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Abstract
Purpose—Lack of methods for repeated assessment of tumor pO2 limits the ability to test and
optimize hypoxia modifying procedures being developed for clinical applications. We report the
repeated measurements of orthotopic F98 tumor pO2, and relate this to the effect of carbogen
inhalation on tumor growth when combined with hypofractionated radiotherapy.

Methods and Materials—Electron Paramagnetic Resonance (EPR) oximetry was used for
repeated measurements of tumor and contralateral brain pO2 in rats during 30% O2 and carbogen
inhalation for 5 consecutive days. The T1 enhanced volumes and diffusion coefficients of the
tumors were assessed by MRI. The tumors were irradiated with 9.3 Gy × 4 in rats breathing 30%
O2 or carbogen to determine the effect on tumor growth.

Results—The pre-treatment F98 tumor pO2 varied between 8 – 16 mmHg, while the
contralateral brain had 41 – 45 mmHg pO2 during repeated measurements. Carbogen breathing led
to a significant increase in tumor and contralateral brain pO2; however this effect declined over
days. Irradiation of the tumors in rats breathing carbogen resulted in a significant decrease in
tumor growth and an increase in the diffusion coefficient measured by MRI.

Conclusions—The results provide quantitative measurements of the effect of carbogen
inhalation on intracerebral tumor pO2 and its consequence on therapeutic outcome. Such direct
repeated pO2 measurements by EPR oximetry can provide temporal information that could be
used to improve therapeutic outcome by scheduling doses at times of improved tumor
oxygenation. EPR oximetry is currently being tested for clinical applications.
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Introduction
Malignant gliomas are the most angiogenic tumors with rapid infiltrative growth and
profound microvascular proliferation (1,2). The standard treatment protocol is surgical
resection followed by chemoradiation and then adjuvant maintenance chemotherapy (3,4).
Radiotherapy involves a spectrum of fractionated regimens based on the clinical and
anatomical characteristics of the tumor but are rarely based on their molecular or
physiological characteristics (5,6). The development of stereotactic techniques have made
dose/fraction escalation possible, which has reduced the overall treatment time while
preserving local control and sparing normal tissue (7,8). However, despite aggressive
multimodality approaches, the prognosis of glioblastoma patients remains poor with a
median survival of 14 months and a 2 year survival of less than 30% (3,9). New treatment
strategies are urgently needed to improve the therapeutic outcome of these aggressive
tumors.

The radioresistance is attributed to several factors including low intrinsic radiosensitivity,
high fractions of hypoxic tumor cells, and clonogenic cells with rapid turnover rates
(3,9,10). Among these, tumor hypoxia appears to be the most significant therapeutic
problem, which results in radioresistance and also contributes to aggressive tumor
characteristics (11,12). Unfortunately, tissue pO2 of the tumors cannot be predicted by tumor
type, stage, or size and therefore it must be measured (13,14). Consequently, techniques that
can provide direct repeated measurement of tumor pO2 could have an important role in the
optimization of radiotherapy.

With the development of in vivo EPR oximetry, it is now possible to assess the tissue pO2 of
orthotopic gliomas during interventions that target hypoxia (15), and thereby make rapid
advances in optimizing these approaches and consequently enhance radiotherapeutic
outcome. EPR oximetry requires a one time injection of the oxygen sensitive paramagnetic
probes such as lithium phthalocyanine (LiPc) using 25 - 23 gauge needles but the rest of the
measurement procedure is entirely non-invasive and can be repeated as required (16–18). It
is currently being tested in patients with superficial tumors (less than 10 mm from surface)
undergoing radio- and/or chemotherapy with the goal to optimize these therapies by
scheduling doses at times of optimal tumor oxygenation (16). The development of multi-site
EPR oximetry has further expanded its utility by allowing simultaneous tissue pO2
measurements at multiple sites in the tumor (with a minimal separation of 1 mm) (19).

We report the tissue pO2 of intracerebral F98 tumors and contralateral brain of rats breathing
30% O2 and the effect of carbogen inhalation during five days of repeated experiments using
EPR oximetry. The tumors were irradiated (9.3 Gy × 4) at times of increased tumor
oxygenation to determine therapeutic outcome. To our knowledge, this is the first report of
the tissue pO2 of intracerebral F98 tumors, the effect of carbogen inhalation on tumor pO2,
and its consequence on radiotherapeutic outcome.

Materials and Methods
Animal and tumor models

All animal procedures were conducted in strict accordance with the NIH 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 F98 glioma exhibits growth, invasive
and genomic characteristics similar to human gliomas (20). Fischer rats (200 – 250 g,
Charles River Laboratory, MA), which are syngeneic hosts for F98 gliomas were used in
this study.
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F98 tumor inoculation and implantation of the oximetry probe
The F98 cells were obtained from ATCC (Manassas, VA) and grown in DMEM medium
with 10% FBS and 1% penicillin-streptomycin. The procedures for tumor cell inoculation
and EPR oximetry were described earlier (15). Briefly, the intracerebral tumors were
established by direct injection of 4 × 104 F98 cells in 10 µl medium at a depth of 3.5 mm
from the skull surface, 1.5 and 3.5 mm left lateral from the midline, and 3 mm posterior to
the bregma.

One week after cell injection, two aggregates of LiPc crystals (40 – 60 µg/each) were
injected at a depth of 2 mm into the tumor through the same bore holes used earlier for cell
injections. One aggregate of LiPc crystals was injected at the same depth in the right
hemisphere, 1.5 mm from the midline. These injections created LiPc deposits with a surface
area of approximately 0.5 – 1.5 mm2 and reported tissue pO2 of intracerebral F98 tumors
and contralateral brain by EPR oximetry.

MRI was done on day 11 (designated as day 0) after cell inoculation to confirm the
intracerebral tumor growth, confirm the position of LiPc aggregates, and to determine the
volume and diffusion coefficient (Dav) of the tumors. The EPR oximetry measurements
were started on day 12 (day 1) and MRI was repeated on day 18 (day 7). The experiments
were terminated on day 7 after MRI due to the tumor size constraints in accordance with the
IACUC guidelines at Dartmouth.

High-Spatial Resolution Multi-Site (HSR-MS) EPR Oximetry
The procedures for in vivo EPR oximetry were described earlier (15,16). HSR-MS oximetry
method with over modulation 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 implant (15,19).

For pO2 measurements, the anesthetized (1.5% isoflurane, 30% FiO2) animals were
positioned between the magnet poles of the 1.2 GHz (L-band) EPR spectrometer. The body
temperature was monitored using a rectal probe and maintained at 37 ± 0.5°C by the use of 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 – 60 seconds. The spectra were averaged
for 8 min each to enhance the signal to noise ratio for precise pO2 measurements. No
significant difference in the pO2 values obtained from the two LiPc implants in each tumor
was observed, therefore, these were pooled to obtain an average tumor pO2 in this study.

Magnetic Resonance Imaging (MRI)
The changes in tumor volume as assessed from T1-weighted images acquired after the
intraperitoneal injection of 0.2 mmol/kg of gadopentate (Magnevist, Bayer Healthcare) and
the traces of the diffusion tensor (Dav = 1/3 D ̿) were assessed using MRI to determine
therapeutic outcome. The images were acquired on a 7T horizontal animal magnet with a
bore of 20 cm (Magnex Scientific Ltd, U.K) equipped with actively shielded imaging
gradients, maximum gradient strength 77 G/cm, clear bore 90 mm (Resonance Research
Incorporated Ltd, MA), and interfaced to a Varian Inova Unity console (Varian Inc, CA). A
multi-slice spin echo sequence was used to acquire T1-weighted images for tumor volume
determination 10 min after gadopentate injection with the acquisition parameters: TR = 700
ms, TE 8 ms, 20 slices, no slice gap, slice thickness 1 mm, Field of View (FOV) = 30 mm,
128 × 128, 2 signal averages per phase encoding step. Tumor volumes were calculated by
drawing regions of interest on the contrast enhanced tumor regions using Varian in-built
BROWSER software.
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Dav MRI was used to assess treatment response in vivo owing to its established ability to
highlight cell kill in brain tumors (21,22). The orientation unbiased Dav images were
collected with the sequence described by Mori and van Zijl (23). The acquisition parameters
were as follows: TR = 2500 ms, TE = 55 ms, FOV 30 mm, 128 × 64 matrix, 6–10 slices, no
slice gap, slice thickness 1 mm, b-values 0, 700 and 1100 sec/mm2, 2 signal averages per
phase encoding step. The Dav images were computed by fitting the three different b-value
images into a single exponential with a Matlab routine. Tumor margins were determined
from T1 and Dav images as ± 5% signal change relative to the contralateral brain. Since
carbogen alone is not expected to affect tumor growth, Dav images were acquired only in
groups (i), (iii) and (iv).

Experiment design
The animals were randomly assigned to four groups (i) Control (30% O2), n = 8; (ii)
Carbogen (95% O2 + 5% CO2), n = 9; (iii) 30% O2 + 9.3 Gy × 4, n = 9, and (iv) Carbogen +
9.3 Gy × 4, n = 8. Group (i) was designed to investigate the dynamics of intracerebral F98
tumor and contralateral brain (CLB) pO2 in rats breathing 30% O2 during repeated
measurements for 5 consecutive days. The effect of carbogen inhalation on tissue pO2 was
investigated in group (ii). The tumors were irradiated to determine the effect of 30% O2 and
carbogen inhalation on tumor growth and diffusion coefficients in groups (iii) and (iv).

Control and carbogen protocols
In group (i), the rats were anesthetized using 1.5% isoflurane with 30% FiO2 and tissue pO2
was measured for 25 min (baseline pO2). After a gap of 1 min, the pO2 measurements were
continued for another 25 min. After 25 min of baseline measurements in group (ii), the
inhaled 30% oxygen was replaced by carbogen and the pO2 measurements were continued
for nearly 50 min. There was a 1 min gap between the switching of breathing gas from 30%
O2 to carbogen. These experiments were repeated for five consecutive days.

Irradiation protocols
The choice of the 9.3 Gy dose was determined by a calculation based on the linear quadratic
formula for cell survival that calculates “standard equivalent dose (SED)” for planning
hypofractionated stereotactic radiotherapy (24,25). The dose of 9.3 Gy × 4 fractions
approximates the biological effect of a 70 Gy dose fractionation plan for F98 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 × 6 cm applicator).

In group (iii), the pO2 measurements were continued for 25 min after baseline and the rats
were then transferred to the radiation facility. The beam was focused on the rats head with a
lead shield to irradiate a semi-circle of 19 mm in diameter on the left hemisphere with tumor
while sparing the contralateral brain. The rats were returned to the EPR spectrometer for
another 16 min of pO2 measurements.

In group (iv), the changes in tissue pO2 were followed for approximately 25 min during
carbogen breathing after baseline (30% FiO2) measurements and the tumors were irradiated.
After irradiation, the tissue pO2 was again measured for 16 min to confirm an increase in
tumor pO2 during irradiation in rats breathing carbogen. The time gap between the end of
the EPR measurement and start of the irradiation and the resumption of the EPR
measurements after the treatment were approximately 8 – 10 min each. These experiments
were repeated from days 1 to 4 and only baseline pO2 was measured on day 5.
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Statistical analysis
The two-sided paired t-test was used to avoid animal heterogeneity in comparison of tissue
pO2 between the baseline and carbogen breathing and the chi-square test on the paired
differences was applied for multiple time-point comparisons. The rates of tumor growth
were estimated using a multivariate regression model on the log scale where each group is
represented via a dummy time variable (26). This is a better approach for rate determination
than the linear regression analysis, because at day 0 the mean tumor volume of all the
animals should be the same. The coefficient at the time variable in each group on the percent
scale represents the relative rate of growth with the standard error and corresponding p-
values as a part of the regression routine output. All computations were performed using the
statistical package S-Plus 8 (Insightful Inc. Seattle). All data are expressed as Mean ± SE; n
is the number of animals in each group (only the positive SE bars are shown in figures for
visual clarity).

Results
Tissue pO2 of untreated intracerebral F98 tumor and contralateral brain

The F98 tumors were hypoxic with a baseline tissue pO2 of 10 – 11 mmHg on day 1 and no
significant change was observed during 25 min of repeated measurements in group (i),
Figure 1A. A baseline tumor pO2 of 8 – 10 mmHg was observed on 4 subsequent days and
during 25 min of repeated measurements on each day. No significant difference in the tumor
pO2 was observed over days.

A baseline tissue pO2 of 40 – 44 mmHg was observed in the CLB on day 1 with no
significant change during 25 min of repeated measurement, Figure 1B. The baseline CLB
pO2 varied between 35 – 44 mmHg on subsequent days but was not significantly different
from that observed on day 1. Similar results were obtained during 25 min of repeated
measurements on each day. The F98 tumors were significantly hypoxic as compared to the
CLB during 5 days of repeated measurements.

Effect of carbogen inhalation on intracerebral F98 tumor and contralateral brain pO2
The effects of carbogen inhalation on the tumor and CLB pO2 are summarized in Figure 2.
A significant increase in the tissue pO2 of both, tumors and CLB, occurred within 16 min of
carbogen inhalation and a maximum increase in the tissue pO2 was observed at
approximately 30 min of carbogen inhalation, Figure 2. Similar results were obtained on
days 2 – 5. However, the baseline tumor pO2 and the magnitude of the increase in pO2
during carbogen inhalation were significantly smaller than that of the CLB.

Effect of hypofractionated radiotherapy (9.3 Gy × 4) during inhalation of 30% O2 or
carbogen

No significant change in the baseline tumor and CLB pO2 was observed during 5 days of
repeated measurements, Figures 3 and 4. Based on the results of the carbogen experiment
(group ii); the tumors were irradiated at the time of a maximal increase in tumor pO2 i.e. at
approximately 35 min of carbogen breathing on days 1 – 4, Figure 3. The tumor pO2
remained at a significantly higher level before and immediately after radiotherapy. The
tumors in rats breathing 30% O2 were also irradiated at the same time points, Figure 4. The
tissue pO2 of the tumor and CLB observed before and after radiotherapy were not
significantly different from the baseline on each day.
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Change in the mean baseline tumor and CLB pO2 and response to carbogen over days
The mean baseline tumor and CLB pO2 were similar in groups (ii) and (iv) on day 1, Figure
5. However, a significant decrease in the mean baseline tumor (slope, p = 0.003) and CLB
(slope, p = 0.0003) pO2 occurred over days in group (ii), Figure 5A. Also, their response to
the carbogen (slope ptumor = 0.005; slope pCLB = 0.0024) declined significantly over days,
Figure 5B. On the other hand, no such changes were observed in group (iv) with the tumors
irradiated during carbogen inhalation.

Effect of hyperoxygenation on radiotherapeutic outcome
The tumor volumes and the rate of growth were compared to determine the therapeutic
outcome, Table 1. A similar tumor volume was observed on day 0 among groups. The tumor
volume, increased significantly on day 7 in each group. The rates of tumor growth were
similar in groups (i) and (ii) and no significant changes were observed in group (iii).
However, a significant decrease in rate of tumor growth was observed in group (iv) as
compared to other groups.

The changes in the mean tumor Dav and the histograms are shown in Figures 6 and 7
respectively. The typical images used to determine the diffusion coefficients are shown in
Figure 8. No significant difference in the Dav between day 0 and day 7 was evident in group
(i). A significant decrease in the Dav on day 0 was observed in group (iii) as compared to
group (i). In contrast, a significant increase in the Dav occurred on day 7 in groups (iii) and
(iv) as well as an increase in the number of pixels with elevated Dav within the tumor.

Discussion
The measurement of pO2 in gliomas is particularly challenging due to lack of appropriate
techniques for repeated measurements in the brain. This was achieved by using state-of-the-
art HSR-MS EPR oximetry. The results indicate moderate hypoxia in F98 tumors while the
CLB were well oxygenated. Carbogen inhalation resulted in a significant increase in tumor
and CLB pO2 within 16 min, however, the baseline pO2 and its response to carbogen
declined over days. This is likely due to an increase in intracranial pressure and
compromised tumor vasculature with tumor growth over days (15). The effect of the
carbogen breathing on the dynamics of tumor pO2 has varied with the tumor type, animal
model, and the site of tumor growth (27–29). Using Oxylite, Bussink et al. have reported the
effect of carbogen breathing with/without nicotinamide on the tissue pO2 of subcutaneous
human glioblastoma xenograft tumors (E106, E102) and a squamous cell carcinoma of the
larynx (SCCNij3) (27). A maximum increase in the tumor pO2 was observed between 0.8 –
14 min, 0.7 – 16 min and 3 – 16 min in E102, E106 and SCCNij3 tumors respectively.
Using a similar oximetry approach, Gu et al. reported a significant increase in the tissue pO2
of sc mammary adenocarcinoma tumor within 8 min of carbogen breathing which gradually
increased over the next 12 min (28). A slow increase in the tissue pO2 of the subcutaneous
rat DS-sarcomas over 15 min during carbogen challenge is reported by Thews et al. (29).
Our results, which are consistent with our previous report on the intracerebral 9L and C6
tumors (15), confirm that the oxygenation of the intracerebral tumors appears to take a
longer time. This is likely due to the known differences in the responses of the cerebral
vasculature to other stimuli, and the different permeability of the cerebral vasculature
resulting in the “blood-brain barrier”.

The radiosensitizing effects of carbogen breathing during radiotherapy have also been
investigated in various pre-clinical and clinical studies (30). We did not see an increase in
F98 tumor pO2 after radiotherapy. This is in concurrence with our earlier observation with
hypoxic intracerebral C6 tumors (15). On the contrary, an increase in tumor pO2 was
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observed when relatively well oxygenated 9L tumors were irradiated by a single dose of 9.3
Gy (15). These results indicate a tumor specific effect of radiotherapy on intracerebral tumor
oxygenation as compared to the tumors grown subcutaneously in mice (31,32). The growth
rates of the tumors irradiated in rats breathing 30% O2 were similar to that of the controls.
This is consistent with the highly aggressive and radioresistant nature of the F98 tumors
(20); characteristics similar to clinical high-grade gliomas. Aggressive therapeutic
approaches, such as boron neutron capture therapy (33), synchrotron stereotactic
radiotherapy with direct intratumoral injection of cisplatin (34) and photon irradiation with
intracerebral delivery of carboplatin using osmotic pumps (35) have shown some survival
benefits in rats bearing F98 tumors.

Irradiation of the tumors at the time of an increase in tumor pO2 during carbogen inhalation
resulted in a significant decrease in the rate of tumor growth (~ 50%) as compared to other
groups. Interestingly, there was no change in the baseline tissue pO2 or response to carbogen
over days in this group. We speculate that a significant delay in the tumor growth in these
experiments did not influence the intracranial pressure and/or tumor vasculature. The
increase in Dav of the irradiated tumors on day 7 in the carbogen group is an indication of
reduced tumor cell density due to the treatment (21,36), which is in agreement with a
significant decline in the tumor growth rate observed in this group. These results indicate
that the elevated tumor pO2 during carbogen inhalation renders F98 gliomas more sensitive
to irradiation, resulting in cell eradication and tumor shrinkage. However, we failed to detect
any significant changes in the growth rate of the tumors in rats breathing 30% O2 with a
similar increase in tumor Dav.

In conclusion, orthotopic F98 tumors are hypoxic and their response to carbogen inhalation
varied over days. The results emphasize the importance of tumor pO2 measurements during
hypoxia modifying procedures. In vivo EPR oximetry has the potential to provide repeated
non-invasive tissue pO2 of orthotopic tumors and could be used to investigate and optimize
hypoxia modifying procedures for clinical applications.

Abbreviations

EPR Electron Paramagnetic Resonance

MRI Magnetic Resonance Imaging

pO2 Partial pressure of oxygen

FiO2 Fraction of inspired oxygen

LiPc Lithium phthalocyanine

CLB Contralateral brain

FOV Field of view
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Figure 1.
Tissue pO2 of (A) intracerebral F98 tumors and (B) contralateral brain of rats breathing 30%
O2. The tissue pO2 were measured for 50 min each and the measurements were repeated for
five consecutive days. ◇, day 1; □, day 2; △, day 3; ✳, day 4; ○, day 5. Mean + SE, n = 8.
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Figure 2.
Tissue pO2 of (A) intracerebral F98 tumors and (B) contralateral brain of rats during 25 min
of 30% O2 and 50 min of carbogen (5% CO2 + 95% O2) inhalation for five consecutive
days.◇, day 1; □, day 2; △, day 3; ✳, day 4; ○,day 5. The arrow indicates the time at which
30% O2 was switched to carbogen. * p < 0.05, day 1 compared with day 3 – day 5; # p <
0.05 compared with baseline on each day, Mean + SE, n = 9.
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Figure 3.
Tissue pO2 of (A) intracerebral F98 tumor and (B) contralateral brain in rats during 30% O2
and carbogen breathing. The tumors were irradiated with 9.3 Gy on day 1 – day 4 at
approximately 35 min of carbogen inhalation. The arrow indicates the time when the inhaled
gas of 30% O2 was switched to carbogen. Only a baseline pO2 was measured on day 5 in
rats breathing 30% O2. ◇, day 1; □, day 2; △, day 3; ✳, day 4; ○,day 5. # p < 0.05
compared with baseline on each day. Mean + SE, n = 8.
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Figure 4.
Tissue pO2 of (A) intracerebral F98 tumor and (B) contralateral brain of rats during 30% O2
breathing. The tumors were irradiated with 9.3 Gy at approximately 35 min of 30% O2
breathing after baseline measurements on day 1 – day 4. Only a baseline pO2 was measured
on day 5 in rats breathing 30% O2. ◇, day 1; □, day 2; △, day 3; ✳, day 4; ○,day 5. Mean +
SE, n = 9.
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Figure 5.
Mean tissue pO2 observed during (A) baseline (25 min) and (B) carbogen (50 min)
inhalation of intracerebral F98 tumors and contralateral brain in the carbogen alone (△:
tumor; ○: CLB) and carbogen + 9.3 Gy × 4 (▲: tumor; ●: CLB) groups. The dashed lines
indicate the slope of pO2 change over days. Mean + SE, n = 8 – 9.
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Figure 6.
Trace of the diffusion tensor (Dav) of intracerebral F98 tumors on day 0 and day 7 assessed
using MRI. * p < 0.05 compared with day 0 of each group; # p < 0.05 compared with the
control. Mean ± SE, n = 5 – 6.
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Figure 7.
The Dav histograms of the intracerebral F98 tumors on day 0 and day 7 in the control, 30%
O2 + 9.3 Gy × 4 and carbogen + 9.3 Gy × 4 groups. n = 5 – 6.
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Figure 8.
Typical diffusion images used to assess Dav of the intracerebral F98 tumors on day 0 and
day 7 in the control, 30% O2 + 9.3 Gy × 4 and carbogen + 9.3 Gy × 4 groups by MRI. These
images were collected with the sequence described by Mori and van Zijl (23).
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Table 1

The tumor volume of the intracerebral F98 tumors and rate of growth per day in the control, carbogen alone
and irradiation groups.

Group # Groups Tumor volume
(mm3, mean ± SE)

Rate of tumor
growth per day
(%, mean ± SE)

Day 0 Day 7

i Control (30% O2) 103.2 ± 15 226.6 ± 21* 11.8 ± 1.9

ii Carbogen alone 94.1 ± 10 250.1 ± 31* 12.9 ± 2

iii 30% O2 + 9.3 Gy × 4 107.5 ± 13 236.5 ± 27* 12.3 ± 2

iv Carbogen + 9.3 Gy × 4 104.6 ± 9 156. 4 ± 15* 6.4 ± 1.8 #

The tumor volumes were determined using contrast enhanced MRI.

*
p < 0.05 compared with day 0;

#
p < 0.05 compared with control, carbogen alone and 30% O2 + 9.3 Gy × 4 groups.
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