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ABSTRACT

Misonidazole, a 2-nitroimidazole, has been shown to form metaboli-
cally induced adducts to cellular molecules at a very high rate in the
absence of oxygen, and this rate decreases substantially as the oxygen
concentration increases. Thus, it has considerable potential as a marker
for hypoxic, radiation resistant cells in tumors. The dependence of the
rate of adduct formation (binding) on oxygen concentration was studied
for I M 16 Id. Walker 256, and Dunning R3327-AT rodent tumors and
for two human colon carcinomas, a human melanoma, and a human breast
carcinoma. Fragments of these tumors were incubated with |"< |- or
|}H|misonidazole in vitro at several oxygen concentrations and the quan

tity of misonidazole bound was determined from autoradiographs as a
function of distance from the surfaces of the fragments. The A1,,,of binding

inhibition (oxygen concentration for half-maximal binding) for the tumors
varied by a factor of 10. The range was centered on the range of values
reported for the A,,,of cellular radioresistance (oxygen concentration for
half-maximal radioresistance). The patterns of binding at depth within
the tumor fragments indicated that gradients of cellular waste products
and nutrients other than oxygen had minimal effects on binding. All
tumors were capable of metabolizing oxygen to levels sufficiently low to
yield the maximal binding rate, but the distance of penetration of oxygen
varied, indicating a range of at least 4 in rates of oxygen consumption.
The ratio of misonidazole bound by stromal tissue versus tumor cells
ranged from 0.9 for a colon tumor to 0.3 for a breast tumor. These
properties of misonidazole binding indicate that it should be a good
marker for radiobiological hypoxia in tumors, providing adequnte controls
can be performed.

INTRODUCTION

The possibility that hypoxia might be important in determin
ing the radioresistance of some tumors has been recognized for
many years ( 1). The presence of viable hypoxic cells in experi
mental tumors is well documented (2, 3). In human tumors the
major support for this hypothesis comes from clinical trials of
strategies to increase the oxygen delivered to tumors during
radiotherapy (4-7) or to sensitize hypoxic cells (8). The benefits
obtained from these approaches have been relatively small,
possibly because hypoxic cells are present in appreciable num
bers in only a small proportion of tumors or because most
tumors reoxygenate efficiently during radiotherapy (2). The
concentrations of hypoxic cell sensitizers that have been used
were limited by toxicity to very low levels.

A technique which can estimate the number of hypoxic cells
in tumors before and during therapy is required to test these
possibilities. It has been proposed that the hypoxic cell radi
osensitizer misonidazole or a related compound might provide
the basis for such a technique (9). Misonidazole is selectively
metabolized by hypoxic cells to a form which binds covalently
to cellular macromolecules (10, 11). It was found to bind
preferentially to cells adjacent to necrosis in EMT6 murine and
Dunning R3327-AT rat prosi at ic tumors (9,12), which suggests
that it labels chronically hypoxic cells ;'// vivo. In V79 and
EMT6 spheroids [l4C]misonidazole was found to bind up to 50
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times more rapidly to the internal chronically hypoxic cells
than to aerobic cells (9, 13, 14). The patterns of binding of
misonidazole to EMT6/Ed spheroids were shown to agree well
with the expected distributions of oxygen when the fraction of
viable cells which was hypoxic was varied between zero and
100% by altering the oxygen concentration in the growth me
dium (15). Human tumors have been labeled in situ with [3H]

misonidazole (16, 17). In two of six tumors studied, heavily
labeled regions were found which were estimated to represent
hypoxic fractions of 6 (melanoma) and 10% (small cell lung
carcinoma). These studies indicate that the distribution of mi
sonidazole adducts in spheroids and tumors is consistent with
the patterns of oxygÃ©nationexpected in the tissues.

Studies of the tissue distribution of misonidazole have shown
that it localizes preferentially in EMT6 tumors by a factor of
5-10 relative to most tissues (18). An earlier study which used
much higher concentrations of misonidazole gave similar re
sults (10). A correlation was reported (19) between the quantity
of misonidazole bound to EMT6 tumors and the surviving
fraction after 20 Gy, which was assumed to be proportional to
the hypoxic fraction. Similar correlations were reported for
EMT6 and RIF-1 tumors (20) in which the hypoxic fractions
were altered by changes in the hematocrit. Changes in the
hypoxic fractions of individual EMT6 tumors induced by
changes in respired gases were shown to be detectable with
considerable sensitivity using Â»erialinjections of |"Il|- and
[l4C]misonidazole(21).

These results indicate that misonidazole has considerable
potential as a marker for hypoxic cells. Misonidazole itself is
likely to be useful only in invasive assays using histolÃ³gica!
procedures, but it may be considered as a prototype for related
compounds which might be detected noninvasively. Preliminary
reports of such analogues have been reported, including a
brominated derivative (22) for y emission and a fluorinated
derivative (23) for nuclear magnetic resonance detection.

Considerable progress has been made in assessing the prop
erties of misonidazole metabolism and binding which are rele
vant to its use as a hypoxic marker. The metabolism of mison
idazole has been reviewed recently (21, 24). Reduction of the
nitro group is known to be required, yielding a highly reactive
intermediate which has not been conclusively identified. The
presence of oxygen causes the reversal of the first step of
reduction. Several studies of the diffusibility of the reactive
metabolite have shown that it is almost entirely confined to the
cell in which it is produced (14, 25, 26). It has been shown that
most of the molecule, including the side chain, is retained
during the binding process (27, 28). Thus, a wide variety of
labeled derivatives may be envisaged.

The oxygen concentration dependence of the binding of mi
sonidazole to tumor cells must be known in order to predict
cellular radioresistance from the quantity of misonidazole ad
ducts. Radioresistance changes over a relatively narrow oxygen
concentration range (29), between 0.1 and roughly 2.5% oxy
gen, with a half-maximal point at 0.3-0.5% (expressed in terms
of oxygen content in a gas in equilibrium with the cells at 37Â°C).

An early study showed that the effect of oxygen on binding
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occurred at concentrations in this range (30) but, subsequently,
it was suggested that the oxygen concentrations were much
lower than originally reported (31). A study of the kinetics of
binding to Chinese hamster lung V79-WNRE cells in which
the oxygen concentration in the cells was known accurately (32)
showed that 0.2% oxygen reduced the rate of binding of 50 n\i
misonidazole to 25% of the rate in anoxic cells, and 0.7%
oxygen reduced the rate to 5%. A similar oxygen dependence
can be inferred from binding to V79 spheroids (26).

We report here the oxygen dependence of binding of mison
idazole to several rodent and human tumors. A preliminary
report for one human tumor, a melanoma, has been published
(16). In this paper we describe the technique in detail and
present several control experiments performed to test the ac
curacy of the technique. The results substantially increase the
number of tumors for which an estimate of the oxygen depend
ence of binding is available. In addition, information is obtained
for each tumor on the diffusion of misonidazole into tumor
tissue and the diffusion and consumption of oxygen. For the
human tumors a comparison of binding to tumor cells and
tumor stromal tissue is presented, which elaborates on a prelim
inary report for a single tumor (26). The data also permit an
assessment of the relative importance of oxygen versus gradients
of other metabolites or waste products in determining the rate
of binding of misonidazole.

MATERIALS AND METHODS

Tumors. EMT6/Ed tumors were grown i.d.3 in the flanks of BALB/
c mice and used at volumes between 120 and 200 mm3. The EMT6/Ed
line was propagated in tissue culture in Waymouth's medium (Gibco)

and 12.5% fetal calf serum (Gibco) with a passage in animals every 60
days and a return to frozen stock at least once a year. The Dunning
R3327-AT prostatic adenocarcinoma (anaplastic variant) (12) was
grown s.c. in the flank of first generation hybrids of Copenhagen x
Fischer rats and used at a volume of 2 cm3. It was passaged continuously
in rats. The Walker 256 carcinoma was grown in the kidney of Sprague-

Dawley rats.
Both human colon tumors were adenocarcinoma, Grade III, Duke's

Class C. They were described in pathology reports as moderately
differentiated and the tumor cells showed a marked degree of nuclear
pleomorphism, hyperchromasia, and high mitotic activity. The human
breast tumor was a duct carcinoma with moderate mitotic activity and
a marked desmoplastic reaction. The human tumor samples were 1-2
cm3. They were dissected shortly after arrival of the tumor in the

pathology laboratory and were placed in cold saline. We received them
within 2 h of surgery. The melanoma came directly to our laboratory
within 10 minutes of surgery. The tumor samples were cut into roughly
cubic fragments with sides of 1-2 mm using a sterilized razor blade.

IM 16/1 d MulfÂ¡cellularTumor Spheroids. Spheroids were cultured
in Waymouth's medium with 12.5% fetal calf serum (Gibco) using

conditions which have been described (33). Briefly, spheroids were
initiated in non-tissue culture dishes and transferred to 250-ml spinner
flasks (O. H. Johns) when they reached diameters of 0.5-0.6 mm. Four
days later spheroids 0.75-0.85 mm in diameter were transferred to
multiple growth flasks containing 25 spheroids/flask. The spheroids
reached diameters of 1.2-1.3 mm in 4 days, when they were incubated
with misonidazole. Each oxygen level of exposure to misonidazole used
all of the spheroids from one growth flask.

Incubation with Labeled Misonidazole. The tumor fragments were
placed in minimal essential medium or, for EMT6 tumors and sphe
roids, Waymouth's medium with 4.5 HIMsodium bicarbonate, 12.5%

fetal calf serum, and 20 HIM4-(2-hydroxyethyl)-l-piperazineethanesul-
fonic acid buffer, all purchased from Gibco. The medium contained
either [>4C]-or [3H]misonidazole. Concentrations between 25 and 100

MMwere used, which would not be expected to affect the rate of oxygen

1The abbreviation used is: i.d., intradermal(ly).

consumption of the tumor cells (34, 35). For incubation at specific
oxygen concentrations the spheroids or tumor fragments were placed
in 60 mm glass Petri dishes containing 5 ml medium at ()"('. The

dishes, along with a dish without a lid containing water for humidifi
cation were placed in leak-proof aluminum chambers which were deox-
ygenated to the desired level with a series of gas exchanges (29, 32, 36).
The chambers were sealed and connected to a manifold. The manifold
was also connected to a vacuum pump, a precision vacuum gauge, and
cylinders of pure oxygen and nitrogen. The chambers could be evacuated
to a given absolute pressure (always well above the vapor pressure of
water) and refilled with either oxygen or nitrogen depending on whether
oxygen levels higher or lower than air were desired. For the case of
pure nitrogen the humidification solution contained 0.1 M sodium
carbonate plus 0.1 M sodium dithionite, which scavenges trace concen
trations of oxygen from the chamber (29, 32, 36). This process was
monitored continuously using an additional measurement chamber,
also connected to the manifold, with a leakproof Ultra-Torr fitting
(manufactured by CajÃ³n)into which was sealed a Clark oxygen sensor
[made by one of the authors (C. J. K.)].

The sealed chambers were then placed on a reciprocating table (1.1
Hz; 3 cm travel) in a laminar air-flow environmental chamber at 37"C.

It required approximately 30 min for the medium in the Petri dishes to
warm to 37Â°C,and the chambers were left in place for an additional 3

h. Before the chambers were opened and the samples processed, the
actual oxygen content of the gas phase of each chamber was measured
in the following way: (a) the sample chamber was reconnected to the
manifold; (/>)the measurement chamber, initially containing pure ni
trogen, was evacuated; (c) the valve of the sample chamber was opened
allowing its gas to distribute between the sample and measurement
chamber. The measured value of oxygen and the known distribution
were used to calculate the actual oxygen content of each sample
chamber. Use of this procedure to measure the apparent oxygen content
of chambers immediately after the initial equilibration procedure gave
values within a few percent of theory, and similar results were found
after the subsequent incubations. Rare chamber leaks, which can be
caused by an undetected piece of dirt on the "O"-ring sealing surface

of the chamber, were easily detected using these methods. When leaks
were detected the samples were not used.

In one experiment, 50 Â¿IMrotenone were used to inhibit cellular
respiration, measured using methods described previously (34).

Some tumor fragments were incubated with misonidazole in 250 ml
spinner flasks (O. H. Johns) containing 20 ml of medium. The flasks
were flushed with gas containing the desired oxygen concentration, 3%
CO2, and the balance N2 for 1 h, by which time the medium was
essentially equilibrated with the gas because the half-time for degassing
is less than 3 min under these conditions with the spin bar protruding
above the surface of the medium (37). The tumor fragments were added
in 0.5 ml medium. Gassing continued during the 3-h incubation period.

HistolÃ³gica! Processing. The tumor fragments or spheroids were
washed three times with saline, once with 10% buffered formalin, then
fixed in formalin for 24 h. They were embedded in wax and serial
sections were obtained at 4 Â¿/m.The sections were dewaxed and dipped
in photographic emulsion (Kodak NTB2 or, in one experiment, NTB3)
diluted 1:1 with water. They were drained briefly and placed on a cold
plate to gel before drying. The autoradiographs were exposed for
between 30 h and 8 days, developed, and fixed; then the sections were
stained with hematoxylin and eosin. The melanoma was labeled in situ
with pHjmisonidazole (16) prior to in vitro labeling of tumor fragments
with [l4C]misonidazole. This required additional procedures to prevent
scoring of grains from 3H. The sections were stained with Feulgen,

then a layer of emulsion was applied which was developed within 4 h
and coated with four layers of celloidin (1% Necoloidine; BDH Chem
icals, Poole, England) in 1:1 methanol-ether). Finally, a second layer
of emulsion was applied to record grains from I4C.

Scoring of Grains. Sections on the central two-thirds of the slide were
used to minimize variations in emulsion thickness. Grains were scored
only on sections which were cut through the centers of the fragments
or spheroids or at least 0.5 mm from the surface of fragments larger
than 1 mm. Slides were chosen for scoring on the basis of the points in
the serial sections at which individual fragments or spheroids appeared
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and disappeared. Grains were scored using a Leitz microscope equipped
with a xlOO oil immersion objective and xlO eyepieces fitted with a
grid consisting of 10 x 10 squares. At the magnification used, each
square represented a field of 100 //nr. The grid was aligned perpendic
ular to an edge of the specimen of interest and the grain density was
assessed as a function of distance perpendicular to the surface of the
specimen. Since the grain density over the outermost cell layer was of
interest, portions of fragments with ragged edges were not used. All of
the rodent tumor fragments contained occasional regions on their
surfaces composed of several layers of small host cells. Since this
organization was not seen in sections of whole tumors, it is possible
that the cells had migrated to the surface. Only surfaces with densely
packed tumor cells were scored. Areas of necrosis were not scored
because the quantity of misonidazole bound to necrotic tissue is known
to be less than that bound to adjacent viable cells (9), and the amount
of material lost during histological processing is unknown. The human
tumor fragments generally consisted of clumps of tumor cells sur
rounded by stromal tissue, except for the melanoma which contained
relatively few stromal elements. No necrotic regions were observed.
Grains over tumor cells and stroma were recorded separately. Individual
grid squares which contained both were not scored, in part because this
reduced the effect of the "halo" of grains from I4C which surrounds a

heavily labeled cell.
The grain density in emulsion near the tumor fragments was scored

for 100 grid squares. The mean background grain density, which varied
between 0.2 and 0.8 grains/square, was subtracted from the grain
density over the tumor fragments. This subtraction is based on our
observation that the background was not different in areas of emulsion
only and emulsion over sections of unlabeled spheroids. However, the
emulsion immediately adjacent to the outer edge of the spheroids
yielded a grain density 30% greater than that in emulsion over spheroid
tissue or well away from spheroids (data not shown), possibly resulting
from stress in the emulsion at the discontinuity at the edge of the tissue.
This elevated grain density did not encompass the outermost cell layer.
Thus it was necessary to obtain the background grain density over
regions at least 0.1 mm away from tissue.

Monolayer Cultures. Monolayer cultures of EMT6/Ed or V79
(Chinese hamster lung fibroblast) cells were maintained in exponential
growth in Eagle's minimal essential medium with 13.5% v/v fetal calf

serum and antibiotics (Gibco). The labeling and quantitation procedures
have been described (32) and the characteristics of the "thin-film"

culturing technique have been reported (38). Briefly, cells were allowed
to attach to a central area of 2-3 cm2 on 5-cm diameter glass Petri
dishes at a density of 10s cells/cm2, then exposed to drug 16 h later.
The final volume of drug-containing medium was 1 ml and the layer of
medium covering the cells was approximately 100 /un thick. The Petri
dishes were placed in aluminum chambers and incubated as described
for the tumor fragments, with the exception that in this case it was not
necessary to shake the chambers because of the very thin film of medium
covering the cells (38). After incubation the dishes were rinsed twice
with drug-free medium, then 3 ml of medium were added and removed
15 min later. The dishes were rinsed with ice cold saline; then the cells
were scraped into 1.5 ml of trichloroacetic acid (50 mg/ml) and muri
fuged. The supernatant was discarded and the acid-insoluble pellet was
solubilized in NaOH (1 N), neutralized, added to scintillation fluid
(Scintiverse; Fisher), and counted in a scintillation counter (Beckman
Model LS 7000). The specific activity of [l4C]misonidazole was varied

to yield acceptable counts and conserve labeled drug. The resulting
counts were normalized by assuming that labeled and unlabeled drug
were metabolized equally efficiently (32).

RESULTS

The EMT6/Ed cell line can be grown as tumors or spheroids
and in monolayer culture. Each technique has specific advan
tages for the determination of the oxygen dependence of mison
idazole binding, so all three were studied to provide an assess
ment of consistency of the technique. Grain densities as a
function of distance from the surfaces of EMT6/Ed tumor

fragments incubated with [l4C]misonidazole at four different

oxygen concentrations are shown in Fig. 1. For <0.0005%
oxygen, it is evident that the grain density is nearly uniform
across the outermost 300 urn of tissue, while air inhibits binding
appreciably across the outer 150 jÂ¿m.Intermediate levels of
oxygen inhibit binding to a lesser degree at the fragment surface
and affect binding over only the outermost several cell layers.
The point at which each curve reaches the maximum level
presumably corresponds to the diffusion distance of oxygen.
Results obtained from EMT6/Ed spheroids are shown in Fig.
2. For clarity, only data from the outer 30 urn are shown. The
data for points interior to this were similar to those in Fig. 1
and to previously published data (15). Patterns of binding of
[3H]misonidazole to EMT6/Ed tumor fragments are shown in

Fig. 3.
The effect of oxygen on the rate of binding may be inferred

from the grain density at the surface of the spheroids and tumor

100 200 300
DISTANCEFROMSURFACEOF TUMORFRAGMENT(/im)

Fig. 1. Grain density over EMT6/Ed tumor fragments incubated with 50 MM
("Clmisonidazole, 230 /Â¿Ci/rag,in Petri dishes. Each curve is the mean of 18

counts on 5 or 6 different fragments, except for the outermost 100 /un for which
an additional 18 counts on the same fragments are included. Autoradiographs
were exposed for 30 h. Error bars are 95% confidence limits.
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Fig. 2. Grain density over the outer 30 urn of EMT6/Ed spheroids incubated
with 50 tM [14C]misonidazole, 115 nCi/mg, in Petri dishes. O, less than 0.0005%

oxygen; O, 0.13% oxygen; â€¢,0.23%; â€¢0.44%; A, 1.05%. A, 20% (air). Each
curve is the mean of 100 counts on 20-25 different spheroids. Error bars are 95%
confidence limits. Autoradiographs were exposed for 8 days.
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Fig. 3. Grain density over IM Id I d minor fragments incubated with 50 /IM
[3H]misonidazole, 390 >iCi/mg, in Petri dishes or spinner flasks. Points, mean of
18-20 counts on 4-8 tumor fragments. Error bars are 95% confidence limits.
Autoradiographs were exposed for 7 days.

fragments. However, the oxygen concentration within the sur
face layer of cells must be lower than the oxygen concentration
in the bulk medium since two unstirred layers of medium are
present, the first at the interface between the gas and the
medium and the second at the surface of the tissue. No analysis
or measurements have been reported for the effect of the
unstirred layer at the gas-medium interface in shaken Petri
dishes, but an analysis is -Â¡vailablefor stirred medium (39)

which adequately describes the results of oxygen concentration
measurements in spinner flasks containing spheroids (40). One
would expect that the magnitude of the error caused by this
unstirred layer would increase as the oxygen concentration in
the gas phase was decreased (39). However, we have shown that
an additional source of oxygen is available in spinner flasks
(the Teflon spin-bar) at very low oxygen levels (40) so that we
would expect the maximum error to occur at about 1% oxygen.
A worst case calculation for a spinner flask containing 25
spheroids 1.2 mm in diameter when the gas phase contains 1%
oxygen yields a minimum oxygen content of 0.85% in the
medium, or a maximum error of 15%. The fact that similar
results were obtained at 0.5 and 1% oxygen in spinner flasks
versus dishes (Fig. 3) indicates that the bulk medium in the
dishes was adequately stirred and was also very close to equilib
rium with the gas phase.

Theoretical calculations of the oxygen gradient across the
second unstirred layer, at the surface of the tissues, raised the
possibility that the gradient could be large. Two different ex
periments were performed to study the effect: (a) monolayer
cultures were labeled with [uC]misonidazole using a thin-film

technique in which the oxygen within the cells is very nearly
equilibrated with the gas (38). The degree of inhibition of
binding by 0.4% oxygen shown in Fig. 4 agrees well with the
data in Figs. 1-3; (b) the rate of oxygen consumption by EMT6
spheroids was reduced using rotenone (34). Preliminary exper
iments with V79 cells in suspension showed that 50 MMrote
none inhibited the rate of oxygen consumption by 85 Â±5%
(SD) at oxygen concentrations between 0.3 and 20%. A similar
inhibition (by 87%) was found using EMT6/Ed spheroids in
medium with 0.3% oxygen (data not shown). This effect on
oxygen consumption would be expected to reduce by a roughly
proportional amount the error caused by the oxygen gradient
in the medium at the surface of the spheroids. The grain density
over the surface cell layer of spheroids incubated with [3H]-

1.0

s 01

00!
10 IO 100 1000

Misonidazole Concentration ( Miaomolor )

Fig. 4. Binding of ("qmisonidazole to EMT6/Ed (O, â€¢)and V79-WNRE

(D, â€¢)cells in monolayer culture as a function of oxygen and misonidazole
concentrations. O, D, incubation at 0.4% oxygen; â€¢,â€¢incubation at less than
0.0005% oxygen; +, normalization point (20 I*Min N2). The data for V79-WNRE
cells are redrawn from a previous publication (32).
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Fig. 5. Grain density over the outer IO Â«Â¿mof EMT6/Ed spheroids incubated
with 100 //M [3H)misonidazole, 420 Â«iCi/mg,in Petri dishes at various oxygen

concentrations. â€¢,incubation with 50 KMrotenone; O, incubation without rote
none. Mean spheroid diameter was 1 mm. Error bars are 95% confidence limits.
Autoradiographs were exposed for 21 days.

misonidazole in dishes with and without rotenone is shown in
Fig. 5. Rotenone appears to stimulate binding slightly at
<0.0005% oxygen, where no oxygen gradient exists. This result
was also found with binding to single cells (data not shown). In
the presence of oxygen, rotenone appears to have a small
inhibitory effect. Since no inhibitory effect on binding at oxygen
concentrations above zero was seen in experiments with V79
cells in suspension (data not shown), it may be concluded that
the small inhibitory effect results from a small increase in the
oxygen concentration in the surface cell layer. Thus, considering
the accuracy of the data in Fig. 5, it is possible that the unstirred
layer at the surface of the spheroids and tumor fragments might
cause the oxygen concentration in the surface cell layer to be
less than that in the bulk medium by a factor of as much as
two.

Data demonstrating the oxygen dependence of binding of
misonidazole from the five different experiments using EMT6
tumor fragments, spheroids, and monolayer cells are summa
rized in Fig. 6. The grain densities over the surface layer of the
cells are plotted relative to the grain density obtained in
<0.0005% oxygen for each experiment. The 95% confidence
limits indicate the accuracy of the estimation of grain density
over the tissue sections chosen for each point, and a comparison
of the data from the different experiments provides a measure
of the reproducibility of the technique.

Many aspects of the experimental technique affect the accu
racy of comparisons between points of the same experiment
(41). These include the sources of background grains, the uni-
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< 0.0005 01 0.3 1.0 3.0
OXYGENCONCENTRATIONIN GAS (X)

Fig. 6. Oxygen concentration dependence of misonidazole binding from dif
ferent EMT6/Ed experiments. The grain density over the outermost 10 ^m at
each oxygen concentration is plotted relative to the grain density at less than
0.0005% oxygen. A, tumor fragments from Fig. I; D, spheroids from Fig. 2; â€¢.
tumor fragments from Fig. 3; â€¢,spheroids from Fig. 5; O, â€¢,taken from the
curves for monolayer cells in Fig. 4 for 50 Â¿IMmisonidazole. Error bars are 95%
confidence limits.

formity of section thickness, and the uniformity of emulsion
thickness, which in turn depends on many factors including
temperature of the slides, emulsion and air during processing,
speed of dipping, and position of the section on the slide. To
minimize the effects of these factors, all points in an experiment
were processed as simultaneously as possible. For each experi
ment a smooth curve can be drawn within the 95% confidence
limits of most of the points. Errors resulting from variations in
section and emulsion thickness are much larger with I4C than
with 3H (41). The similar results obtained with spheroids for

the two isotopes indicate that reasonable control of these vari
ables was maintained.

Comparisons of grain densities among experiments have not
been attempted. The experiments were performed over a period
of 3 years by several different individuals, which greatly in
creases the potential for variations between experiments in the
factors noted above. Different exposure times were used, so
that any fading of the latent image (41) would compromise
comparisons of absolute grain densities. Additionally, direct
comparison of experiments with 3H and 14C would require

elaborate controls to determine the relative efficiency of grain
production. These control procedures were not done. For all of
these reasons, we feel that our normalization procedure pro
vides the best measure of interexperiment comparisons.

Data from the Dunning tumor are shown in Fig. 7 and from
the Walker 256 tumor in Fig. 8. Grain densities over tumor
cells and stromal tissue from fragments of two human colon
tumors are shown in Figs. 9 and 10. Data from a human
melanoma are shown in Fig. 11. This tumor contained few
stromal elements, so only the grains over tumor cells were
scored. A summary of the grain densities over the surface layers
of tumor fragments, spheroids, and monolayer cells is given in
Fig. 12. Data from V79 cells were derived from a previous
publication (32). The difference between the curves for V79
cells at 20 and 200 /Â¿Mmisonidazole results from the change in
kinetics of binding upon the addition of a small amount of
oxygen, as seen in Fig. 4.

Data from a human breast tumor are shown in Fig. 13. In
this tumor, the local ratio of tumor cells to stromal tissue
ranged from 10-50%. Inspection of the binding patterns in air
indicated that the thickness of the outermost region over which

100 200 300
DISTANCEFROMSURFACEOFTUMORFRAGMENT(/im)

Fig. 7. Grain density over Dunning R3327-AT tumor fragments incubated
with 50 nM [14C)misonidazole, 230 ^Ci/mg, in Petri dishes. Points, mean of 15
counts on 4-7 fragments. Error bars are 95% confidence limits. Autoradiographs
were exposed for 2 days.

25T

0 100 200
DISTANCEFROMSURFACEOF TUMORFRAGMENT|/im)

Fig. 8. Grain density over Walker 256 carcinoma fragments incubated with
100 I/M|'H]misonidazole, 275 fiCi/mg, in Petri dishes. Points, mean of 10counts
from 6-8 tumor fragments. Error bars are 95% confidence limits. Autoradi
ographs were exposed for 12 days.

binding was inhibited was highly dependent on the proportion
of stromal tissue. Tumor fragments with the highest content of
tumor cells were quantitated for the data in Fig. 13, which
restricted the number of usable fragments to one or two at each
oxygen level. These fragments contained a very low proportion
of tumor cells in the outermost 10-20 ^m, suggesting the
possible rearrangement of cells in the outer layers of the frag
ments during incubation. Thus, the grain density over the
outermost cell layer could not be obtained. Grain densities in
fragments with a tumor cell content of 10-15% were also
scored. The results for labeling in <0.0005% oxygen were
similar to the results in Fig. 13, but for labeling in air the grain
density began to rise 500 pm into the fragments, and the
maximum grain density over the 600-^m tracks was much less
than that in <0.0005% oxygen (5-6 grains/100 Mm2;data not

shown).

DISCUSSION

The oxygen dependence of misonidazole binding can be de
termined, in principle, from the grain density over the outer
most layer of cells of spheroids and tumor fragments. Four
separate experiments in which this was measured using EMT6/

5371

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/20/5367/2429410/cr0470205367.pdf by guest on 19 M

ay 2023



OXYGEN DEPENDENCE OF MISONIDAZOLE BINDING

a
25-1

g 20

1 15-

Â£ ID

100 200 300
DISTANCEFROMSURFACEOF TUMORFRAGMENT

400

100 200 300 400
DISTANCEFROMSURFACEOF TUMORFRAGMENT(/im)

Fig. 9. Grain density over human colon carcinoma fragments incubated with
SOMM[l4C]misonidazole, 230 pCi/mg, in Petri dishes, a, grain density over tumor

cells; b, grain density over stromal tissue. For each oxygen level 20 tracks were
scored on 4-7 fragments. Grid squares over tumor cells outnumbered squares
over stromal tissue by 3:1, but the ratio at a given point ranged from 19:1-5:15.
Error bars are 95% confidence limits. Autoradiographs were exposed for 4 days.
Kodak NTB3 emulsion was used in this experiment only.

Ed tissue are summarized in Fig. 6, and the result from binding
to a monolayer culture of EMT6/Ed cells is also included. The
oxygen concentration required to inhibit binding by 50% ranges
from 0.15-0.3% for the tissue systems and appears to be 0.4%
for the monolayer cells. The actual oxygen concentrations at
the surface of the spheroids and tumor fragments could have
been lower than saturation with the gas phase by a factor that
might be as much as two, as noted previously, while in the
experiment with monolayer cells the error at 0.4% oxygen in
the gas was considered to be approximately 0.15% (38). Thus,
the oxygen concentration required for 50% inhibition of binding
under the experimental conditions used is likely to be between
0.1 and 0.3%. This is quite close to the midpoint of the oxygen
effect on radioresistance, which usually falls between 0.3 and
0.5% oxygen (29). Full radiosensitization requires approxi
mately 2.5% oxygen (29), which inhibits binding to EMT6/Ed
cells by roughly 90% (Fig. 6). Radioprotection at 37Â°Cis nearly

maximal at 0.1% oxygen (29). This oxygen level appears to
inhibit binding by less than 40%.

A simple extrapolation of the curve in Fig. 6 predicts that
maximal binding should occur at oxygen levels below 0.01%.
However, the data in Fig. 4 indicate that a transition from half-
order to first-order binding kinetics occurs with the addition of
a small amount of oxygen, an effect previously reported for
V79 cells (32). Thus, the oxygen dependence of binding at
oxygen levels below 0.1 % cannot be predicted from the data in
Fig. 6. Furthermore, the extent of inhibition of binding by 0.1 %
oxygen is affected by the misonidazole concentration. Despite
this problem at extremely low oxygen levels, it is apparent that
with adequate controls misonidazole binding can be correlated

<"E 20-1

a.

|s 15-1

o 10

5-

<
o

â€”tâ€”
100

-r- -r-
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<00005%
O22X
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Fig. 10. Grain density over human colon carcinoma fragments incubated with
50 JIM[uC]misonidazole, 230 ^Ci/mg, in Petri dishes, a, grain density over tumor

cells; b, grain density over stromal tissue. Forty tracks were scored for all oxygen
levels except 60 tracks for air. Between two and five fragments were used. The
ratios of grid squares over tumor cells and stroma were similar to those in Fig. 9.
Error bars are 95% confidence limits. Autoradiographs were exposed for 4 days.

< 0 OOOS%
O 13%
0 51%
1 7%

100 200 300 400
DISTANCEFROMSURFACEOF TUMORFRAGMENT(JMI|

Fig. II. Grain density over human melanoma fragments incubated with 25
UM[MC]misonidazole, 230 nCi/mg. Points, mean of 15-20 counts of 4-8 different

tumor fragments. For clarity, the curve for 0.13% oxygen has been omitted. It
was generally coincident with the curve for <0.0005% oxygen at depths greater
than 50 urn. Error bars are 95% confidence limits. Autoradiographs were exposed
for 4 days.

with local oxygen levels and thus can be used to predict cellular
radioresistance, provided that the data in Fig. 6 can be extrap
olated to EMT6/Ed tumors labeled in vivo.

The validity of this extrapolation is supported by the patterns
of binding to the tumor fragments (Figs. 1 and 3). Under
conditions of extreme hypoxia, the grain density remains con
stant or decreases slightly from the surface of the fragment, and
the maximum rate of interior binding is similar regardless of
the external oxygen concentration. The simplest explanation
for these results which does not involve a complex balance of
competing factors leads to several conclusions: (a) diffusion
gradients of other nutrients or catabolites do not greatly influ
ence binding. //; vivo the diffusion distances from capillaries are
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Fig. 12. Oxygen concentration dependence of misonidazole binding to tumors
and monolayer cells. The grain density over the outermost IO /mi ai each oxygen
level is plotted relative to the grain density at <0.0005% oxygen. Error bars are
95% confidence limits. â€¢,Dunning R3327-AT rat tumor from Fig. 6; D, human
colon tumor from Fig. 10; O, Walker 256 rat tumor from Fig. 8. â€¢.human colon
tumor from Fig. 9; , pooled EMT6 data from Fig. 6. T, human melanoma
from Fig. II; A, V79 cells incubated in 200 *>Mmisonidazole; A, V79 cells
incubated in 20 /IM misonidazole. V79 data were derived from data published
elsewhere (32).
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Fig. 13. Grain density over human breast duct carcinoma fragments incubatedwith 50 /i\i |"'('Illusomela/ole. 230 /iCi/mg, in IViri dishes. Ten tracks were

scored for each oxygen level on one or two fragments. The proportion of grid
squares over tumor cells averaged 45-55% for all fragments. Autoradiographs
were exposed for 5 days.

generally smaller than the thickness of the regions to which
binding was quantitated in the tumor fragments; (b) the con
centration of misonidazole was relatively uniform throughout
the regions scored, which means that the rate of metabolic
conversion of misonidazole to the reactive product is insignifi
cant compared with the diffusion rate of misonidazole over
distances of at least 300 ^m; and (c) it seems unlikely that the
trauma produced by cutting the tumors into fragments affected
appreciably the quantity of misonidazole bound to the outer
most layer of cells.

The tumor fragments represent randomly chosen regions of
the tumors, so they cannot model the changes in cell prolifer
ation that occur with increasing distance from blood vessels
(42) or changes in misonidazole metabolism which might result
from chronic hypoxia. EMT6 spheroids provide a model system
in which cell cycle variations (43) and the presence of chroni
cally hypoxic cells (33) have been established. The binding
patterns observed in severe hypoxia were essentially uniform
across the entire rim of intact cells in the experiment shown in
Fig. 2 (complete curves not shown) and in previously published
data (14, 15). In view of the similarity of the data from EMT6/
Ed spheroids and tumor fragments in Figs. 1-6, it is reasonable
to conclude that cell cycle status and the prolonged impaired
nutrition of chronically hypoxic cells should have little effect

on the maximal binding possible //; vivo in the absence of
oxygen.

At least one potential difficulty with using //; vivo labeling
patterns to estimate local oxygen concentration has not been
studied. Host cells comprise up to 60% of the total cells in
EMT6 tumors (44). Their presence would affect the estimate
of oxygen concentration if they are distributed nonrandomly
and if any of their misonidazole binding characteristics are
appreciably different from those of EMT6/Ed tumor cells.

The patterns of misonidazole binding at <0.0005% oxygen
to the Walker and Dunning rat tumors and the two human
colon and melanoma tumors (Figs. 7-11) are generally similar,
with relatively uniform grain densities across the outermost
300 /Â¿mof tissue scored. Thus, for these tumors, as for EMT6/
Ed, the trauma of cutting into fragments had little effect on the
binding of misonidazole to the outermost cell layers. Misoni
dazole diffused readily into all of the tumor fragments, and any
concentration gradients present for nutrients other than oxygen
and for outward-diffusing catabolites appeared to have little
effect on the grain density obtained. Thus, the oxygen concen
tration dependence of the binding of misonidazole to these
tumors may be derived from the grain density over the outer
most cell layer with a level of confidence comparable to that
inferred from the more extensive EMT6/Ed data. The data are
summarized in Fig. 12. The melanoma is similar to EMT6/Ed,
with 50 and 90% inhibition of binding occurring at oxygen
concentrations of 0.1-0.2 and 1.5-4%. The Walker 256 and
the two colon tumors form a second group which appears to be
less sensitive to oxygen, with 50% inhibition occurring at 0.3-
0.6% oxygen. Ninety % inhibition appears to require greater
oxygen levels than the maximum level of 6% expected in vivo
(45). Misonidazole binding in the Dunning tumor appears to
be even less sensitive to oxygen, with 50% inhibition requiring
more than 1% oxygen. If the technique is assumed to yield
curves accurate to within a factor of two for these data, as was
concluded from the reproducibility of the EMT6/Ed data in
Fig. 6, then the Dunning data are significantly different from
the melanoma and EMT6/Ed data. The Km for the V79 mon
olayer cells is significantly less than the Km for all the other
systems studied.

A possible reason for the differences in observed Kms might
be related to the change from half-order to first-order binding
kinetics (Ref. 32 and Fig. 4) which occurs at extremely low
oxygen concentrations. The magnitude of the inhibition of
binding produced by the oxygen concentration required to effect
this change might vary considerably.

The 10-fold difference in oxygen dependence of misonidazole
binding for the tumors studied (30-fold if the data from V79
cells is included) indicates that quantitative interpretation of
misonidazole labeling in vivo requires some form of calibration
curve such as that shown in Figs. 6 and 12. With such a curve
it is possible in principle to estimate the local oxygen tension
in vivo from the grain density observed in an autoradiogram,
provided that the oxygen concentration is known at some point
in the tissue. One possibility is to assume that the lowest grain
density observed in the peripheral, well-vascularized portion of
the tumor was obtained at the oxygen tension of the blood
entering the tumor.

The patterns of misonidazole binding provide information
on oxygen diffusion and consumption in the tumor fragments
and spheroids which may be extrapolated to labeling of tumors
in vivo. The patterns indicate that fragments of all of the tumors
studied are capable of consuming oxygen down to a level which
yields the maximal grain density achieved at <0.0005% oxygen.
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This was tested statistically using the Kendall coefficient of consume oxygen down to a level which yields maximal binding
concordance (46). For each curve which showed a clear plateau
in grain density at depth which was at least 100 Â¿/inwide, the
mean grain density over the plateau region (excluding the first
50 //in of the plateau) was compared with the mean grain density
over the corresponding region of the curve for <0.0005% oxy
gen. No significant difference was found in any tumor or in the
pooled results of all tumors (P = 0.1). This property may be
used to identify large hypoxic regions in tumor tissue labeled
in vivo, if present, and this may provide a second way of relating
the in vitro calibration curve to in vivo label density. If regions
of uniform heavy label are observed extending over several cell
diameters, it is likely that the cells were at a relatively uniform
oxygen tension in situ. Since oxygen tensions change continu
ously with distance from blood vessels, misonidazole binding
may be expected to be uniform over distances of several cell
diameters only if the oxygen tension is low enough to permit
maximal binding. Thus it may be inferred that regions of
uniform heavy label were maximally hypoxic in terms of mi
sonidazole binding and radioresistance. This conclusion may
be strengthened by using a calibration curve as described above.
If the ratio of the minimal and maximal grain densities seen
over the tumor section is consistent with the ratio predicted by
the calibration curve for well-oxygenated and maximally hy
poxic cells, then it is very likely that the heavily labeled regions
were indeed maximally hypoxic. This approach was used to
conclude that 6% of the volume of a human melanoma was
radiobiologically hypoxic in vivo (16).

The calibration curve for EMT6 systems (Fig. 6) makes
possible the interpretation of published data on EMT6/Ed
tumors labeled in vivo with [l4C]misonidazole (9,47). Radiation

survival curves indicate that hypoxic, maximally radioresistant
cells are present in EMT6/Ed tumors4 and EMT6 tumors of

other sublines (48, 49). The major feature of the distribution of
[MC]misonidazole is a band of uniformly heavily labeled cells

up to 100 urn wide surrounding almost all necrotic regions. It
has been postulated that these cells were radiobiologically hy
poxic (9). The ratio of grain densities over heavily labeled
regions adjacent to necrosis and lightly labeled peripheral re
gions was approximately 20 (47). The average oxygen concen
tration in well vascularized tissue is unlikely to be greater than
6% (45). From the data in Fig. 6 it appears that a ratio of grain
densities of 20 could arise during in vivo labeling only if the
oxygen concentration in the heavily labeled regions was less
than 0.1%. Additionally, the presence of a uniformly heavily
labeled band of cells 100 /Â¿mwide at the edge of necrotic regions
is difficult to reconcile with the patterns of labeling of the tumor
fragments (Figs. 1 and 3) unless the heavily labeled cells were
radiobiologically fully hypoxic.

A similar zone of heavily labeled cells at the edge of necrosis
was seen in EMT6/Ed spheroids (15). It was established that
these cells were radiobiologically hypoxic by comparing the
effects of increases in the oxygen content in the growth medium
on the labeling pattern and on the hypoxic fraction as measured
by radiation survival curves (15). Application of the calibration
curves in Fig. 6 to the pattern of binding observed in EMT6/
Ed spheroids (15) clearly would lead to the same conclusion.
The agreement betwen these two approaches when applied to
EMT6/Ed spheroids provides further evidence to support the
validity of the conclusion that the heavily labeled cells in EMT/
6 tumors were fully radiobiologically hypoxic.

One exception to the observation that tumor tissue can

' A. J. Franko, unpublished dala.

has been reported (26). In V79 spheroids, 0.13% oxygen inhib
ited misonidazole binding by at least a factor of two throughout
the entire 200-pin thick rim (relative to the binding at
<0.0005%). In this case metabolism of oxygen was inadequate
to cause depletion of 0.13% oxygen at the spheroid surface to
a level low enough to yield the maximal binding rate, despite a
diffusion distance of 200 urn. This might be the result of the
unusual sensitivity of misonidazole binding to inhibition by
oxygen in V79 cells (Fig. 4), or an unusual oxygen metabolism
in V79 spheroids. A tumor with this property would be unlikely
to achieve maximal binding in vivo. In view of this, the binding
patterns for the melanoma shown in Fig. 11 were of assistance
in validating the application of the calibration curve (Fig. 12)
to the interpretation of the in vivo labeling (16).

An estimate of the oxygen diffusion distance into the tumor
fragments may be obtained from the binding patterns. The
point at which a curve reaches a maximum may be taken as
being related to the oxygen diffusion distance. This distance
appears to be roughly 200 urn in EMT6/Ed tumor fragments
labeled in air (Fig. 1), which agrees well with the result obtained
with EMT6/Ed spheroids (15). A quantitative analysis of dif
fusion into the tumor fragments is difficult, because the three-
dimensional geometry of each fragment would be required and
because this geometry has neither spherical nor planar sym
metry. However, the diffusion diffusion distances for both
spherical and planar geometries depend on the square root of
the oxygen consumption rate (50), so any obvious differences
in the diffusion distance would imply large differences in the
consumption rate. The diffusion distance in air ranges from
roughly 200 urn (EMT6/Ed and Walker 256; Figs. 1 and 8) to
at least 350 ^m (breast; Fig. 13). The diffusion distance for
breast tumor fragments containing 10-20% tumor cells was at
least 500 iim (data not shown), which implies that the oxygen
consumption rate in those fragments was one-half the rate in
tumor fragments containing 50% tumor cells (Fig. 13). Thus,
the stromal tissue in this tumor likely consumed very little
oxygen relative to the tumor cells. The curve for the melanoma
fragments in air did not reach a maximum in <400 urn. Larger
fragments would be required to define the curve accurately
beyond 400 urn, because some of the tumor fragments were
<1000 ptn thick in the dimension normal to the plane of
sectioning. Thus, considering only the rodent tumors and the
melanoma, which contained little identifiable stromal tissue, a
difference in diffusion distance of at least 2 was found, which
suggests a difference of at least 4 in oxygen consumption rate
per unit volume of tissue. Whether these differences reflect
differences in the oxygen consumption rate of the tumors in
vivo is not known.

Stromal tissue is a significant portion of the volume of many
human tumors. If nitroimidazoles with labels which can be
assayed in situ are to be used in noninvasive assays for hypoxia,
the only measurable parameter will be the total quantity of
adducts retained in the tumor region scanned. Thus, binding to
stromal elements will need to be considered. The stromal re
gions of the two colon tumors were highly cellular. Comparison
of the grain densities for <0.0005% oxygen over stromal regions
in Figs. 9b and 10Â¿>with densities over tumor cells in Figs. 9a
and 10Â«suggests that the ratio of grain density is roughly 0.7
for Fig. 9 and 0.9 for Fig. 10. In contrast, the ratio is
approximately 0.35 for the breast tumor (Fig. 13) in which the
stromal regions were largely acellular. Despite these differences
in binding rates in the absence of oxygen, it is evident from the
patterns of binding obtained at various oxygen levels that the
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inhibition of binding by oxygen was similar for stromal ele
ments and adjacent tumor cells.

The observation of substantially different oxygen concentra
tion dependencies for inhibition of binding is not unique to
tumor tissues. Van Os-Corby et al. (51), using techniques sim
ilar to those described in this report, found that in several
mouse tissues (brain, liver, heart) the value of the Km was
approxiamtely 0.3% oxygen, while in others (kidney, spleen),
the value was substantially higher (1.0-1.3%).

Evaluation of Misonidazole as a Marker for Hypoxia

Experimental Tumors. The data presented in this paper per
mit an assessment of some of the advantages and disadvantages
of misonidazole as a hypoxia marker. Slightly differing require
ments can be envisaged for studies using experimental and
human tumors. For experimental tumors, quantitative studies
of the distribution of oxygen at the microscopic level should be
possible using histology-based assays for the distribution of
misonidazole adducts. The wide range of values reported here
for the quantity of oxygen required to inhibit binding by 50%,
and the variation found in the degree of inhibition of binding
at high oxygen levels, make it important to obtain a calibration
curve of the type shown in Fig. 12 for each tumor line. The fact
that in all tumors studied gradients of nutrients other than
oxygen and cellular waste products appeared to have little effect
on the maximal rate of binding in short-term culture implies
that this aspect of binding is unlikely to vary appreciably among
tumors. However, chronic exposure to different microenviron-
ments, such as found in vivo at different distances from capil
laries, might be expected in principle to affect the maximal
binding rate. This can be studied readily in spheroids. In V79
spheroids labeled in anoxia a two-fold change in binding across
the rim of viable cells has been reported (26), whereas no such
effect was seen in EMT6/Ed spheroids (14, 15). A two-fold
variation is relatively minor compared to the effect of oxygen
for most of the tumors studied here, but the possibility of larger
effects in other lines cannot be excluded. For those lines that
cannot be grown as spheroids it might be possible to obtain an
indication of the magnitude of this effect by comparing binding
to monolayer cultures in exponential growth and in fed and
starved monolayers. Provided that these controls can be per
formed, it appears that the distribution of adducts of misoni
dazole in a histology-based assay after /// vivo labeling should
provide an excellent indication of oxygen distribution in the
tumor in situ. The half-order kinetics of binding of misonidazole
in severe hypoxia (Fig. 4) is an inconvenience, but this should
not prevent quantitative measurements of oxygen distribution.
Differences in binding between tumor cells, stromal tissue, and
necrotic regions should not be a problem if the different tissues
can be identified in sections.

Less stringent controls are required if the objective is to
estimate the proportion of viable tumor cells which is hypoxic
in an experimental tumor or to measure changes in the hypoxic
fraction. In this case what is required is the relationship between
the total quantity of adducts formed in a tumor and the hypoxic
fraction. The total quantity might be measured directly after
excision by scintillation counting, or noninvasively using ana
logues of misonidazole labeled with suitable isotopes. The
nature of the relationship between hypoxic fraction and quantity
of adducts can be understood in part in terms of the variables
studied in this paper, and in principle might be deduced from
control experiments of the types described here, when combined
with knowledge of the average proportion of tumor cells,
stromal tissue, and necrosis. However, accurate quantitation

using this approach appears to be difficult. Direct comparisons
of misonidazole binding with hypoxic fraction, measured using
radiation survival data, have shown large differences between
tumor lines. The relationship ranged from nearly linear in RIF-
1 tumors (20), to parabolic in EMT6/Ed spheroids (15), to
almost fourth power in EMT6/St/lu tumors (20). This direct
comparison appears to be the most accurate approach to deter
mining the relationship, given the large number of variables
involved. The half-order binding kinetics of misonidazole in
anoxia may be considered an advantage for noninvasive assays,
in that at low misonidazole concentrations the difference be
tween the maximal binding rate in hypoxic regions and the rate
in aerobic tissue can be quite large. This should maximize the
contrast between tumors and adjacent normal tissues.

Human Tumors. The assessment of hypoxia in human tumors
clearly will require considerable information on the nature of
the individual tumors. It is not likely to be possible to obtain
routinely detailed analysis of the characteristics of misonidazole
binding to individual tumors. Thus it must be hoped that
classification of tumors into groups with similar binding char
acteristics will be possible. If this is found, then it should be
possible to determine whether hypoxia is present in a given
tumor and to obtain an estimate of the hypoxic fraction by
determining the distribution of misonidazole in biopsy material.
This has been done using autoradiography (16,17) but the dose
of tritium required is much too large to be used in routine
clinical trials. A fluorescence-based assay, such as that devel
oped recently for a fluorinated derivative of misonidazole (52)
would eliminate this problem. If a similar assay can be devel
oped for misonidazole, it should be possible to obtain this
information from routine biopsy material, because the quantity
of misonidazole required to be injected into the patient prior to
biopsy would be an order of magnitude lower than that consid
ered acceptable for clinical trials of misonidazole as a radiosen-
sitizer. The accuracy of estimates of the hypoxic fraction ob
tained in this way would be inferior to those that can be achieved
in experimental tumors, given the sampling problems inherent
in the use of biopsy material. Nonetheless, they are almost
certain to be better than any other estimates available at present.

Noninvasive measurements of the quantity of misonidazole
in individual tumors might become possible using misonidazole
analogues labeled with isotopes for detection with magnetic
resonance, positron emission tomography, or nuclear medicine
technology. It is possible that these measurements will be
difficult to relate to the hypoxic fraction, because tumors of the
same type can vary widely in the proportions of tumor cells,
stromal tissue, and necrosis. However, changes in the hypoxic
fraction can be measured more accurately than the absolute
hypoxic fraction because each tumor serves as its own control
for binding to necrotic regions, stromal tissue, and aerobic
tumor tissue and for the oxygen concentration dependence of
binding (21). Thus the major role for noninvasive assays might
be in measuring changes in the oxygÃ©nationof tumors during
therapy, once the presence of hypoxic regions in each tumor
has been established using biopsy material and the hypoxic
fraction has been estimated.
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