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Abstract

Purpose—Tumor hypoxia is a well-known therapeutic problem; however, a lack of methods for
repeated measurements of glioma partial pressure of oxygen (pO5) limits the ability to optimize the
therapeutic approaches. We report the effects of 9.3 Gy of radiation and carbogen inhalation on
orthotopic 9L and C6 gliomas and on the contralateral brain pO, in rats using a new and potentially
widely useful method, multisite in vivo electron paramagnetic resonance oximetry.

Methods and Materials—Intracerebral 9L and C6 tumors were established in the left hemisphere
of syngeneic rats, and electron paramagnetic resonance oximetry was successfully used for repeated
tissue pO, measurements after 9.3 Gy of radiation and during carbogen breathing for 5 consecutive
days.

Results—Intracerebral 9L gliomas had a pO, of 30-32 mm Hg and C6 gliomas were relatively
hypoxic, with a pO, of 12-14 mm Hg (p < 0.05). The tissue pO, of the contralateral brain was 40—
45 mm Hg in rats with either 9L or C6 gliomas. Irradiation resulted in a significant increase in pO,
of the 9L gliomas only. A significant increase in the pO, of the 9L and C6 gliomas was observed in
rats breathing carbogen, but this effect decreased during 5 days of repeated experiments in the 9L
gliomas.

Conclusion—These results highlight the tumor-specific effect of radiation (9.3.Gy) on tissue
pO, and the different responses to carbogen inhalation. The ability of electron paramagnetic
resonance oximetry to provide direct repeated measurements of tissue pO, could have a vital role in
understanding the dynamics of hypoxia during therapy that could then be optimized by scheduling
doses at times of improved tumor oxygenation.
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INTRODUCTION

Despite several technological advancements in dose delivery, such as stereotactic and intensity-
modulated radiotherapy (1), the outcome of patients with gliomas remains poor. The
radioresistance of gliomas has been attributed to several factors, including low intrinsic
radiosensitivity, high fractions of hypoxic tumor cells, and large populations of clonogenic
cells with rapid turnover rates. Tumor hypoxia appears to be the most important factor resulting
in radioresistance, invasiveness, and more aggressive tumor phenotypes (2,3). Several studies
have shown that tumors vary in the partial pressure of oxygen (pO,) and that this cannot be
predicted from the tumor type, stage, or size but must be measured (2,3). Therefore, techniques
that can provide direct repeated measurement of tumor pO,, are likely to play an important role
in the optimization of radiotherapy and chemotherapy.

During fractionated radiotherapy, the hypoxic cells that survive the initial radiation can become
oxygenated (i.e., oxygenation allows surviving hypoxic cells to move into a more
radiosensitive state before a subsequent irradiation) (3,4). The time course of oxygenation and
the regrowth of oxygenated cells are fundamental to the therapeutic outcome in
hypofractionated therapies, which are now increasingly used for malignant gliomas. However,
the optimal dose/fraction and the interval between fractions are not known owing to the lack
of a technique that can allow repeated measurements of the tumor pO,. Several approaches
have been tested to counteract tumor hypoxia to improve the efficacy of radiotherapy (5). One
such approach is carbogen (5% carbon dioxide balanced with oxygen) breathing, which has
been used either alone or in combination with nicotinamide in the treatment of malignant
gliomas, especially in the Accelerated Radiation, Carbogen, Nicotinamide studies (6-8).
However, some have reported acute toxicity, especially with the use of nicotinamide. It might
be possible to achieve better radiotherapeutic outcomes, even without nicotinamide, if the
tumor oxygen could be measured during such treatments and the radiation delivered at times
of favorable tumor oxygen levels.

With the development of in vivo paramagnetic resonance oximetry (EPR) oximetry in the past
few years, we now have the opportunity to measure the changes in tumor pO, during therapy
and to make advances in developing optimized schedules for enhanced efficacy. In vivo EPR
oximetry is a minimally invasive technique with the potential to provide repeated
measurements of pO, from the same tissue for up to several years (9). It is currently being
tested to measure tissue pO, in the foot of healthy volunteers with the aim of diagnosing and
optimizing the treatment of diabetic patients (9). In vivo EPR oximetry is also being tested in
patients with superficial tumors undergoing radiotherapy and/or chemotherapy with the goal
of optimizing these therapies by scheduling the doses at times of optimal tumor oxygenation

(9).

The development of multisite measurements for in vivo EPR oximetry has further expanded
its utility by allowing simultaneous tissue pO, measurements at multiple sites with a minimal
separation of <1 mm (10). This approach can be used to measure the pO, simultaneously at
two sites in the orthotopic tumors and one site in the contralateral brain of syngeneic rats bearing
intracerebral 9L and C6 gliomas. The changes in tissue pO, during the 5 days after a singledose
of 9.3 Gy are reported. We also investigated the consequence of carbogen breathing on the
tissue pO, of these intracerebral tumors and contralateral brain for 5 consecutive days of
repeated experiments. This is the first report on the changes in tissue pO» of orthotopic 9L and
C6 tumors after 9.3 Gy of radiation and during a carbogen challenge.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2009 June 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khan et al. Page 3

METHODS AND MATERIALS

Animals and tumor models

All animal procedures were conducted in strict accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of Dartmouth Medical School. The 9L glioma
has a sarcomatous appearance histologically and has been extensively used as subcutaneous
tumor model (11,12). The C6 gliomas are classified as an astrocytoma with the greatest number
of genes with expression similar to that of human brain tumors (11,12). Fischer and Wistar rats
(200-250 g), syngeneic hosts for 9L and C6 gliomas, respectively, were purchased from
Charles River Laboratory (Wilmington, MA) and housed in the animal resource facility at
Dartmouth Medical School.

9L and C6 cells culture and intracerebral inoculation

The 9L and C6 cells were cultured in medium as recommended by the American Type Culture
Collection (Manassas, VA). When confluent, the cells were trypsinized and suspended in
medium with no serum or additives. For cell injection, the rats were anesthetized (2.5%
isoflurane with 30% oxygen through a nose cone), and the head was immobilized on a
stereotaxic apparatus. The head skin was shaved and aseptically prepared with Betadine and
70% ethanol. Intracerebral tumors were established by slow injection of cells (50,000 cells in
10 xL within 2 min) with a 25-gauge needle through burr holes at the following co-ordinates:
anteroposterior, —3.0 mm; mediolateral, 1.5 mm and 3.5 mm; and dorsoventral, 3.5 mm in the
left hemisphere. The burr holes were cleaned and sealed with bone wax, and the skin was
sutured.

Implantation of oximetry probe

Oxygen-sensitive lithium phthalocyanine (LiPc) crystals were synthesized in our laboratory
and used to measure the tissue pO, using in vivo EPR oximetry (13). Seven days after cell
injection, the rats were prepared as described in the previous section, and two aggregates of
LiPc crystals (40 ug/each) were loaded in 25-gauge needle/plungers and injected through the
same burr holes in the left hemisphere at a depth of 2 mm from the skull surface. One aggregate
of LiPc crystals (40 xg) was injected at the same depth in the right hemisphere at mediolateral,
1.5 mm and anteroposterior, 3.0 mm. These injections created LiPc deposits with a surface
area of approximately 0.5-1.5 mm? and reported the tissue pOs of the intracerebral tumors and
contralateral brain.

The process of injecting the cells or LiPc crystals could have caused some acute physical
trauma; therefore, the experiments were initiated 7 days after implantation, which we had
shown previously to be sufficient time for any significant damage to have resolved. Liu et
al. (14) measured the tissue pO, 1, 3, and 7 days after LiPc implantation in the brain cortex to
determine the feasibility of cerebral pO, assessment within a few days of implantation. The
results showed that the pO, remained constant during this period (14). Furthermore, histologic
examination indicated no evidence of edema, red blood cell accumulation (vascular damage),
or lymphocyte infiltration in the cortical tissue surrounding the LiPc deposits (13,15). We
performed magnetic resonance imaging (MRI) on Day 14 after cell inoculation to confirm the
intracerebral tumor growth and the position of the LiPc deposits in the tumor and contralateral
brain. The experiments were started on Day 15 (designated as Day 0).

High-spatial resolution multisite EPR oximetry

The details of the in vivo EPR oximetry procedure have been previously described (9,13,16).
A recent advancement has been the high-spatial resolution multisite oximetry method with
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overmodulation (10), which is used to measure the tissue pO, from two LiPc deposits in the
tumor and one in the normal contralateral brain. This technique uses two spectra that have been
acquired with magnetic field gradients, and an analytic relationship between the spectra is used
to estimate the line width for each implants.

For pO, measurements, the rats were anesthetized using 1.5% isoflurane with 30% fraction of
inspired oxygen and positioned in the magnet of the 1.2-GHz (L-band) EPR spectrometer. The
rectal temperature was monitored and maintained at 37° £ 1°C using a warm air blower and
warm water pad. The EPR spectra were recorded at 8 mW to avoid power saturation, with scan
times varying from 30 to 60 s. The spectra were averaged for 5 min each to enhance the signal/
noise ratio for precise pO, measurements. The tissue pO, measurements from the two LiPc
deposits of each intracerebral tumor were pooled to obtain an average tumor pOs.

Magnetic resonance imaging

The rat brains underwent MRI 1 day before the experiments to confirm the tumor growth,
determine the tumor volume, and confirm the location of the LiPc deposits in the brain. The
images were acquired on a 7T Varian console interfaced to a Magnex horizontal bore magnet
using a birdcage coil (38 mm in diameter) in transmit/receive mode (16). T1-weighted images
were acquired after gadodiamide (Omniscan, 0.1 mmol/kg, intraperitoneally) injection in rats.
Contrast-enhanced MRI was performed 10-20 min later using a spin-echo T1-weighted
imaging sequence (repetition time, 0.7 s; excitation time, 9 ms; slice thickness, 1 mm; field of
view, 4 x 4 cm; number of signal averages, 2; and matrix size, 128 x 128). The total data
acquisition time was 3 min, 12 s for each image set. The tumor volume was calculated by
drawing the region of interest on the contrast-enhanced tumor regions using Varian built-in
browser software.

Irradiation and carbogen protocols

The choice of a 9.3-Gy dose was determined by a calculation using the linear quadratic formula
for cell survival that calculates the standard equivalent dose for planning hypofractionated
stereotactic radiotherapy (17,18). The dose of 9.3 Gy x four fractions approximates the biologic
effect of a standard dose fractionation plan for 9L and C6 gliomas. The tumors (left hemisphere)
were irradiated using a Varian Linear Accelerator (Clinac 2100C) with a dose rate of 400
monitor units/min (6 MeV electron beam, 6 cm x 6 cm applicator).

First, the preirradiation tissue pO, (baseline) was measured for 25 min, and the rats were then
transferred to the radiation facility on a mobile cart equipped with an anesthesia unit and 30%
oxygen cylinders. The rats were placed on the accelerator couch, with the head positioned at
a 100-cm source-to-surface distance according to the guidelines. The beam was focused with
a lead shield to irradiate (9.3 Gy) a semicircle 19 mm in diameter on the left hemisphere with
tumor while sparing the normal contralateral brain (irradiated group). The rats of the control

group were treated similarly but did not receive any radiation. The tissue pO, was monitored
for 5 consecutive days after irradiation using high-spatial resolution multisite EPR oximetry.

To determine the dynamics of the intracerebral tumor and contralateral brain pO, during
carbogen breathing, the rats were prepared as described and the tissue pO, was measured in
the rats breathing 30% oxygen for 25 min (baseline pO,). The inhaled oxygen was then replaced
with carbogen (5% carbon dioxide and 95% oxygen), and the pO, measurements were
continued for 60 min. A 2-min time gap was present between switching from 30% oxygen to
carbogen, and the experiments were repeated for 5 consecutive days.
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Statistical analysis

The paired t test was used to avoid animal heterogeneity in comparing the tissue pO, between
the groups. The chi-square test was applied for the multiple point comparisons, and linear
regression was used to estimate the slope of the pO, changes over time. The quadratic
exponential function, in conjunction with the mixed effect approach, was used to model the
changes in individual tissue pO, measurements after radiation. Exponential quadratic functions
are useful for modeling nonmonotonic dynamics with positive values. We have successfully
used this mathematical model previously (16,19,20). Furthermore, the quadratic exponential
function has enabled us to compute the maximal pO, and the point at which it reaches the
maximum, very useful parameters of oxygenation in response to treatment. Combined with the
random effect model, this statistical technique allowed us to assess the individual response to
the treatment (21,22). This technique also eliminated the effects of intra-animal heterogeneity
of the baseline pO, values. All statistical calculations were performed using the statistical
package S-Plus (Insightful, Seattle, WA). All data are expressed as the mean + standard error,
with n the number of rats in each group.

RESULTS

Effect of 9.3 Gy on intracerebral tumor pO»

The baseline tissue pO- of the intracerebral 9L tumors and contralateral brain of the control
group was 30.7 £ 4 and 40.2 + 3 mm Hg, respectively (Fig. 1). No significant change in the
tissue pO, of the 9L tumor or contralateral brain was observed in the control group during
repeated measurements up to Day 4. However, a significant decrease in the tissue pO, was
observed on Day 5 (Fig. 1).

The baseline (Day 0) tissue pO, of the 9L tumor and contralateral brain was 32.4 £ 1.9 and
43.8 + 3.4 mm Hg, respectively, in the irradiated group. The tissue pO, of the 9L tumors was
significantly less than the contralateral brain pO, in both the control and the irradiated groups.
No significant difference in the baseline tissue pO, of the 9L tumors and contralateral brain
was observed between the controls and irradiated groups. However, in the irradiated group, a
single dose of 9.3 Gy resulted in a significant increase in the 9L tumor pO, on Days 1 and 2

(Fig. 1).

The tissue pO, of the 9L tumors had decreased significantly on day 5 compared with the
baseline pO5. A quadratic exponential model was used to investigate the dynamics of the tissue
pO, changes in the individual tumors of the irradiated group (Fig. 2). The results indicated a
modest variation in the baseline tissue pO, between the individual tumors. Also, the magnitude
of the tissue pO, changes after 9.3 Gy radiation was different in each tumor. Furthermore, the
reoxygenation occurred at different points for each tumor. The mean intracerebral 9L tumor
volume of the control and irradiated groups as assessed by MRI on Day 1 was 65 + 19 and 61
+ 8 mm3, respectively. No significant difference in tumor volume was observed between the
groups.

The results obtained with the intracerebral C6 gliomas were quite different from those obtained
with the intracerebral 9L gliomas (Fig. 3). The baseline contralateral brain pO, was 43.4 + 3
and 45.6 + 4 mm Hg in the control and irradiated groups, respectively. The tissue pO, of the
C6 gliomas was significantly less than that of the 9L tumors, with a baseline tumor pO, of 13.6
+2and 12.4 £ 1 mm Hg in the control and irradiated groups, respectively (p <.05). Also, the
tissue pO5, of the C6 tumors was significantly lower than the corresponding contralateral brain
pO.,. No significant difference in the baseline C6 tumor or contralateral brain pO, was observed
between the controls and irradiated groups. The C6 tumor pO, of the control group decreased
significantly during the 5 days of oximetry measurements. However, 9.3 Gy irradiation of the
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C6 tumor did not result in any significant change in the tissue pO, (Fig. 3). In addition, thetissue
pO,, of the contralateral brain in both the control and the irradiated groups did not vary
significantly during the 5 days of repeated measurements. The tumor volume of the C6 gliomas
in the control and irradiated groups as assessed by MRI on Day 1 was 82 £ 9 and 71 + 15
mm3, respectively, and were not significantly different.

Tissue pO, response to carbogen breathing

The changes in tissue pO, of 9L gliomas and contralateral brain before and during carbogen
inhalation are summarized in Fig. 4. The mean 9L tumor volume on Day 0 was 96 * 16
mm?3. No significant difference in the average 9L and contralateral brain pO, during 30%
oxygen breathing was observed on Day 1 and Days 3-5. The tissue pO, of the 9L tumors and
contralateral brain increased significantly during carbogen breathing; however, the extent of
oxygenation varied during the 5 days of repeated experiments. A similar increase in the average
tissue pO, of the 9L tumors and contralateral brain during carbogen breathing was observed
on Days 1-4; however, this was significantly different on Day 5. The average increase in tissue
pO, during 30% oxygen and carbogen breathing is shown in Fig. 5. The response of 9L tumors
and contralateral brain to carbogen declined gradually during the 5 days of experiments, with
a minimal increase on Day 5. The slope represents the overall rate of decrease of tissue pO,
over time. The slope indicates that the tissue pO, declined by 6.9 mm Hg during 60 min of
carbogen inhalation in the 9L tumors and by 4.9 mm Hg in the contralateral brain over time.
The tissue pO, of the 9L tumors in rats breathing 30% oxygen decreased by 1.6 mm Hg, and
it decreased by 1.8 mm Hg in the contralateral brain. These decreases in tissue pO, were
statistically significant. This was likely due to compromised tumor vasculature and intracranial
pressure with an increase in tumor size.

Similar experiments were done to determine the effect of carbogen breathing in rats with C6
tumors (114 + 10 mm3; Fig. 6). The average tissue pO, of the C6 tumors and contralateral
brain during baseline (30%) were significantly different on all 5 days of the experiments.
Similar results were obtained when the average C6 and contralateral brain pO, measurements
were compared during carbogen breathing at different points. Furthermore, the average
increases in tissue pO, of both C6 tumors and contralateral brain during carbogen breathing
were also significantly greater than the baseline pO, on all 5 days of the experiments (Fig. 7).
No significant decrease in baseline pO, of both C6 gliomas and contralateral brain was
observed during 5 days of experiments. In addition, the magnitude of increase in tissue pO of
C6 gliomas and contralateral brain during carbogen breathing were similar on all 5 days of
measurements.

DISCUSSION

This is the first report of repeated tissue pO, measurements of orthotopic 9L and C6 gliomas
after a single radiation dose of 9.3 Gy and during carbogen breathing. The results have shown
that the orthotopic 9L gliomas are well oxygenated, with a tissue pO, of approximately 30—-32
mm Hg. The tissue pO, of subcutaneously grown 9L tumors has been reported to be <10 mm
Hg. Cerniglia et al. (23) reported a pO, of <8 mm Hg in subcutaneously grown 9L tumors in
rats using a phosphorescence quenching method. A median pO, of 2 mm Hg was reported by
Teicher et al. (24,25) using Eppendorf in subcutaneously grown 100-mm?3 9L tumors in rats.
The tumor volumes of these experiments were similar to those of the orthotopic tumors in the
present study. Experiments performed in our laboratory also indicated fairly hypoxic
subcutaneous 9L tumors, with a pO, of 4 £ 1 mm Hg (n = 6). Wallen et al. (26) suggested a
difference in vasculature between intracerebral and subcutaneous 9L tumors as a likely reason
for the absence of hypoxia in intracerebral 9L tumors. Our results provide evidence of the
possible influence of such vascular differences on the tumor pO,. The tissue pO, of
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intracerebral 9L gliomas reported in the present study agrees with reports of a small
radiobiologic hypoxic fraction (0-3%) in 9L gliomas (24). These results indicate that the
pO,, of the 9L tumors is site specific, and, therefore, care must be exercised in evaluating
strategies whose outcome is dependent on the oxygen levels in tumors such as that of
radiotherapy.

Assingle dose of 9.3 Gy resulted in significant oxygenation of intracerebral 9L tumors on Days
1 and 2 after irradiation. The magnitude and time of the oxygenation of individual 9L gliomas
varied, highlighting the importance of pO, measurement in individual tumors for the purpose
of therapeutic optimization. No such increase in tissue pO, of 9L tumors in the control group
was observed. In contrast, the intracerebral C6 gliomas were relatively hypoxic, with a tissue
pO, of approximately 12-14 mm Hg. Guerin et al. (27) have reported a significantly lower
vascular density of C6 gliomas compared with 9L tumors. The vascular density of these tumors
was also significantly lower than that of the normal brain. On the basis of that report, we
speculate that the differences in the tumor pO, of 9L and C6 gliomas are likely due to
differences in their vasculature. In addition to the tumor vasculature, the tumor growth
characteristics and oxygen metabolism of these tumors might play an important role.

Furthermore, C6 tumors irradiated with 9.3 Gy did not show any significant changes in tumor
pO, after irradiation. A similar tissue pO in the contralateral brain in the control and irradiated
groups with either 9L or C6 gliomas confirmed that our procedure for hemisphere irradiation
did not influence the contralateral brain of the rats. A significant decrease in the tissue pO, of
the tumors over time was likely a result of the compromised tumor vasculature with an increase
in tumor volume. In addition, an increase in intracranial pressure has been reported with
increases in the tumor volume of intracerebral tumors (28). We anticipate that this might have
resulted in a significant decrease in the contralateral brain pO, on Day 5 in our experiments.
The doubling time of intracerebral 9L and C6 tumors is reported to be 67 and 23 h, respectively
(29,30). In view of these findings, we suggest that perhaps the hypoxic and rapidly proliferating
orthotopic gliomas might not show increased oxygenation after irradiation.

Our results indicated a significant increase in intracerebral tumor and contralateral brain pO,
during 60 min of carbogen breathing in both the 9L and the C6 groups. The baseline tissue
pO,, of the contralateral brain of the 9L and C6 groups and their response to carbogen breathing
was similar on the 5 days of experiments. However, a decrease in the baseline 9L tumor pO,
and its response to carbogen breathing was observed, with an increase in tumor size during the
5 days of measurements. In contrast, the baseline tissue pO, of the C6 gliomas and the response
to carbogen breathing was similar on all 5 days of the experiments. The use of carbogen as a
potential radiosensitizer has been investigated in animal and human tumors with mixed results.
In some studies, carbogen resulted in an increase in tumor blood flow and oxygenation, but in
other experiments, it did not. It has been suggested that the effect of carbogen to increase tumor
oxygenation depends on several factors such as tissue type and breathing time (8). Our results
agree with these observations and indicate that the tumor response to carbogen breathing is
likely to vary among different tumor types. These results further highlight the need to monitor
the tumor pO5, during such strategies to determine its effect in individual tumors and tumor
types. This information could then be potentially used to individualize radiotherapy for
enhanced efficacy.

The clinical implications of these results are several, although their value needs to be tested

under clinically pertinent conditions. The overall message is that the effects of treatments on
tumor pO, can be profound but cannot be readily predicted. Therefore, although it seems logical
to use approaches to enhance tumor pO, to enhance therapy, this should be done on the basis
of explicit knowledge of the effects of the treatment on the pO, of that particular tumor type.
Even better, it would be desirable to make the measurements in the particular patient under the
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conditions being used, rather than to rely on the expected results. Inasmuch as methods such
asinvivo EPR oximetry are being developed that can monitor the tumor pO, directly in patients,
these should be used. This should be especially useful in clinical trials of new methods, so that
the evaluation of the effectiveness of the new approach can be done with knowledge of the
effectiveness of the approach in modifying the tumor pOs in preclinical studies.

CONCLUSION

In the present study, we have provided repeated measurements of tissue pO- of orthotopic 9L
and C6 gliomas and the contralateral brain using high-spatial resolution multisite EPR
oximetry. The 9L and C6 gliomas have significantly different tumor pO5 and a different
response to a single dose of 9.3 Gy. Both tumor models showed significant increases in
oxygenation during carbogen breathing; however, the magnitude of oxygenation varied over
time. Animal models are powerful tools to investigate various aspects of tumor biology;
however, these models should be carefully chosen to test the various therapeutic strategies.
Different tumor types are likely to have different tissue pO, levels, and the oxygen level in
tumors during treatment will largely affect the therapeutic outcome. Therefore, noninvasive
methods such as in vivo EPR oximetry are likely to play a crucial role in the optimization of
radiotherapy and/or chemotherapy.
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Fig. 1.

Changes in tissue partial pressure of oxygen (pO>) of intracerebral 9L tumor (white triangles)
and contralateral brain (white circles) of control and 9.3 Gy irradiated groups (black triangles,
intracerebral 9L; black circles, contralateral brain). Tissue pO, measured repeatedly for 6
consecutive days. Controls, n = 8; irradiated group, n = 16. *p <.05, baseline pO-.
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Fig. 2.

Individual dynamics of intracerebral 9L tumor partial pressure of oxygen (pO,) after 9.3 Gy
radiation. Data modeled using quadratic exponential function (22). Black circles, time at which
maximal increase in tumor pO, observed after irradiation (n = 16).
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Fig. 3.

Changes in tissue partial pressure of oxygen (pO,) of intracerebral C6 tumor (white triangles)
and contralateral brain (white circles) of control (nonirradiated) and 9.3-Gy irradiated groups
(black triangles, intracerebral C6; black circles, contralateral brain). Tissue pO, measured
repeatedly for 6 consecutive days. Control group, n = 17; irradiated group, n = 11.
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Fig. 4.
Dynamics of tissue partial pressure of oxygen (pO5) of intracerebral 9L glioma (black circles)
and contralateral brain (CLB, white circles) during 30% oxygen (baseline) and carbogen
breathing (n = 10). p Values at top indicate statistical significance between average
intracerebral tumor and contralateral brain tissue pO, during 30% oxygen and carbogen
breathing. p Values at bottom indicate statistical significance between averaged tissue pO,
observed during 30% oxygen and pO, observed during carbogen breathing for contralateral
brain and intracerebral tumors.
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Fig. 5.

(A) Change in average intracerebral 9L tumor and (B) contralateral brain pO, during 30%
oxygen (black circles) and carbogen (black triangles) breathing for 5 consecutive days.
Average tissue pO, observed during 25 min of 30% oxygen and 60 min of carbogen breathing
shown (n = 10). Dashed line indicates slope of changes in tissue pO, over time.
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Fig. 6.

Dynamics of tissue partial pressure of oxygen (pO,) of intracerebral C6 tumor (black circles)
and contralateral brain (white circles) during 30% oxygen and carbogen breathing (n = 8). All
p values obtained from comparison between averaged intracerebral tumor and contralateral
brain pO, during baseline (30% oxygen) and carbogen breathing and when baseline pO, of
each, compared with average increase in pO, during carbogen breathing, was <.05.
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Fig. 7.

Average tissue partial pressure of oxygen (pO,) of (A) intracerebral C6 tumor and (B)
contralateral brain during 30% oxygen (black circles) and carbogen breathing (black triangles;
n = 8). No statistically significant slope (dashed lines) was detected, indicating no significant
decrease in baseline pO, of C6 tumor and contralateral brain or in response to carbogen
breathing over time.
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