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High-grade gliomas are often characterized by hypoxia, which is associated with both poor long-term
prognosis and therapy resistance. The adverse role hypoxia plays in treatment resistance and disease
progression has led to the development of hypoxia imaging methods and hypoxia-targeted treatments.
Here, we determined the tumor hypoxia and vascular perfusion characteristics of 2 rat orthotopic gli-
oma models using 18-fluoromisonidozole positron emission tomography. In addition, we determined tu-
mor response to the hypoxia-activated prodrug evofosfamide (TH-302) in these rat glioma models. C6
tumors exhibited more hypoxia and were less perfused than 9L tumors. On the basis of these differences
in their tumor hypoxic burden, treatment with evofosfamide resulted in 4- and 2-fold decreases in tumor
growth rates of C6 and 9L tumors, respectively. This work shows that imaging methods sensitive to tu-
mor hypoxia and perfusion are able to predict response to hypoxia-targeted agents. This has implica-
tions for improved patient selection, particularly in clinical trials, for treatment with hypoxia-activated
cytotoxic prodrugs, such as evofosfamide.

INTRODUCTION
Glioblastoma is the most common type of primary malignant
brain tumor. Despite advances in detection and treatment, the
prognosis remains poor for patients with glioma with median
survival time of only 12–15 months (1). One possible factor
contributing to this poor prognosis is hypoxia, as high-grade
gliomas can have considerable regions of hypoxia (2-4) with
extremely low regional tissue partial pressure of oxygen (pO2)
levels of �10 mmHg (4, 5). Hypoxic, but viable, cells can be
noninvasively probed with 18-fluoromisonidozole positron
emission tomography (18F-FMISO-PET; chemical structure in
Figure 1A) (6-8), and the uptake of 18F-FMISO has been found
to inversely correlate with overall survival in patients with
glioblastoma (7, 9). Using a separate marker for perfusion,
Bruehlmeier showed that hypoxia occurs in regions of both
hypo- and hyperperfusion (6), suggesting that an independent
process leads to a hypoxic phenotype. In addition to hypoxia,
18F-FMISO-PET imaging can also provide a relative measure of
perfusion (tracer delivery) using a dynamic scan (6, 10, 11).

Hypoxic tumors are known to have poor response to chemother-
apy (12). Insufficient perfusion in hypoxic tumors could reduce
the delivery of chemotherapeutic agents and further reduce their
effectiveness (13).

Tumor hypoxia is known to lead to both poor long-term
prognosis and poor therapeutic response to conventional treat-
ments (3, 14, 15). The adverse role hypoxia plays in treatment
resistance and disease progression has led to the development of
hypoxia-targeted treatments (16-18). Evofosfamide (also known
as TH-302; chemical structure shown in Figure 1B) is a hypoxia-
activated prodrug designed to provide significant cytotoxicity
in and around extreme hypoxic regions while remaining rela-
tively nontoxic in well-oxygenated regions (19). Using the same
hypoxia-targeting moiety as 18F-FMISO, evofosfamide is com-
posed of a hypoxia-sensitive nitroimidazole trigger covalently
linked to a cytotoxic bromo-isophosphoramide mustard (18).
Evofosfamide is reduced at the nitroimidazole group, leading,
under hypoxic conditions, to release of the mustard toxin that
acts by alkylating and cross-linking DNA (18-21). Numerous
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studies have shown broad in vivo activity and efficacy of evo-
fosfamide both as monotherapy or in combination with other
chemotherapeutics in preclinical (18, 20-24) and clinical (19, 25,
26) studies.

Because there is substantial heterogeneity in the develop-
ment and extent of tumor hypoxia, combined with differences in
tumor perfusion, 18F-FMISO PET imaging could help select po-
tential patients who would benefit from hypoxia-targeted treat-
ments. Preclinically, 2 commonly used rat glioma models—C6
glioblastomas and 9L gliosarcomas—have markedly different
levels of hypoxia and perfusion. In particular, C6 tumors tend to
be less vascular and more hypoxic, whereas 9L tumors are more
vascular and less hypoxic (27-31). On this basis, C6 tumors,
compared with 9L tumors, are expected to be more responsive to
evofosfamide. In this study, the perfusion and hypoxia levels in
C6 and 9L tumors were determined using 18F-FMISO PET. In
addition, C6 and 9L tumor response to evofosfamide treatment
was assessed.

MATERIALS AND METHODS
Animals Methods
All animal studies were performed in accordance with National
Institutes of Health Institutional Animal Care and Use Commit-
tee protocols. For all procedures and imaging, the animals were
immobilized in a stereotactic head holder. Anesthesia was in-
duced using 3%–5% isoflurane in air and maintained with
1%–2.5% isoflurane in air. Body temperature was maintained at
38°C using forced warm air. Two rat tumor models were used to
provide a range of tumor hypoxia (C6 glioblastomas are rela-
tively hypoxic and 9L gliosarcomas are more normoxic) (29).
Male Fischer and Wistar rats (Harlan Laboratories, Indianapolis,
Indiana) were inoculated with 1 � 105 9L and C6 glioma cells
(American Type Culture Collection, Manassas, Commonwealth
of Virginia), respectively, at 1 mm anterior and 3 mm lateral to
the bregma, with a depth of 4 mm from the dural surface.
Imaging was performed after 14 days. During imaging, the rats
were anesthetized with isoflurane in air. The animals were sep-
arated into 2 cohorts—one to assess tumor perfusion and hyp-
oxia with 18F-FMISO (cohort 1) and one to assess treatment
response to evofosfamide (cohort 2).

Hypoxia Imaging (Cohort 1)
A day before PET imaging, intravenous jugular and arterial
catheters were inserted for PET contrast administration and
PET blood sampling, respectively. PET data were collected

with a microPET Focus 220 system (Concorde Microsystems
Inc., Knoxville, Tennessee). Dynamic 18F-FMISO PET (42 time
frames/2 h) began simultaneously with bolus injection of
�1.2 mCi (range 1.0–1.4) 18F-FMISO. The reconstructed PET
time frames (frames � seconds) were 12 � 10, 8 � 15, 4 � 30,
3 � 60, 3 � 120, 5 � 300, 5 � 600, and 2 � 900 seconds (for
a total of 2 hours). To determine the arterial input function,
19 blood samples of 80 �L each were drawn from the arterial
catheter into heparinized tubes, with the first 7 blood samples
drawn as quickly as possible in the first 90 seconds of PET
imaging and the last 12 blood samples drawn at 2, 4, 6, 8, 12,
20, 30, 45, 60, 75, 90, and 120 minutes after injection. Plasma
radioactivity was measured using a well counter and then
decay-corrected to the time of injection.

Drug Treatment (Cohort 2)
Evofosfamide (Threshold Pharmaceuticals, Inc., South San
Francisco, California) dosing solution was prepared immedi-
ately before treatment at a concentration of 10 mg/mL in
sterile saline. In particular, the evofosfamide solution was
vortexed for 1 minute, followed by sonication at 45°C for 30
minutes, and then vortexed every 10 minutes until the solu-
tion was clear. This solution was filtered through a 0.2-�m
filter before intraperitoneal injection. Following pretreatment
imaging, treatment with evofosfamide (50 mg/kg; treated
group: C6, n � 8; 9L, n � 6) or sterile saline (control group:
C6, n � 8; 9L, n � 6) was performed once daily for 4 days.
Post-treatment imaging was performed 1 day after the final
treatment (4 days after pretreatment).

Magnetic Resonance Imaging Methods (Cohorts
1 and 2)
Magnetic resonance imaging (MRI) was performed at 4.7 T
(Agilent, Santa Clara, California). Anatomical imaging was per-
formed using a T2-weighted fast-spin echo MRI imaging with
the following parameters: relaxation time � 2 seconds, echo
time � 80 milliseconds, averages � 12, scan time � 3 minutes
16 seconds, field of view � 36 � 36 mm2, section thickness � 1
mm, and acquisition matrix � 128 � 128 with at least 8 sections
(up to 16 sections, as needed). For cohort 1, anatomical images
were acquired on the same day as PET imaging. For cohort 2,
anatomical images were acquired on the same day as the initial
treatment time point (day 0) and 1 day after the final treatment
(day 4).

Figure 1. Chemical structures of
18–fluoromisonidozole (18F-
FMISO) (A) and evofosfamide (TH-
302) (B).
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Postprocessing and Analysis (Cohorts 1 and 2)
Image registration was performed using an automated rigid
registration algorithm built in-house (Matlab, MathWorks Inc.,
Natick, Massachusetts), and all registrations were manually ver-
ified following registration. For cohort 1, the PET images were
initially registered to computed tomography (CT) images, as PET
and CT were acquired consecutively using the same animal bed.
The CT image was then registered to the magnetic resonance
(MR) images (acquired on a separate animal bed), and the result-
ing transformation matrix was used to register the PET images to
the MR images.

The PET data were converted to percentage injected dose per
gram of tissue (%ID/g). Perfusion can be determined from the
time–activity curves immediately after 18F-FMISO injection.
Perfusion was calculating by linear fitting the time–activity
curves to obtain the early slope (0–60 seconds) of 18F-FMISO
uptake (6, 10). As 18F-FMISO uptake in hypoxic tissues increases
over time, a positive late slope (eg, between 1 and 2 hours after
injection) can serve as a marker for tumor hypoxia (10, 32, 33).
In contrast, normal tissue exhibits decreasing or constant signal
at later time points, resulting in zero or negative late slope. The
late slope was calculated by linear fitting the time–activity
curves from 1 to 2 hours after injection.

As C6 tumors exhibited a wide range of tumor sizes, the
effects of tumor size on hypoxia and treatment response were
further explored. C6 tumors of cohort 1 were split into groups
with tumors sized �25 mm3 (n � 3) and between 25 and 100
mm3 (n � 5). Similarly, C6 tumors of cohort 2 were split into
groups with tumors sized �25 mm3 (n � 2), tumors sized
between 25 and 100 mm3 (n � 3), and tumors sized �100
mm3 (n � 3). The size distribution of 9L tumors was much
smaller.

Statistical Analysis
Data analysis was performed on regions of interest (ROIs) that
were initially drawn from anatomical MRI images. For cohort 1,
ROIs were drawn in the tumor core and in normal-appearing
contralateral rat brain, and these MR-based ROIs were then
transferred to the registered PET images for analysis. For cohort
2, tumor ROIs were drawn on the blinded pre- and post-treat-
ment anatomical images. Tumor volume was measured using
these MR-based ROIs. Linear tumor growth rates were also
calculated from the pre- and post-treatment tumor sizes. Results
are presented as means � standard deviation for rats in each
group. Individual groups were statistically compared using
paired and unpaired Student t test. Results were considered
significant at P � .05.

RESULTS
Analysis of Perfusion and Hypoxia in C6 and 9L Tumors
Representative dynamic 18F-FMISO curves are shown in
Figure 2 for C6 and 9L tumor models and contralateral nor-
mal brain. The perfusion component taken from the first
minute following injection was only slightly higher in the C6
tumor compared with that in the contralateral normal tissue,
whereas the 9L tumor showed substantially higher perfusion
than the normal tissue. At later time points, between 1 and 2
hours after injection, the time–activity curve in C6 tumor ROI

steadily increased, whereas the time–activity curves in the 9L
tumor and both contralateral normal tissue ROIs remained
flat or was decreasing.

The corresponding anatomical MRI, PET perfusion, and PET
hypoxia images in Figure 2 show clear differences in perfusion
and hypoxia between C6 and 9L tumors (indicated by the ar-
rows). C6 tumors had slightly higher perfusion than the con-
tralateral normal tissue, whereas 9L tumors were characterized
by much higher perfusion compared with both C6 tumors and
the contralateral normal tissue. The C6 tumor exhibited regions
of hypoxia, as identified by a highly positive late slope, whereas
9L tumor appeared normoxic. Two disparate regions in the C6
tumor are evident—one showing higher perfusion and substan-
tial hypoxia (indicated by the arrow) and one showing limited
perfusion and hypoxia (indicated by the arrowhead). The 9L
tumor exhibited perfusion “hotspots” and hypoxia image con-
trast consistent with the normal tissue.

C6 and 9L tumor voxels from each rat were combined to
determine the regional heterogeneity of perfusion and hypoxia
within each tumor type. The boxplots in Figure 3 show the
voxelwise perfusion (A) and hypoxia (B) for C6 and 9L tumors
(combining all voxels from 8 C6 and 6 9L tumors), respectively.
9L tumors showed a wider range of perfusion values, with higher
median perfusion, compared with C6 tumors (0.59 vs 0.36%ID/
(g · min)) (Figure 3A). The blue markers indicate the median
values for each tumor (C6, n � 8; 9L, n � 6). In addition to a
wider voxelwise range for 9L tumors, the median perfusion
for each tumor showed greater heterogeneity (C6: median
range, 0.29–0.42%ID/(g · min); 9L: 0.33–0.84%ID/(g · min)).
Conversely, C6 tumors showed a slightly wider range of
hypoxia values (Figure 3B), with both tumor types spanning
hypoxic and normoxic late-slope values. For C6 tumors, late
slopes between�1.2e-3 and 2.8e-3%ID/(g · min) comprise the
25th to 75th percentile, whereas for the 9L tumor, late slopes
between �2.7e-3 and 0.9e-3%ID/(g · min) comprise the 25th
to 75th percentile. C6 tumors tend to have higher median
hypoxia compared with 9L tumors (0.74e-3 vs �0.96e-
3%ID/(g · min)), with most tumors showing positive median
late slopes (5 of 8 C6 tumors).

The hypoxia and perfusion values for each rat are shown in
the plot in Figure 4A. C6 tumors (black “x”, n � 8) exhibited
considerably more hypoxia (higher late slope, y-axis) than the
contralateral normal tissue (gray “x”), with 6 of the 8 tumors
having mean positive late slope values. 9L tumors (black circles,
n � 6) had similar late slope values to contralateral normal
tissue (gray circles). Perfusion in C6 and 9L tumors was higher
than that in the normal tissue. There was no significant corre-
lation between perfusion and hypoxia in either tumor type.
Overall, both C6 and 9L tumors had significantly higher
perfusion than normal tissue (P � .0005 and 0.02, respec-
tively) (Figure 4B). C6 and 9L tumors did not have signifi-
cantly different perfusion (P � .07). The normal tissue per-
fusion was not significantly different between C6 and 9L
groups (P � .18). C6 tumors were significantly more hypoxic
than the contralateral normal tissue (P � .0003) and 9L
tumors (P � .00005) (Figure 4C). Late slopes in 9L tumors
were not significantly different from those in normal tissue
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(P � .3). The normal tissue late slopes were not significantly
different between the groups (P � .93).

Determination of Treatment Response to Evofosfamide
Figure 5A shows the pre- and post-treatment tumor volumes for
C6 (n � 8) and 9L (n � 6) tumors. The tumor volumes were not
significantly different before treatment between the treated and
control groups for either tumor type, although C6 tumors had
substantially wider range of pretreatment tumor volumes in
both the treated (range, 9.0–204 mm3) and control groups
(range, 11.5–131.4 mm3). 9L tumors had a much smaller pre-
treatment size range (8.6–21.7 and 4.6–32.3 for treated and
untreated groups, respectively). At the post-treatment time
point, the control groups had larger tumors than the treated
groups, with significant differences for 9L tumors (P � .002).

Because of the wide range of pretreatment tumor sizes in C6
groups, tumor volume was not significant at the post-treatment
time point. Post treatment, C6 tumor volumes ranged from 15.9
to 245 mm3 for the treated group and from 38.2 to 328.3 mm3

for the untreated group. 9L post-treatment tumor volumes
ranged from 34.6 to 77.5 for the treated group and 82.2 to 141.4
mm3 for the untreated group.

To account for differences in pretreatment tumor size, linear
tumor growth rates were calculated for each group (Figure 5B). The
mean (� standard deviation) growth rates were 6.5 (�4.2) mm3/d
and 25.8 (�16.6) mm3/d for C6 treated and control rats, respec-
tively, and 10.5 (�3.7) mm3/d and 23.1 (�4.7) mm3/d for 9L treated
and control rats, respectively. Growth rates in the treated group
were significantly smaller than those in the control group (P � .007

Figure 2. Dynamic 18–fluoromisonidozole positron emission tomography (18F-FMISO PET) time courses in plasma, tu-
mor, and brain regions of interest (ROIs) for rats inoculated with C6 (top left) and 9L (bottom left) tumors. Hypoxia is
obtained from the slope of uptake from 1–2 hours after injection. Inset shows first minute of time courses, indicative of
perfusion. Example anatomic magnetic resonance imaging (MRI) (top), PET perfusion (middle), and PET hypoxia (bottom)
images in C6- and 9L-bearing rats, where the arrows indicate tumor locations.
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and P � .0005 for C6 and 9L, respectively). Accordingly, treatment
with evofosfamide resulted in 4- and 2-fold decreases in the tumor
growth rates of C6 and 9L tumors, respectively.

As hypoxia levels in C6 tumors are expected to be pro-
portional to the tumor size (27), we further investigated the
role of tumor size on both perfusion and hypoxia in cohort 1
and on treatment efficacy in cohort 2. Figure 6A shows that
both size groups had significantly different perfusion relative
to the normal tissue (P � .03 and 0.01 for the �25 mm3

tumors and 25–100 mm3 tumors, respectively), although the
level of perfusion did not depend on size (P � .8). Both size
groups also had significant levels of hypoxia relative to the
normal tissue (P � .04 and 0.001 for the �25 mm3 tumors

and 25–100 mm3 tumors, respectively) (Figure 6B). In addi-
tion, tumors sized 25–100 mm3 had showed significantly
more hypoxia than tumors sized �25 mm3 (P � .0007). Given
the dependence of hypoxia on tumor size, Figure 6C shows
the different responses to hypoxia-activated treatment based
on initial tumor size. The smallest tumors (�25 mm3) had
slightly smaller tumor growth rates for the treated group
compared with those in the control group, but these differ-
ences were not statistically significant. Conversely, the larger
tumors (�25 mm3) showed significantly smaller tumor
growth rates in the treated group compared with those in the
control group (P � .005 and 0.04 for the 25–100 mm3 and
�100 mm3 groups, respectively).

Figure 3. Boxplots showing the voxelwise tumor perfusion (A) and hypoxia (B) for C6 and 9L tumors (voxels from 8 C6
tumors and 6 9L tumors). Blue marker indicates the median values for each tumor (B) (C6, n � 8; 9L, n � 6).

Figure 4. Scatter plot showing mean hypoxia and perfusion for each rat in both tumor and contralateral normal brain
(C6 tumor and normal, n � 8; 9L tumor; normal, n � 6) (A). Boxplots for perfusion (B) and hypoxia (C) in C6 and 9L
tumors and contralateral normal brain, with diamond markers indicating the mean (B–C). **P � .01 and *P � .05.

Hypoxia Imaging With PET Correlates With Antitumor Activity of TH-302

TOMOGRAPHY.ORG | VOLUME 2 NUMBER 3 | SEPTEMBER 2016 233

http://www.TOMOGRAPHY.ORG


DISCUSSION
Hypoxia develops from an imbalance between the supply and
consumption of oxygen. Two notable causes of hypoxia are
perfusion deficits (acute hypoxia) and oxygen diffusion deficits
(chronic hypoxia). Acute hypoxia is associated with abnormal
tissue microvasculature and is highly unpredictable. Under
chronic hypoxia, tumor cells adapt to the hypoxic microenvi-
ronment by upregulating prosurvival proteins; these proteins
are associated with increased angiogenesis, proliferation, inva-
sion, and metastases. Although 18F-FMISO could potentially
report on either acute or chronic hypoxia (34), it appears likely

that the major source of 18F-FMISO signal results from chronic
hypoxia (35). Similarly, evofosfamide could be sensitive to ei-
ther acute or chronic hypoxia, and recent work has proposed
inducing acute hypoxia to improve the efficacy of evofosfamide
(36, 37). Another promising alternative would be to combine
evofosfamide and a general chemotherapeutic agent to provide
more uniform tumor cell death across hypoxic and normoxic
tumor regions (22).

Perfusion can have a profound effect on drug efficacy, as
access to tumor cells for chemotherapeutic drugs may be limited
in the presence of perfusion deficits (13). Previous studies have

Figure 5. Mean tumor volume pretreatment and 4 days after treatment initiation (mm3), with error bars indicating stan-
dard error of the mean (SEM) (A). Boxplots for linear tumor growth rate (mm3/d, right) for C6 and 9L treated and con-
trol groups (B). **P � .01.

Figure 6. Bar plots showing perfusion (A) and hypoxia (B) in C6 tumors separated by tumor size and the correspond-
ing contralateral normal brain (n � 3 for tumors sized �25 mm3 and n � 5 for tumors sized between 25 and 100
mm3). Bar plot showing linear tumor growth rate (mm3/day) in C6 tumors separated by tumor size for evofosfamide-
treated and vehicle-control groups (n � 2 for tumors sized �25 mm3, n � 3 for tumors sized between 25 and 100
mm3, and n � 3 for tumors sized �100 mm3) (C). **P � .01 and *P � .05.
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hypothesized that dynamic PET imaging during the initial bolus
injection reports on contrast agent delivery and distribution and
is thus related to perfusion (6, 10, 11). In particular, early
18F-FMISO PET images have shown reasonable correlations with
15O-H2O PET (6) and dynamic contrast-enhanced MRI (10) per-
fusion measurements. The ability to inform on both perfusion
and hypoxia within a single scan is clinically advantageous, as
combined measurements may be more predictive of outcomes
than individual measurements (11). In this study, hypoxia had
no significant correlation with perfusion in either tumor type, as
observed in other studies (6, 10, 11).

In this study, we used dynamic 18F-FMISO PET to determine
perfusion and hypoxia characteristics in C6 and 9L tumors.
Although there are alternative hypoxia imaging methods avail-
able (eg, other PET tracers, electron paramagnetic resonance,
and MRI), (15, 38-40), 18F-FMISO was chosen for this study
because it shares the nitroimidazole-targeting moiety with evo-
fosfamide. Dynamic imaging was used so that the temporal
characteristics of the tracer flux through the tissue could be
leveraged to estimate perfusion and hypoxia. In the case of
hypoxia, the use of static images (eg, 1 hour after injection) may
be confounded by high tracer delivery, which can yield regions
of high PET signal even under normoxic conditions. Pharmaco-
kinetic modeling of the data may provide more quantitative
hypoxia and perfusion measures, with moderate additional
computational expense. Pharmacokinetic modeling was not
performed in this study because of the limited signal-to-noise
ratio and input function requirements.

We observed substantial microregional heterogeneity in tumor
hypoxia using voxelwise analysis. Both C6 and 9L tumor types
exhibited both positive and negative late slopes, although the mean
late slope was indicative of hypoxia in only C6 tumors. The higher
average 18F-FMISO retention in C6 tumors compared with that in
9L tumors is in good agreement with previous reports using elec-
tron paramagnetic resonance (29) and static late 18F-FMISO images
(27). In C6 tumors, regional 18F-FMISO heterogeneity was observed
using autoradiography and was found to be consistent with the ex
vivo pimonidazole staining distribution (41).

Based on previous reports of mean tumor partial pressure
of oxygen (pO2) for C6 and 9L tumors (12–14 and 30–32
mmHg, respectively) (29), 9L tumors were expected to re-
spond less to hypoxia-activated treatment with evofosf-
amide. Despite the lack of overall tumor hypoxia in the
18F-FMISO data, 9L tumors also responded favorably to evo-
fosfamide treatment. Microscopic regions of hypoxia distrib-
uted throughout a predominantly normoxic tumor would
likely exhibit relatively normal 18F-FMISO uptake overall,
particularly given a PET scan’s relatively low resolution and
partial voluming effects. However, these regions would still
be impacted by evofosfamide, which could impact the tumor’s
growth rate. In addition, 9L tumors in the present study
exhibited higher perfusion compared with C6 tumors, which,
although not significant, is consistent with higher MRI-based
blood volume measurements (27) in 9L tumors. Given the
high 9L tumor perfusion, evofosfamide efficacy may be im-
proved by increasing the delivery of the cytotoxic moiety to
nearby well-oxygenated cells, under the so-called bystander
effect.

One potential drawback in this study was the absence of
validation of evofosfamide efficacy using C6 and 9L cell cul-
tures. Perfusion and hypoxia are not the only modulators of
antitumor activity, which also depends on the presence of in-
tracellular reductases needed to activate evofosfamide and the
tumor-specific molecular mechanism to effectively repair DNA
damage (21, 23). Thus, other contributing factors may have
played a role in the observed antitumor activity in this study.
Another drawback was the observed size heterogeneity of C6
tumors. To overcome this limitation, C6 tumors were considered
as a whole and grouped by size. As hypoxic volume in C6 tumors
was previously shown to be proportional to overall tumor vol-
ume (27), we investigated whether the severity of hypoxia was
influenced by size. The results showed that the severity of
hypoxia is dependent on tumor size, whereas that of perfusion is
not. In addition, the treatment response in C6 tumors varied with
tumor size. Overall, the more hypoxic C6 tumors had a larger
response to evofosfamide compared with 9L tumors, as evi-
denced by the larger reduction in tumor growth rate compared
with the control group.

As tumor hypoxia and perfusion are spatially heteroge-
neous, the treatment response is expected to vary spatially in
tumors. In the present study, PET data were acquired in a
separate cohort of animals from the treatment cohort (to limit
the total amount of time each animal spent under anesthesia).
To evaluate local response heterogeneity, on a voxel-by-
voxel basis, additional imaging techniques sensitive to tumor
cell density (eg, diffusion weighted imaging [DWI]), prolifer-
ation (eg, 3=-deoxy-3=-18F-Fluorothymidine), or apoptosis
(eg, 99mTc-Annexin V) could be incorporated into the study.
In particular, DWI may be sensitive to early response to
cytotoxic drugs, before changes in tumor volume. However, a
previous study observed no change in diffusion characteris-
tics with evofosfamide treatment, suggesting that DWI is not
sensitive enough to the hypoxic cell fraction changes induced
by evofosfamide (23). In contrast, that same study observed a
significant change in permeability following evofosfamide
treatment, suggesting that an approach that includes a per-
fusion or permeability component may be a useful biomarker
for evofosfamide treatment response. Overall, a multipara-
metric approach would provide a far more comprehensive
assessment of tumor treatment response and may help clini-
cians better manage subsequent treatment options (eg, sur-
gical planning or stereotactic radiosurgery).

In conclusion, hypoxia is an important factor in the
progression of brain tumors and is associated with poor
treatment response. Hypoxia can be imaged noninvasively
using dynamic 18F-FMISO-PET, with the added benefit of
complementary perfusion information. C6 tumors were found
to be more hypoxic overall than 9L tumors, whereas 9L
tumors exhibited microregional hypoxia and higher overall
perfusion than C6 tumors. Evofosfamide is a promising hy-
poxia-activated prodrug and showed a significant effect on
tumor growth rates in the 2 glioma tumor models mentioned
in this study. The less hypoxic 9L tumors showed favorable
response to evofosfamide, likely because of regional hypoxia
and increased perfusion, although the reduction in tumor
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growth rates was less than that in the growth rates of C6
tumors. In C6 tumors, both hypoxia characteristics and treat-
ment response were modulated by tumor size, with higher
severity of hypoxia and greater treatment response in larger

tumors. Evofosfamide is expected to predominately affect
hypoxic tumor regions—which likely vary spatially—high-
lighting the need for spatially sensitive measures of hypoxia
and treatment response.
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