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Hypoxia has a negative effect on the outcome of radiother-
apy and surgery and is also related to an increased incidence
of distant metastasis. In this study, tumor pO2 measurements
using a newly developed time-resolved luminescence-based op-
tical sensor (OxyLitey) were compared with bioreductive
hypoxia marker binding (pimonidazole). Single pO2 measure-
ments per tumor were compared to hypoxia marker binding
in tissue sections using image analysis. Both assays were per-
formed in the same tumors of three human tumor lines grown
as xenografts. Both assays demonstrated statistically signifi-
cant differences in the oxygenation status of the three tumor
lines. There was also a good correlation between hypoxia
marker binding and the pO2 measurements with the Oxy-
Litey device. A limitation of the OxyLitey system is that it
is not yet suited for sampling multiple sites in one tumor. An
important strength is that continuous measurements can be
taken at the same position and dynamic information on the
oxygenation status of tumors can be obtained. The high spa-
tial resolution of the hypoxia marker binding method can
complement the limitations of the OxyLitey system. In the
future, a bioreductive hypoxic cell marker for global assess-
ment of tumor hypoxia may be combined with analysis of
temporal changes in pO2 with the OxyLitey to study the ef-
fects of oxygenation-modifying treatment on an individual
basis. q 2000 by Radiation Research Society

INTRODUCTION

It is well known that radiotherapy under hypoxic con-
ditions is less effective than under conditions of normal
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oxygenation (1, 2). Hypoxia is currently considered to be
one of the three most important mechanisms of radiation
resistance together with intrinsic radioresistance and rapid
cell proliferation. The importance of tumor hypoxia for the
outcome of radiation treatment has been illustrated by treat-
ment strategies with the aim of overcoming tumor hypoxia.
The use of hyperbaric oxygen, carbogen breathing, vaso-
active drugs and hypoxic cell sensitizers in combination
with radiotherapy have shown an increase in local-regional
control and sometimes survival (3–7). The oxygenation sta-
tus of tumors is an important indicator not only for the
outcome of radiotherapy, but also for surgical treatment, as
has been shown for cancer of the uterine cervix (8). Finally,
hypoxia has been correlated with an increased incidence of
distant metastases in human soft tissue sarcomas (9) and
carcinoma of the uterine cervix (10). The negative effect
of hypoxia on the outcome of radiation treatment can be
explained by the lower amount of radical damage in a hyp-
oxic environment. The adverse correlation with the out-
come of surgical treatment and the increased incidence of
metastases in hypoxic tumors could be the result of the
expression of certain oncogenes or stress proteins or pro-
duction of cytokines stimulated by low oxygen tensions
(11). It has been shown that hypoxia can elevate the mu-
tation frequency in cultured cells, thereby acting as a mech-
anism for tumor progression (12).

Tumor hypoxia can be analyzed in various ways. Radio-
biological hypoxia can be assessed with the paired survival
curve assay (13, 14) and with the comet assay (15). Direct
measurement of tumor tissue oxygenation is possible with
polarographic needle electrodes (Eppendorfy) (16–18) or
time-resolved luminescence-based optical sensors (19, 20).
Other methods to study hypoxia in tissues include the use
of bioreductive chemical probes such as the 2-nitroimida-
zoles (21–23), electron paramagnetic resonance oximetry
(24), and cryospectrophotometry of intravascular HbO2 sat-
uration (25).

A number of studies have shown a correlation between
hypoxia assessed by polarographic measurements (Eppen-
dorfy) and the outcome of radiotherapy (17, 18, 26, 27).
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FIG. 1. Example of an H&E-stained section of the human squamous cell carcinoma xenograft tumor line SCCNij3 with a fiber-optic oxygen probe
overlaid. The photomicrograph shows the dimensions of the probe relative to tissue architecture.

However, a disadvantage of this method is that temporal
changes in oxygenation cannot be measured reliably be-
cause the microelectrode cannot be left in the same position
within the tumor for prolonged periods. The reason for this
is that during the polarographic pO2 measurements small
amounts of oxygen are consumed and a diffusion gradient
is generated. The electrode therefore needs to be moved
through the tissue to prevent development of hypoxia as an
artifact of the measurements (28, 29).

Recently a fiber-optic probe was developed for pO2 mea-
surements. The pO2 measurements with this method are
based on pO2-dependent changes in the half-life of an ex-
cited luminophore at the tip of a probe. This process does
not consume oxygen but relies only on the presence of
oxygen2 (19, 20). The fiber-optic probe can be left at one
position for a longer period, which makes it possible to
measure the effect of oxygenation-modifying interventions
over time in a tissue.

In the present study, we compared tumor pO2 measure-
ments using time-resolved luminescence-based optical sen-
sors (OxyLitey) with bioreductive hypoxia marker binding
(pimonidazole) in tissue sections using a semi-automatic
computer-controlled method for simultaneous multiparam-
eter analysis of whole tissue sections (30–32). Both assays

2 W. K. Young, B. Vojnovic, J. Bussink, A. J. van der Kogel, R. J.
Locke and P. Wardman, manuscript submitted for publication.

were performed in the same tumors of three different hu-
man tumor lines grown as xenografts in nude mice.

MATERIALS AND METHODS

Tumors

Three human xenograft tumor lines (SCCNij3, E102 and E106) with
different vascular architecture and widely different distribution patterns
of hypoxia were used for these experiments. Tumor line SCCNij3 was
derived from a primary human squamous cell carcinoma of the larynx
(moderately to well differentiated). Tumor lines E102 and E106 were
derived from two different primary human glioblastomas.

Viable 1-mm3 tumor pieces from resection specimens were transplanted
subcutaneously in nude mice (BALB/c ABom nu mouse). Tumors were
passaged when they reached a diameter of 1 cm. For the oxygen mea-
surements, tumors were transplanted in the right hind leg.

Calculation of tumor volume was based on the formula (A 3 B 3 C
3 p)/6, where A, B and C are tumor diameters measured with calipers
in three perpendicular directions.

Animals were kept in a specific-pathogen-free unit in accordance with
institutional guidelines, and all animal experiments were conducted in
accordance with the appropriate institutional and national guidelines.

Tumor specimens were stored in liquid nitrogen immediately after the
pO2 measurements until they were cut into 5-mm frozen sections. The
sections were then stored at 2808C until they were stained. Tumor tissue
sections at the largest circumference of the tumor were analyzed.

Experimental Setup

During the measurements, the animals were kept under anesthesia to
minimize any artifacts of pO2 measurements due to movements of the
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animals. An acrylic distributor for the anesthetic gas enflurane (Eth-
raney) in admixture with a continuous flow of air was used. The setup
was kept at a constant temperature of 338C with a warm water mattress.
The body temperature of the mice was recorded continuously during the
experiments by a rectal probe (see below).

Tumor pO2 Measurements

The recently developed and marketed fiber-optic oxygen-sensing de-
vice, OxyLitey (Oxford Optronixy, Oxford, UK), was used to measure
tumor pO2. Details of the methodology of the fiber-optic oxygen tension
measurements are given elsewhere2 (19, 20). The pO2 measurements are
based on the principle that, after optical excitation of a luminophore, the
half-life for a return to the ground state is inversely related to the oxygen
tension. The luminophore used for this purpose is a ruthenium chloride
complex. Blue light-emitting diodes are used as the source of excitation
light, at around 450 nm. A single optical fiber guides the blue light as
well as the resultant luminescence. The luminophore at the tip of the
probe absorbs a proportion of the blue light. When the ruthenium chloride
complex returns to the ground state, the emitted photons have a wave-
length of around 590–620 nm. The response of the sensor to pO2 is
nonlinear and the probes therefore must be precalibrated. The probes that
were used in the present experiments were precalibrated by the manufac-
turers.

The lifetime of the luminescence is also dependent on temperature.
Therefore, all measurements are corrected automatically for differences
in temperature using a thermocouple. In these experiments, mainly small
tumors of 6–8 mm were used, and the temperature probe would thus have
been located just underneath the skin. The temperature correction of the
pO2 measurements was therefore based on the rectal temperature (using
a separate thermocouple) since it was felt that this was a better reference
than the skin temperature. It was found that temperatures measured in
the central part of the tumor were within 0.58C of the rectal temperatures,
even if measured over several hours (data not shown). The resulting error
in the pO2 measurements was less than 1 mmHg under these conditions.2

The fiber-optic probes were inserted in the tumor through a small 0.6-
mm needle (23 gauge) and placed in the center of the tumor. After in-
sertion, the needle was pulled back. In each tumor pO2 measurements
were performed in a single position; pO2 values were determined from
the plateau that was reached within 1 to 10 min after insertion of the
fiber-optic pO2 probe. The time needed to reach a plateau for the pO2

value was not different among the three tumor lines. After the pO2 mea-
surements had reached a plateau for over 5 min, the pO2 values were
calculated as the average pO2 over the next 5 min. The oxygen tension
was measured in a total of 35 SCCNij3 tumors, 28 E102 gliomas, and
38 E106 gliomas.

Marker of Hypoxia

Pimonidazole hydrochloride [1-((2-hydroxy-3-piperidinyl)propyl)-2-ni-
troimidazole hydrochloride] was used at a dose of 80 mg/kg as a marker
of hypoxia and was injected intravenously 20 min prior to the start of
the pO2 measurements (33, 34). Pimonidazole is a bioreductive chemical
probe with an immuno-recognizable side chain. The addition of the first
electron in bioreductive activation is reversibly inhibited by oxygen with
a half-maximal pO2 of inhibition of about 3 mmHg, with complete in-
hibition occurring at approximately 10 mmHg (33). Pimonidazole was
injected in 13 of the 35 SCCNij3 tumor-bearing mice, 12 of the 28 E102
tumor-bearing mice, and 7 of the 38 E106 tumor-bearing mice.

Immunohistochemical Staining

After the sections were thawed, they were fixed in acetone for 10 min.
Slides were then rinsed in phosphate-buffered saline (PBS). The sections
were rinsed three times for 2 min each in PBS between all the consecutive
steps of the staining procedure.

Endothelial Structures and Hypoxia Marker Pimonidazole

Sections were incubated overnight (16 h) at 48C with undiluted 9F1
rat monoclonal antibody to mouse endothelium (35) together with rabbit
anti-pimonidazole antiserum (36, 37) 1:200 in undiluted 9F1. Sections
were then incubated for 60 min at room temperature with tetramethyl
rhodamine isothiocyanate (TRITC)-conjugated goat anti-rat antiserum
(Jackson Immuno Research Laboratories, West Grove, PA) 1:100 together
with biotin-conjugated donkey anti-rabbit serum (Jackson Immuno Re-
search Laboratories) 1:100 in PBS-B (PBS with 0.5% bovine serum al-
bumin). This was followed by a 60-min pooled incubation at room tem-
perature with TRITC-conjugated donkey anti-goat antiserum (Jackson
Immuno Research Laboratories) and streptavidin-Alexa488 (Molecular
Probes Inc. Eugene, OR), both 1:100 in PBS-B.

Scanning of Sections, Image Processing and Analysis of Parameters of
Hypoxia

The tumor sections were scanned for quantitative analysis by a com-
puterized digital image processing system as described elsewhere (30,
32). A high-resolution intensified solid-state camera on a fluorescence
microscope (Zeiss Axioskop) with a computer-controlled motorized step-
ping stage was used. Tumor cross sections were scanned sequentially at
a magnification of 1003, using different filters for the TRITC and Al-
exa488 signals. After each scan, which consisted of 36 or 64 fields (6 3
6 or 8 3 8, depending on the size of the tissue section) of 1.2 mm2 each,
one composite binary image was reconstructed from the individual mi-
croscope fields. The whole scanning procedure thus yielded two com-
posite images from each tumor cross section: one showing hypoxic areas
(pimonidazole) and one showing vascular structures (9F1). Finally a he-
matoxylin and eosin (H&E) staining of the tissue sections made it pos-
sible to draw a contour line around the tumor area while excluding non-
tumor tissue and areas of necrosis.

Determination of the hypoxic cell fraction was based on pimonidazole
adduct binding. The hypoxic fraction was defined as the tissue area that
stained positive for the hypoxic cell marker (pimonidazole) relative to
the total tissue area (32).

Statistics

Linear least-squares regression analysis was used for calculation of the
correlation between hypoxic fraction and mean pO2. ANOVA was used
for calculation of the differences in hypoxic fraction and pO2 between
the tumor lines. The statistical analyses were done on a Macintosh com-
puter using the Statistica 4.0 software package.

RESULTS

Figure 1 shows an H&E-stained tumor section of tumor
line SCCNij3 with a fiber optic oxygen probe overlaid. This
figure gives an indication of the dimensions of the probe
relative to the tissue architecture. The pO2 measured is an
average of the oxygen tension in the ruthenium chloride at
the tip of the fiber-optic probe. The measuring volume con-
sists of the tissue area directly adjacent to the tip of the
probe. With an average cell size of 15 mm, a total amount
of 400 cells would be lying adjacent to the tip of the fiber-
optic probe (38).

Oxygen Tension and Tumor Size

Figure 2A is a plot of the cumulative pO2 values obtained
from all individual tumors of the three different tumor lines.
With a median pO2 of 2 mmHg, the squamous cell carci-
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FIG. 2. Cumulative frequency (percentage) of pO2 measurements by OxyLitey (panel A) and hypoxic fraction determined by pimonidazole staining
(panel B) of individual tumors of the human squamous cell carcinoma tumor line SCCNij3 and of the human glioblastoma tumor lines E102 and E106.

TABLE 1
Oxygen Tension Characteristics of the Three Human Tumor Lines

Tumor line

pO2 (mmHg)

Mean Median Range na SEM

Percentage of pO2 values

#2.5 #5 #10

SCCNij3
E106
E102

6.4
16
22

2
11
24

0–38
0.8–42

0–42

35
38
28

3.2
4.2
2.9

57
8
7

63
21
7

77
45
14

a Number of animals.

noma tumor line was the most hypoxic of the three tumor
lines that were analyzed. The median pO2 values of the two
glioma tumor lines were 11 and 24 mmHg. The mean and
median as well as the proportion of pO2 values below 2.5,
5 and 10 mmHg are shown in Table 1. The differences in
pO2 values between the three tumor lines were statistically
significant (ANOVA, P 5 0.002). Most of the tumors used
for these experiments had a diameter between 5.5 and 7
mm (the approximate volumes ranged from 80 to 200
mm3). Within this relatively narrow range of tumor sizes,
no correlation was found between tumor volume and the
pO2 measurements from the center of the tumors in any of
the three tumor lines (Fig. 3).

Hypoxic Fraction

Figure 4 shows binary images of representative examples
of the three tumor lines demonstrating the distribution of
the stained pimonidazole adducts in the tumor section. Al-
though tumor hypoxia staining was found throughout the
tissue section in the SCCNij3 tumor, it was present predom-
inantly in the center of the tumor. The arrows in Fig. 4
(SCCNij3) indicate a necrotic area in the center of the tu-
mor. In the binary images, necrosis can be recognized as a
red/yellow color as the result of nonspecific staining; this
was confirmed by H&E staining of the same tissue section.
The necrotic areas were excluded from the calculation of
the hypoxic fraction.

A cumulative plot of the hypoxic fraction obtained from
the individual tumors is shown in Fig. 2B. The median
hypoxic fraction of SCCNij3 tumors was 0.14 (mean 0.20,
range 0.1–0.38, n 5 13). Glioma tumor line E102 showed

little pimonidazole binding and had a median hypoxic frac-
tion of 0.004 (mean 0.01, range 0.001–0.05, n 5 12). Gli-
oma tumor line E106 showed a diffuse patchy pattern of
pimonidazole binding with no predominance in central or
peripheral parts of the tumor. The median hypoxic fraction
was 0.08 (mean 0.1, range 0.08–0.2, n 5 7). In contrast to
the SCCNij3 tumor, this tumor line showed hardly any ne-
crosis. If necrosis was seen in E106 tumors at all (by means
of H&E staining), it was not specifically located in the cen-
ter of the tumor but rather in small areas throughout the
tumor section. The differences in hypoxic fraction between
the three tumor lines were statistically significant (ANOVA,
P , 0.05).

Oxygen Tension and Hypoxic Fraction

The median hypoxic fraction relative to the median pO2

for the three tumor lines is shown in Fig. 5. A strong cor-
relation was found between the median pO2 and the median
hypoxic fraction as well as between the mean pO2 and the
mean hypoxic fraction of the three tumor lines (linear least-
squares regression analysis, P 5 0.02 for median pO2 com-
pared to median hypoxic fraction).

DISCUSSION

In this study, pO2 measurements with a recently devel-
oped optical sensor (OxyLitey) were compared with bio-
reductive hypoxia marker binding (pimonidazole). The
three different human tumor lines that were studied includ-
ed one human head and neck squamous cell carcinoma and
two human glioblastoma tumor lines grown as xenografts
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FIG. 3. Tumor pO2 as a function of tumor volume. All data points represent pO2 values measured at one position in the center of individual tumors
of the human squamous cell carcinoma tumor line SCCNij3 (panel A) and of the human glioblastoma tumor lines E102 (panel B) and E106 (panel
C).

in nude mice. Tumor hypoxia (pimonidazole staining) and
pO2 varied significantly between these three tumor lines.
The measurements showed a good correlation between tu-
mor pO2 and binding of the bioreductive hypoxia marker
pimonidazole.

The instrument most commonly used for direct pO2 mea-
surements in tissues is a polarographic oxygen microelec-
trode (Eppendorfy). These pO2 measurements are based on
the linear relationship between electrode currents and ox-
ygen availability. This method has the advantage of a short
acquisition time (fraction of a second). With the Eppen-
dorfy design, the polarographic microelectrode advances
through the tissue with a varying step size, usually of the
order of 0.4 to 0.7 mm, and acquires a reading at each step
(16, 18). In this way, a large number of pO2 measurements
per tumor can be obtained within 10 to 15 min. A disad-
vantage of the microelectrodes is that they cannot remain
at one position for continuous measurements because they
consume oxygen; thus they may measure artificially low
oxygen tensions after some time. Another disadvantage is
that the accuracy decreases at lower oxygen tensions due
to the weak electrical currents associated with the low ox-
ygen concentrations (20). The OxyLitey system has over-
come some of these limitations. There is no oxygen con-
sumption, which allows the probe to stay in the same po-
sition for a prolonged time (hours). The relationship be-
tween the lifetime of the luminescence and the oxygen
tension is nonlinear. At low pO2 levels, where the degree

of quenching is least, the lifetime and signal amplitudes are
greatest, which results in an enhanced accuracy at low pO2

levels. A disadvantage of this nonlinear relationship is that
the probes need to be precalibrated and the measurements
become less precise at higher pO2 levels (19).

At the moment, the OxyLite system is not suited for
sampling multiple sites in one tumor. Another disadvantage
of this methodology is that it can take 1 to 10 min after
insertion of the optic fiber before the pO2 value reaches a
plateau. This period is probably necessary for the tissue to
be restored after the mechanical damage caused by insert-
ing the pO2 probe. It is unclear whether this is a disadvan-
tage only for the fiber-optic probes with a rounded tip, or
if this is a process that also occurs with needle-type sensors
with sharp tips, such as the Eppendorfy. However, for the
Oxylite system, once the pO2 value has reached a plateau,
the time to respond to a change in pO2, caused for instance
by carbogen breathing, is less than 1 min.2 This favors the
hypothesis that this phenomenon of reaching a plateau is
likely to be caused by a mechanical disruption or com-
pression, which also occurs with other types of invasive
pO2 measurements (39). As soon as a stepping device for
moving the fiber-optic probe through tissues becomes avail-
able, a direct comparison of the two methodologies will be
possible.

The bioreductive compound pimonidazole was used as
marker of hypoxia. Initially pimonidazole was used in the
clinic as a hypoxic cell sensitizer. However, its effectiveness
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FIG. 4. Pseudo-colored composite images reconstructed after scanning for the vascular structures (9F1, red) and hypoxia (pimonidazole, green) of
complete sections of the human squamous cell carcinoma xenograft tumor line SCCNij3 and the human glioblastoma tumor lines E102 and E106.
Determination of the characteristics of the vasculature is based on analysis of images at 1003 magnification. The size of the vessels in the glioblastoma
lines is smaller than in line SCCNij3. The differences in vascular surface observed are due to the resolution of the images. Necrotic areas were
identified on the same tissue sections by means of H&E staining and are indicated by arrows. The scale bar refers to all four images.

was not proven in clinical trials (40). After development of
an antibody against pimonidazole (36), it has been tested
extensively in tumor models as a hypoxic cell marker, and
it was recently reintroduced into the clinic for this reason.
The characteristics of pimonidazole are very similar to mi-

sonidazole (33), with a steep increase in the amount of
reduction below a pO2 of 10 mmHg (41).

With pimonidazole as hypoxia marker, the distribution
pattern of hypoxic regions throughout a tissue section can
be studied (32). Although data on the diffusion distance of
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FIG. 5. Median tumor pO2 as a function of median hypoxic fraction of the human squamous cell carcinoma tumor line SCCNij3 and of the human
glioblastoma tumor lines E102 and E106 (6SEM).

bioreductive hypoxic cell markers are sparse, it was shown
in a study with the 2-nitroimidazole AF-2 that these mark-
ers can diffuse up to 400 mm through excised tumors cubes
of 1–2 mm (15). Pimonidazole staining was more centrally
located in the squamous cell carcinoma line SCCNij3 com-
pared with glioma line E106 (Fig. 4). Since the pO2 was
measured in the central part of the tumor, the probability
of measuring in a hypoxic area is higher in SCCNij3 tumors
than in E106 tumors (compare Fig. 3A and C).

Extensive necrosis in the center of the tumor was found
in 5 of the 20 SCCNij3 tumors with pO2 readings below
2.5 mmHg. The majority of necrotic areas were located in
the center of this tumor, and these necrotic areas were also
larger in SCCNij3 tumors compared to E106 tumors; thus
there is a probability that irrelevant measurements are being
made in necrotic areas of the SCCNij3 tumors. In fact, this
may have been the case in 5 of 20 tumors that showed
readings below 2.5 mmHg. The necrotic areas are excluded
from the analysis of the hypoxic fraction, because in ne-
crotic areas pimonidazole is not reduced. Especially in tu-
mor line SCCNij3 the necrotic as well as the hypoxic areas
were located predominantly in the center of the tumor. This
may be one reason why 80% of the pO2 values in this tumor
were below 10 mmHg, with a median pimonidazole bind-
ing-based hypoxic fraction of 0.14. Another reason for this
discrepancy may be that pO2 measurements with OxyLite
originate from the space around the tip of the probe, where-
as pimonidazole is analyzed in a two-dimensional way at
the cellular level. This could also explain the discrepancy
between Eppendorf-based pO2 measurements and the hyp-
oxic fraction determined with pimonidazole (33). It is likely
that hypoxia at the cellular level is correlated with global
tumor pO2. A higher impact of a decrease in (cellular) ox-
ygen consumption relative to increased blood perfusion
with a higher oxygen tension on the tumor pO2 was sug-
gested by a theoretical simulation (42).

Raleigh et al. (33) recently published the results of a
study in which pimonidazole binding was compared with
Eppendorfy-based pO2 measurements. Different levels of

oxygenation were induced in the C3H mouse mammary
carcinoma. Either the animals were treated with hydralazine
or were allowed to breathe different gas mixtures such as
air, carbogen and pure oxygen, or hypoxia was induced by
clamping the blood supply to tumors. A good correlation
was found between radiobiological hypoxia, analyzed with
the paired survival curve method, pimonidazole binding,
and pO2 measurements (Eppendorfy) (33). The correlation
between pimonidazole adduct binding and Eppendorfy-
based pO2 was strongest if the pimonidazole hypoxic frac-
tion was compared with the percentage of pO2 readings
below 10 mmHg. The correlation between the hypoxic frac-
tion and the mean pO2 of each tumor was weaker.

For the experiments reported here, the hypoxic tumor
fractions were calculated in the same tumors after mea-
surement of pO2. There was a good correlation between
median pO2 and median hypoxic fraction (Fig. 5). However,
extensive heterogeneity of well and poorly oxygenated re-
gions within each tumor line were found with the pimoni-
dazole binding method which is illustrated in Fig. 4. Al-
though we did find a good correlation between the results
of the two methodologies, they are clearly different in na-
ture, each having specific strengths and weaknesses. The
strength of the hypoxia marker binding method obviously
is the high spatial resolution. The advantage of the Oxy-
Litey system is that absolute pO2 values can be obtained
and, perhaps most important, that continuous measurements
can be taken from the same position over prolonged peri-
ods. This will give dynamic information on the oxygenation
status of tumors with the possibility for better monitoring
of the effects of oxygenation-modifying treatments. Spatial
information can be increased by using multiple probes per
tumor or by adding a stepping stage on the OxyLitey de-
vice as with the Eppendorfy system.

In a number of studies, parameters derived from Eppen-
dorfy-based pO2 measurements have been identified that
can predict treatment outcome (17, 18, 27). Although sta-
tistically significant differences in pretreatment character-
istics have been found, it still is not possible to use these
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parameters for pretreatment selection on an individual ba-
sis. An assay to test the effect of treatments modifying the
oxygenation status of a tumor, such as administration of
drugs to increase tumor blood perfusion, or carbogen
breathing, in an individual patient has the potential of being
predictive for treatment outcome. For oxygen tension mea-
surements, the newly developed time-resolved fiber-optic
pO2 measuring OxyLitey allows the study of pO2 but with
the constraint that only a limited number of measurements
per tumor are possible. In the present study, a good corre-
lation between time-resolved fiber-optic pO2 measurements
and tumor hypoxic fraction based on bioreductive chemical
probe binding was found for three human tumors that var-
ied significantly in their oxygenation status. Although a sig-
nificant difference in pO2 and hypoxic fraction between the
three lines was found, the results also showed a large var-
iation within each tumor line. This indicates that multiple
measurements per tumor or per tumor line are necessary
for global assessment of tumor hypoxia.

CONCLUSION

The tumor microenvironment is a dynamic system, and
it is important to quantify dynamic changes in the tumor
microenvironment to better understand the biology of tu-
mors. The major strength of the OxyLitey lies in the ability
to monitor pO2 in the same tumor area for a prolonged
period; this aspect is being investigated further in ongoing
experiments. A combination of a bioreductive hypoxic cell
marker, for global assessment of tumor hypoxia, in com-
bination with continuous pO2 measurements with the
OxyLitey may be helpful in selecting patients on an in-
dividual basis for oxygenation-modifying treatments.
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