxygen
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delivery such as blood oxygen content, tissue extraction,
arteriovenous diffusional shunting (3), microvascular
spacing (4), or other factors which may influence the
rate of oxygen diffusion in tissue (5). Furthermore,
cellular PO, reflects the balance between oxygen deliv-
ery and oxygen utilization and any estimates of myo-
cardial oxygenation based solely on indices of delivery
must be considered incomplete.

A unique strategy for the detection of myocardial
hypoxia in vivo has evolved from studies of the 2-
nitroimidazole misonidazole and its congeners. These
compounds are covalently bound in viable hypoxic cells
in inverse proportion to PO, (6-8). Furthermore, bind-
ing is enzyme dependent and therefore restricted to
viable cells. This relationship has been established most
extensively in mammalian tumor cells in vitro, but a
recent study of drug binding in an experimental stroke
model suggests the relationship may be generalized to
nonmalignant tissues (9). The incentive to study these
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compounds has been further enhanced by the synthesis
of fluorine-18 (‘*F)fluoromisonidazole (10), which may
provide a tool for the noninvasive detection of hypoxic
but viable tissue using positron emission tomographic
(PET) imaging.

The goals of this study were to (a) document en-
hanced binding of hydrogen-3 (*H) fluoromisonidazole
in hypoxic myocardium and (b) determine whether its
pharmacokinetics and biodistribution in vivo are com-
patible with its use as a PET imaging marker for hypoxic
myocardium.

METHODS

Hydrogen-3 Fluoromisonidazole

Hydrogen-3 fluoromisonidazole was synthesized in our lab-
oratory by the method described by Grunbaum et al. (//).
The radiochemical purity as determined by HPLC was > 99%.
The specific activities of the two lots of drug used in these
studies were 13.78 and 128 xCi/mg, respectively. Hydrogen-
3 fluoromisonidazole was stored in a dilute solution in abso-
lute ethanol at 5°C to minimize radiolytic decomposition.

Animals and Surgical Procedures

Six mongrel dogs weighing 20-25 kg were premedicated
with intravenous thiamyl sodium (20 mg/kg) and anesthetized
with Halothane. Following endotracheal intubation, ventila-
tion was maintained with a Harvard respirator. A minimum
arterial oxygen saturation of 97% and pH of 7.40-7.44 was
maintained in all animals. The electrocardiogram was contin-
uously monitored.

A left lateral thoracotomy was performed and polyethylene
catheters were placed in the descending thoracic aorta and left
atrial appendage for blood pressure monitoring and micro-
sphere blood flow measurements. Additional catheters were
placed in the left internal jugular and foreleg veins. In two
normal animals, a 20-gauge catheter was secured in the coro-
nary sinus. In four others, the circumflex coronary artery was
dissected free and a screw clamp occluder placed around the
artery. In four animals (two normal, two ischemic), a plastic
catheter was advanced retrograde into the bladder which was
emptied initially. Hematocrits measured at the end of surgery
ranged from 34-42%.

PROTOCOL

In the two dogs without coronary occlusion, [*H]fluoro-
misonidazole (0.60-0.75 mg/kg) was injected via the left
internal jugular vein and arterial and coronary sinus blood
samples (0.2 ml/sample) were drawn into pre-heparinized
plastic syringes. Samples were taken each 20 sec for the first
4 min following injection and each minute for the first 20
min. Thereafter, samples were obtained every 20 min up to 4
hr postinjection. All samples were promptly centrifuged and
the plasma was placed in pre-weighed vials for scintillation
counting.

The other four dogs received prophylactic lidocaine con-
sisting of a 2 mg/kg loading dose followed by a continuous
infusion of 1 mg/min. One animal received an additional
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60 mg for ventricular tachycardia during the experiment. The
circumflex coronary artery was occluded for 2 hr prior to drug
injection, and the occlusion was maintained for four addi-
tional hours while arterial samples were collected as above. In
four dogs (two normal, two ischemic), urine samples were
collected hourly.

In each animal, regional myocardial blood flow was meas-
ured 2 hr post-drug injection by the microsphere technique
(12). Radiolabeled cobalt-57, 15-micron plastic microspheres
(4 x 10°% were pre-warmed, sonicated for a minimum of
15 min, vortex agitated and immediately injected into the left
atrium. A reference blood sample was collected from the aortic
catheter at a constant rate of 10 ml/min for 1 min, starting
S sec before microsphere injection.

TISSUE SAMPLING

Four hours post drug injection, the animals were killed by
a lethal bolus of potassium chloride. The heart was rapidly
excised and rinsed in iced saline. The left ventricle was dis-
sected free of the remainder of the heart and cut into five
transverse rings from base to apex. Any fat or major epicardial
vessels were trimmed and the mid left ventricular ring was
placed on dry ice to facilitate further sectioning. From the
hearts subjected to coronary ligation, rings adjacent to the
mid left ventricular ring were immersed in nitro blue tetra-
zolium (NBT) solution for determination of the infarct areas.
The mid left ventricular ring was not stained to avoid color
quenching in liquid scintillation counting. This ring was sec-
tioned into 16 radial segments which were further divided into
six transmural pieces or a total of 96 locatable pieces of ~ 300
mg in size. The pieces were placed in vials, weighed, and
microsphere activity determined by gamma well counting.
Regional myocardial blood flow was calculated as Qm = (Cm
X Qr)/Cr where Qm is myocardial blood flow, Cm is counts
per minute (cpm) in the tissue samples, Qr is the withdrawal
rate of the reference arterial sample and Cr is cpm in the
reference sample. Postmortem samples (100-200 mg) of liver,
kidney cortex, skeletal muscle, brain, and lung were also
obtained.

The tritium activity of all tissue, plasma, and urine samples
was determined by liquid scintillation counting. Samples were
solubilized in Soluene (Packard, Downers Grove, IL) and
counted in Instagel (Packard) scintillation fluid. For each
study, the ratio of *H channel counts to carbon-14 ('*C)
channel counts in test samples of cold mouse liver mixed with
microspheres was determined over a range of sample sizes
corresponding with the experimental samples. Even though
the samples contained no '“C, dual channel counting allowed
determination of the microsphere contribution to total tritium
channel counts, which were then subtracted from the total to
obtain the activity due to the tritium-labeled drug alone. Each
sample was counted to a minimum of 500 counts, therefore
the counting variability was small relative to the observed
variability between normal and ischemic tissues. Data for
tissue and plasma are expressed as dpm/g.

THIN LAYER CHROMATOGRAPHY

Samples of plasma and urine at 15, 30, 60, 120, and 240
min were analyzed by thin layer chromatography (TLC) to
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test for the presence of metabolites. Plasma samples were
treated (1:2 tissue to solution) with protein precipitating so-
lution (3:1 methanol/acetonitrile) and microfuged for 4 min.
The protein pellet was washed and sonicated twice with
ethanol. Samples of the serial washes and the residual pellet
were taken for liquid scintillation counting. The plasma su-
pernatant was concentrated in a stream of nitrogen to ~ 50%
of its original volume and 3 X 5 ul samples were spotted on
the TLC plate. Urine was microfuged and 3 X 5 ul samples
were also used. Metabolites of biologic samples were identified
by running standard solutions of desmethylmisonidazole
(DMM) and fluoromisonidazole on each plate.

Two TLC systems were used and replicate biological sam-
ples were analyzed using both methods. System 1 used alu-
minum-backed normal phase plates: silica gel 60 Fs (EM
5534) and a mobile phase of chloroform/methanol (93:7).
System 2 used C;3sRPF;s, plates (Whatman 4803-600) with a
mobile phase of methanol/0.5M NaCl (35:65). At the end of
the elution, the silica gel plates were cut into 1-cm sections;
the reverse phase plates were scraped in 1-cm sections. Sam-
ples were counted in a liquid scintillation spectrometer and
converted to dpm using a standard quench curve. Standards
were visualized under a uv lamp at a wave length of 254 nm.

DATA ANALYSIS

The tritium activity of tissue and plasma samples is ex-
pressed as dpm/g. Regional myocardial blood flow values are
reported as ml/min/g. To minimize differences in myocardial
blood flow between animals, the data for each heart were
normalized as decimal fractions of the mean value in nonis-
chemic areas. For hearts subjected to ischemia, the mean
normal values for flow were calculated from the central-most
48 samples of the nonischemic region of the ventricle, deter-
mined by visual inspection of the location of NBT staining in
adjacent myocardial slices. To facilitate comparison of [*H]
fluoromisonidazole deposition at different levels of normal-
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FIGURE 1

ized flow, the 96 data points for each experiment were grouped
according to the normalized flow value into increments of 0.1
from 0 to 1.5. The mean tritium concentrations of samples
within each flow interval were compared to the final plasma
tritium concentration. All reported comparisons of >H activity
were made by analysis of variance, with individual differences
subjected to the Bonferroni correction.

RESULTS

Administration of [*H]fluoromisonidazole resulted
in no detectable changes in heart rate, blood pressure
or the electrocardiogram in any of the animals. Figure
1A shows the biphasic plasma clearance of [*H]fluoro-
misonidazole. The rapid initial distribution phase is
followed by a first-order elimination phase with a half-
life of 275 + 50 min. The apparent volume of distri-
bution of the drug was obtained by extrapolating the
elimination phase data back to time zero and averaged
0.65 + 0.21 L/kg, suggesting the drug is distributed into
the total-body water space. However, significant bind-
ing in one of the tissues not measured would mean that
this is an overestimate of the actual volume of distri-
bution. Figure 1B shows that in normal myocardium
the drug is highly extracted during first pass and reaches
equilibrium within 2 min.

Biodistribution data for various organs is shown in
Figure 2. Drug binding in normal myocardium and
other organs is similar except in the liver and kidney
where mean postmortem tissue concentrations are
higher than final plasma concentrations. The explana-
tion for increased liver concentration is unknown. Kid-
ney concentrations were quite variable and this differ-
ence did not achieve statistical significance in this small
group of animals. Urine concentrations were 50-80
times plasma, indicating this as the primary route of
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A: Plasma clearance [*H]fluoromisonidazole. The data are the mean for all six animals. The rapid distribution phase
results from distribution of the drug into the total-body water space (apparent volume of distribution = 0.65 + 0.21 L/
kg). The clearance phase reflects urinary excretion with a clearance T v = 275 + 50 min. B: Myocardial extraction data
were obtained by simultaneous sampling of arterial and coronary sinus blood in dogs without coronary stenosis. Shown
are the averaged data from two dogs. Initial myocardial extraction of fluoromisonidazole is ~ 70%.
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FIGURE 2

Biodistribution of [*H]fluoromisonidazole in normal tissues
4 hr postinjection. The data are the mean for all six animals.
Except for kidney and liver, tissue concentrations approx-
imate those of the final plasma concentration.

drug excretion. Elevated concentrations of [*H]fluo-
romisonidazole in the kidney samples could reflect
inclusion of variable amounts of urine in the samples.
No differences in urinary concentrations of the drug
were present between dogs with (N = 2) and without
ischemia (N = 2). We did not measure uptake in fat in
this study because previous biodistribution studies in
our laboratory have indicated very low retention in fat
(~ 20% of that in brain, muscle and other normal
tissues). TLC analysis of plasma and urine demon-
strated that > 80% of the radioactivity present in urine
and virtually 100% of plasma activity at 4 hr was in the
parent compound. Importantly, there was no evidence
of drug defluorination.

The myocardial blood flow and fluoromisonidazole
uptake data for a representative experiment is shown in
Figure 3. In nonischemic myocardium, drug deposition
is fairly uniform over the threefold range of normal
flows. In ischemic areas, drug binding is inversely re-
lated to myocardial blood flow. The exception is in
areas of absolute lowest flow where final fluoromisoni-
dazole concentrations are equal to but do not exceed
those of nonischemic areas.

Figure 4 is a computer-generated “bull’s-eye” display
of the anatomic location of each of the data points
shown in Figure 3. As shown, enhanced fluoromisoni-
dazole uptake occurred in a spatially confluent area of
the myocardium corresponding to the area of reduced
myocardial blood flow. Areas of low flow not showing
increased drug binding are confined to the most sub-
endocardial portion of the ischemic zone.

Grouped data for all six studies are shown in Figure
5. On average, significant increases in tissue concentra-
tions of [*H]fluoromisonidazole were found in areas
where blood flow was reduced to half of normal, and
highest concentrations were achieved when flow was
20-30% of normal. Drug binding was not enhanced in
areas with flow < 10% of normal.

In three of the four dogs subjected to 6 hr of coronary
ligation, NBT staining demonstrated a transmural in-
farction involving 36-48% (by weight) of the left ven-
tricle. In the fourth dog, collateral flow was 30% of
normal in the subendocardium and areas of infarction
were confined to the most subendocardial layer of the
six transmural layers into which the heart was sectioned.
The distribution of [*H]fluoromisonidazole deposition
relative to myocardial blood flow and areas of infarction
are shown in Figure 6. As shown, enhanced drug dep-
osition is not confined to infarcted areas, but includes
adjacent areas of only moderately decreased blood flow
(38-57% of normal) as well.
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single mid-left ventricular slice of
myocardium.
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MYOCARDIAL BLOOD FLOW-FLUOROMISONIDAZOLE

FIGURE 4

Data for microsphere MBF and [°H]
fluoromisonidazole binding from a
dog subjected to circumfiex coronary
occlusion. The data are displayed in
a computer-generated “bull’'s-eye”
format representing a single trans-
verse slice of left ventricle viewed
from the base. Areas of lowest flow
(dark) correspond to areas of highest
drug binding (light). Lack of en-
hanced binding in the subendocardial
layers of the ischemic zone presum-
ably is because these areas were
infarcted at the time of drug injection
2 hr postcoronary occlusion.

Occlusion #
zone

DISCUSSION

In simplest terms, myocardial oxygenation is a func-
tion of the balance between oxygen delivery and utili-
zation. As oxygen is the most important metabolic
substrate of the heart, an externally detectable marker
of an imbalance in this relationship would provide
important metabolic information. The current study
documents enhanced retention of fluoromisonidazole
in ischemic myocardium and supports the hypothesis
that ['*F]fluoromisonidazole may be suitable for imag-
ing hypoxic myocardium using PET.

Numerous investigators have demonstrated the oxy-
gen-dependent binding of misonidazole and fluoromi-

FIGURE 5

Deposition of [*H]fluoromisonidazole
as a function of regional myocardial
blood flow (measured by micro-
spheres) in dogs subjected to coro-
nary ligation. The data are the mean
for all six animals. To minimize differ-
ences in blood flow between dogs,
the blood flow data (mi/min/g) for
each dog were normalized as deci-
mal fractions of the mean blood flow
in normal areas of myocardium for
that animal before the data were
pooled. To compare [*H]fluoromison-
idazole deposition in regions with
various flows, the data were grouped
according to the normalized flow
data into intervals of 0.1 from 0. to
1.5. Each bar in the above histogram
shows the mean * s.e.m. [*H]fluo-
romisonidazole value for all data
points falling within the indicated flow
interval. The * indicate values which
are significantly different from the fi-
nal plasma concentration. As shown,
[*H]fluoromisonidazole deposition is
increased by approximately two-fold
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sonidazole in tumor cell monolayers and multicellular
spheroids in vitro, and in rodent solid tumors in vivo
(6-8,13,14). A study by Hoffman et al. (9) has provided
further evidence that nitroimidazoles may be useful
markers of hypoxia in nonmalignant tissues in vivo. In
gerbils subjected to unilateral carotid, ligation binding
of misonidazole in the cerebral hemisphere ipsilateral
to the ligation was significantly increased as compared
to the contralateral hemisphere and correlated with
stroke severity. Preliminary studies have also indicated
increased retention of fluoromisonidazole in heart cells.
Shelton et al. noted increased net extraction of the drug
in isolated rabbit hearts perfused for 15 min with a
hypoxic buffer solution (15). Cerqueria et al. measured

[H-3)-FLUOROMISONIDAZOLE UPTAKE IN
ISCHEMIC CANINE MYOCARDIUM

*+p<0.05 vs plasma

*
ne

over plasma in areas where flow is
between 10-60% of normal.
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H-3 FLUOROMISONIDAZOLE IN ISCHEMIC MYOCARDIUM

MBF NBT
ml/min/gm Staining

uptake of [*H]fluoromisonidazole in isolated rat myo-
cytes. Under anoxic conditions, binding was increased
by greater than tenfold by 180 min (/6).

Although unproven, the favored mechanism of drug
binding involves reduction of the nitro group to a
reactive anion radical. The nitro anion radical (the one
electron product) is a metabolite which, when reduced
by a second electron, is committed to bind to intracel-
lular molecules. In the presence of oxygen, the favored
reaction is reformation of the less reactive parent com-
pound in a futile cycle (Fig. 7). The parent compound
has a partition coefficient of 0.42 and is therefore quite
freely diffusible, is not bound and clears from the tissues
as a function of time. Dead tissue fails to bind these
compounds because the enzymic capacity is lacking.

The inverse relationship between regional fluoromi-
sonidazole deposition and myocardial blood flow pro-
vides evidence for enhanced binding of the drug in
hypoxic myocardium. Statistically significant increases
in drug binding were present in myocardium where
flow was reduced to 10-60% of normal. The ratios of
drug binding in these areas to that in nonischemic tissue
was 1.8-2.4, a difference large enough to detect by
external nuclear imaging. Importantly, this difference
was present within a time frame (4 hr) compatible with
the nuclear half-life of '°F.

AN
OH\\

- R-NO,

2 NITRO COMPOUND
REDUCTASE
ENZYME
R-NO;

NITRO RADICAL ION

COVALENT BINDING
TO DNA, PROTEINS
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Fluoromisonidazole

FIGURE 6

The distribution of [*H]fluoromisoni-
dazole relative to myocardial blood
fiow and NBT staining in a dog with
a nontransmural infarction. En-
hanced drug deposition (light) occurs
outside the zone of infarction (dark)
in areas of only moderately de-

cts/min/gm creased fiow.

It is unlikely that enhanced fluoromisonidazole re-
tention resulted from delayed washout of the drug from
ischemic myocardium. Final tissue concentrations of
the drug were nearly twice final plasma concentrations
in areas of only modest flow reductions (50-60% of
normal). It seems unlikely that washout of this very
diffusible drug would be substantially inhibited by such
a modest flow reduction at 4 hr postinjection.

A potential limitation of any “positive” marker of
tissue hypoxia is that low flow may restrict access of
the drug to the target areas. This study demonstrates
that tissue deposition of fluoromisonidazole is adequate
even in areas of quite low flow (10-20% of normal). In
the lowest flow (< 10%) areas, final tissue concentra-
tions were equal to plasma, suggesting adequate drug
delivery. Figure 4 shows that regions of low flow and
nonenhanced fluoromisonidazole uptake were confined
to the most central subendocardial portion of the is-
chemic zone. Since these areas were likely to have been
infarcted at the time of administration 2 hr postcoron-
ary occlusion, we hypothesize that enhanced drug re-
tention did not occur because the tissue was already
necrotic and, therefore, lacked the enzymatic capacity
to bind the drug. This explanation is certainly compat-
ible with in vitro observations that binding does not
occur in dead cells.

FIGURE 7

The mechanism of intracellular bind-
ing of nitroimidazoles. Reductase en-
zymes convert the parent compound
to a nitro radical anion which is bound
intracellulary. In the presence of oxy-
gen, the parent compound is gener-
ated.
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While myocardial oxygen tensions were not meas-
ured in this study, the NBT staining results provide
solid evidence that the areas of enhanced drug binding
were severely hypoxic during drug exposure. Data from
the one animal in which the infarct was nontransmural
(Fig. 6) also provides evidence that less severe degrees
of hypoxia, not resulting in infarction, also promote
drug binding.

In normal myocardium, the drug is highly extracted
initially and arterial and coronary sinus plasma concen-
trations rapidly reach equilibrium. Initial extraction in
ischemic myocardium was not measured in this study.
In each study the final concentration of drug in normal
tissues approximated that of plasma. These observa-
tions are consistent with the hypothesis that the drug
distributes nonselectively into body tissues, and that
tissue concentrations remain in equilibrium with
plasma in the absence of hypoxia. In hypoxic tissues,
an intracellular reaction acts to retain and concentrate
the drug in excess of plasma concentration.

A limitation of this study is that regional myocardial
blood flow was measured at a single time during the
experiment. The reason for this is that virtually all of
the commercially available, commonly used radiola-
beled microspheres either have beta emissions as part
of their decay or contain low level contaminants with
energy peaks in the same range as tritium, thus com-
plicating determination of tritium activity. An impor-
tant assumption, therefore, is that this “snapshot” esti-
mate of flow adequately reflects the distribution of
average flows for the entire experimental period. Data
from other sources suggests that this is the case. While
there are temporal heterogeneities in regional flows,
these are relatively small compared to spatial hetero-
geneities (/7). Thus, areas of relatively higher or lower
flows tend to remain so over time. Previous studies
have also shown that total collateral flow to infarct
zones is relatively stable between 2 and 6 hr postocclu-
sion (18,19).

In summary, these studies provide evidence for en-
hanced binding of the hypoxic cell marker fluoromiso-
nidazole in ischemic myocardium. The available data
from this and other studies implicate cellular hypoxia
as the principal reason for increased tissue retention.
The significance of these results lies in the possibility
that ['®F]fluoromisonidazole can be used to image hy-
poxic myocardium in man with PET. Potentially, this
agent could provide information quite unique from and
complementary to that offered by currently used cardiac
imaging agents. Myocardial hypoxia is a metabolic state
not specifically targeted by flow markers such as thal-
lium, whereas infarct-avid agents such as Tc-pyrophos-
phate or indium-labeled antimyosin antibodies require
cell necrosis. In theory, fluoromisonidazole could be
used to identify hypoxic but viable myocardium.
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