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Abstract Purpose:Hypoxia is associatedwith resistance to radiotherapy and chemotherapy and activates
transcription factors that support cell survival and migration.Wemeasured the volume of hypoxic
tumor and the maximum level of hypoxia in glioblastoma multiforme before radiotherapy with
[18F]fluoromisonidazole positron emission tomography to assess their impact on time toprogres-
sion (TTP) or survival.
Experimental Design:Twenty-two patients were studied before biopsy or between resection
and starting radiotherapy. Eachhada 20-minute emission scan 2 hours after i.v. injectionof 7mCi
of [18F]fluoromisonidazole.Venous blood samples taken during imaging were used to create
tissue tobloodconcentration (T/B) ratios.The volume of tumor withT/B values above1.2defined
the hypoxic volume (HV).MaximumT/B values (T/Bmax) were determined from the pixel with the
highest uptake.
Results: Kaplan-Meier plots showed shorter TTP and survival in patients whose tumors
contained HVs or tumorT/Bmax ratios greater than themedian (P V 0.001). In univariate analyses,
greater HVor tumorT/Bmax were associatedwith shorter TTPor survival (P < 0.002).Multivariate
analyses for survival andTTP against the covariates HV (orT/Bmax), magnetic resonance imaging
(MRI) T1Gd volume, age, and Karnovsky performance score reached significance only for HV
(or T/Bmax; P < 0.03).
Conclusions:The volume and intensity of hypoxia in glioblastomamultiforme before radiothera-
py are strongly associatedwith poorer TTPand survival.This type of imaging could be integrated
into new treatment strategies to target hypoxia more aggressively in glioblastomamultiforme and
could be applied to assess the treatment outcomes.

Hypoxic tumor cells are resistant to ionizing radiation and
chemotherapy relative to well-oxygenated cells (1–3). For
several human cancers, it has been shown that low oxygen
tension is associated with persistent tumor following radio-
therapy and the subsequent development of local recurrences
and metastases (4–6). Spontaneous necrosis in glioblastoma
multiforme is a frequent finding and is thought to result from
diffusion-limited hypoxia (7). Solid proof that glioblastomas
contain hypoxic regions came from Rampling et al. (8) who
used polarographic electrodes to show that 9.5% to 68.5%

(median 39.5%) of pO2 measurements at multiple sites in
tumors from 10 patients yielded values <2.5 mm Hg.

Evans et al. (9) reported similar results from electrode
measurements but could not establish a relationship between
hypoxia measured with needle electrodes and tumor grade.
Needle electrode studies are invasive and limited to accessible
tumor sites. They provide limited regional information and
only indirectly suggest a relationship to tumor grade and
survival. Also, needle electrode studies are not easily repeatable
or amenable to routine clinical application.

The discovery in the mid 1980s that some radiosensitizing
drugs (e.g., misonidazole) are selectively bound to molecules
in viable hypoxic cells in vitro and in vivo attracted interest not
only from radiation biologists but also from the nuclear
medicine specialists (10, 11). Early studies showed that
fluoromisonidazole binds stably in the same populations of
hypoxic cells as misonidazole, leading to the conclusion that
[18F]fluoromisonidazole (FMISO) is useful as a noninvasive
hypoxia imaging agent with positron emission tomography
(PET; ref. 11). Its binding is proportional to the level of
hypoxia and substantial retention occurs at oxygen levels of
3 mm Hg and below (12), although some estimates suggest
binding at levels as high as 10 mm Hg (13). This is the same
pO2 range over which the oxygen enhancement ratio of
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radiation changes from 3 (above 10 mm Hg) to 1 (below
1 mm Hg; ref. 14).
Hypoxia at these levels is sufficient to cause significant

radioresistance and to increase activity of the important
transcription factor, hypoxia-inducible factor-1 (HIF1). The
HIF1a subunit survives ubiquitination as oxygen concentration
decreases, leading to heterodimerization with HIF1h to form
HIF1, which binds to hypoxia response elements of f100
genes whose protein products increase oxygen availability or
help adapt to insufficient levels of oxygen (15). These include
genes for vascular endothelial growth factor (VEGF), glycolytic
enzymes, glucose transporters, carbonic anhydrase 9, erythro-
poietin, insulin like growth factor II, and insulin-like growth
factor binding proteins (15–17). Thus, hypoxia via multiple
downstream effects imposes a significant barrier to successful
therapy for many cancers, including glioblastoma multiforme.
The hypothesis for this report is that the burden of hypoxic

tissue in glioblastoma multiforme quantified regionally with
FMISO PET as either hypoxic volume (HV) or maximum tissue
to blood concentration ratio (T/Bmax) is inversely related to
time to tumor progression (TTP) and survival. This has long
been suspected and is supported by the following results.

Materials andMethods

Patients. This work focuses on 22 patients, all with glioblastoma
multiforme, studied with FMISO PET either before or after biopsy
alone, or after resection before treatment with radiotherapy. The imaged
tumors therefore represent all the disease present at the time preceding
radiotherapy (i.e., that left following surgery). There were 13 males and
9 females, age range 41 to 77 years, median 56. Karnovsky performance
scores (KPS) ranged from 60 to 100, median 70. The patients were
recruited from the University of Washington Medical Center, Harbor-
view Medical Center, and the Veterans’ Administration Puget Sound
Health Care System. All signed informed consent approved by the
Investigational Review Board and Radiation Safety committees.

The majority of patients received 59.4 to 61.2 Gy standard external
beam fractionated radiotherapy after the FMISO imaging. One patient
died before starting radiotherapy; one received only one fraction of
1.8 Gy; and one received only 30 Gy. Two patients received 15 neutron
Gy followed by 14.4 photon Gy radiotherapy (18). Fifteen patients
received temozolomide chemotherapy and one received carmustine
[1,3-bis(2-chloroethyl)-1-nitrosourea]. Eighteen patients were receiving
dexamethasone at the time of the FMISO study. TTP and survival were
calculated from the date of diagnostic surgery. Progression was defined
by MRI criteria (19).

PET imaging. Patients were imaged in the supine position with
head immobilization achieved by using a moldable thermoplastic
mask. All PET scans were done on an Advance tomograph (G.E. Medical
Systems) operating in three-dimensional, high-resolution mode with
35 imaging planes covering a 15-cm axial field of view. Performance
characteristics of the tomograph have been published elsewhere (20).
Attenuation scans with a Ge-68 rotating sector source were also
obtained. All emission images were reconstructed with a Hanning filter
after corrections for scatter, singles, and random events, resulting in a
reconstructed spatial resolution of f6 mm (20). The tomograph is
regularly calibrated to convert cpm/pixel to ACi/mL using large vials
containing known activities of 18F imaged separately from the patient
and reconstructed using the same filter as the emission images.

FMISO protocol. [18F]FMISO was prepared by a modification of the
method of Lim and Berridge (21, 22). Venous access lines were placed
in each arm, one for FMISO injection and the other for blood sampling.
Patients were injected i.v. with 3.7 MBq/kg (0.1 mCi/kg) of [18F]FMISO

(maximum 260 MBq, 7 mCi). A single field-of-view emission scan from
120 to 140 min postinjection and an attenuation scan (25 min) of the
brain with tumor were obtained. The acquired imaging data were
reconstructed to determine the tumor HV as described below. During
emission tomography, four venous blood samples were obtained at
intervals of 5 min. Whole blood samples of 1 mL each were counted in
a Cobra multichannel gamma well counter (Packard Corp.) that is
calibrated each week in units of cpm/ACi. Blood activity was averaged
and then expressed as ACi/mL decay corrected to time of injection.

Image analysis. MRIs were coregistered with the FMISO images to
delineate tumor and brain regions of interest (ROI). These regions of
interest were drawn using Alice imaging software (HIPG) over the entire
tumor volume. FMISO images and blood activity data were decay
corrected to the time of injection and converted to ACi/mL. The FMISO
image data were divided by the average blood value to produce tissue/
blood (T/B) values. This allowed a pixel-by-pixel calculation of T/B
activity ratios for all image planes. The number of pixels in the tumor
volume with a T/B ratio z1.2, indicating significant hypoxia, was
determined and converted to milliliter units to measure the HV.
Because FMISO has a partition coefficient of 0.41 in normal oxygenated
tissues, the concentrations in tissue and blood rapidly equilibrate and
are essentially identical a short time after injection (23). The cutoff
ratio of 1.2 was based on T/B ratios previously measured with the
G.E. Advance tomograph in normal brain and muscle where >90% of
the values fell below 1.1 (24). This very simple analysis is one of the
strengths of the FMISO study. In each tumor region, we also located the
pixel with the maximum T/B ratio and included this variable, T/Bmax, in
our analysis. HV depicts the volume of tumor that has crossed the
threshold for hypoxia and T/Bmax depicts the magnitude of the hypoxia.

MRI images in 17 patients whose scans were within 2 wk of the
FMISO images were processed for measuring the volumes of T0, T1Gd,
and T2 by standard methods.7 T0 represents the hypointense necrotic
volume on T1 images; T1Gd includes all the contrast enhancing volume
associated with blood-brain barrier disruption excluding the necrotic
volume; and T2 is all the tumor within the bounds of T2 including the
T0 and T1Gd volumes. T2-T0 therefore amounts to all of the
nonnecrotic tumor detected by MRI.

Immunocytochemistry analysis. From the first 19 patients of this
report, paraffin sections of the tumor specimens were processed for
immunocytochemistry for the following: VEGF, HIF1a, Ki67 antigen,
and p53. These were sectioned, deparaffinized, rehydrated, and then
treated in 3% hydrogen peroxide to block endogenous peroxidase
activity. Slides were subjected to antigen retrieval by heating in Target
Retrieval Solution (pH 6; DAKOCytomation), followed by a rinse
with dH2O and then TBS. The primary antibody was diluted
appropriately (1:500 for VEGF, 1:1,000 for HIF1a in blocking buffer;
DAKO Corp.) and incubated overnight at 4jC. Following several TBS
washes, slides were loaded to a DAKO Autostainer and detected with
CSA II reagents (DAKO-Cytomation) according to manufacturer’s
specifications (horseradish peroxidase–conjugated anti-mouse, ampli-
fication reagent, anti– fluorescein-horseradish peroxidase, and finally
3,3¶-diaminobenzidine chromogen).

The slides were scored by a trained pathologist using a four-point
system for stain intensity: 0, 1, 2, and 3 (for no staining, light, medium,
or dark staining). The staining pattern was scored by assigning it to
three rather broad categories without numerical value: rare/focal
(0-25% tumor cells stained), variable (25-75% stained), and uniform
(>75% stained; ref. 25). Additionally, both stain intensity and stain
pattern were assigned numerical scores according to the algorithm of
Allred and colleagues (26, 27). The overall intensity is scored the same
as above, with values from 0 to 3. The scoring for extent of stain is given
a numerical value, and is divided into six categories rather than three:
no stain, 0; V1/100 cells stained, 1; V1/10 cells stained, 2; V1/3 cells

7 Swanson et al., in preparation.
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stained, 3, V2/3 cells stained, 4; and all cells stained, 5. The advantage
of using the Allred scoring system is that the scores from the two
categories (intensity and extent of positive stain) can be combined into
a single value, allowing for correlations with other important criteria
such as disease progression.

Statistical analysis. Survival and TTP in months were the outcomes
in the analysis. These were calculated from the date of surgery and the
most recent follow-up information. Progression was defined by MRI
criteria (19). All analyses were completed with standard censoring
procedures for survival analysis (28). The chief prognostic variables
considered in the analysis were FMISO HV and T/Bmax; age; KPS; extent
of resection; and the MRI volumes, T0, T1Gd, T2, and T2-T0.

For univariate analyses, Cox regression was used to assess the
significance of individual variables using log-rank tests. Kaplan-Meier
curves were plotted to compare TTP and survival in the patients above
versus below the median values for the HV, T/Bmax, and the MRI
volumes.

For multivariate analyses, the relation between survival or TTP and
the set of measured prognostic factors was evaluated using the standard
Cox proportional hazards regression analysis. This analysis permits an
examination of the influence of the PET measures while controlling for
the effects of other potential prognostic factors. The continuous
variables in the multivariate analysis included HV; T/Bmax; age; KPS;
and MRI T0, T1Gd, T2, and T2-T0. Sex, extent of resection, and
immunocytochemistry intensities for VEGF, HIF1a, Ki67, and p53 were
entered as categorical variables.

Results

All patients had glioblastoma multiforme by WHO criteria.
Twenty-one of 22 patients had necrosis, as shown on the
pathology review. The one patient lacking necrosis had only a
biopsy. By imaging with MRI T1 plus gadolinium, there was a
large conspicuous necrotic center in this patient’s tumor. The

patient age, sex, KPS, extent of resection, radiotherapy history,
TTP, survival, HV, and T/Bmax are shown in Table 1. At the time
of this report, 18 patients had succumbed and 20 had shown
tumor progression.

Representative images. Figure 1 shows two patients at the
extremes of HVs in this series to illustrate the quality of the
FMISO images. MRI T1Gd images are included.

Statistical analysis. Kaplan-Meier plots showed shorter
survival and TTP in patients whose tumors contained HVs
or tumor T/Bmax ratios greater than the median (HV 12.8 cm3,
T/Bmax 2.06; P < 0.0005; Fig. 2). Similar plots showed that the
T1Gd volume was associated with worse survival (P = 0.05) but
not TTP (P = 0.15). T0 and T2 Kaplan-Meier plots are not
shown because these showed no significant association with
TTP or survival in this type of analysis.

In univariate Cox model regression analyses, greater HV or
tumor T/Bmax were associated with shorter TTP and survival
(all P < 0.003; Table 2). Age and T1Gd MRI volume were also
significant in the survival analysis, whereas age and KPS but not
T1Gd were significant in the TTP analysis. T0, T2, and T2-T0
MRI volumes and the extent of resection did not reach
significance in either the survival or TTP calculations.

A multivariate linear regression analysis was carried out
to assess the amount of information in the HV or T/Bmax

variables that could be explained by MRI volume measure-
ments. The results are shown in Table 3. T1Gd showed a
significant positive correlation with FMISO HV. There was no
additional information gained by including any other MR data
in this analysis and none of the MR volumes correlated with
tumor T/Bmax.

There are a variety of multivariate models that could be
considered for our data. Given the very modest sample size, it is

Table 1. Patient age, sex, performance status, extent of resection, radiotherapy history, TTP, survival,
T/Bmax, and HV

No. Age Sex KPS Extent of resection RT (Gy) TTP (mo) Survival (mo) T/Bmax HV (cm3)

1 49 F 80 GT 15 nGy + 14.4 Gy photon 5 5.4 2.0 6.3
2 47 F 100 GT 15 nGy + 14.4 Gy photon 9.5 13.4 1.2 0.1
3 63 M 90 Bx 59.4 3 3.8 4.2 50.4
4 44 F 80 ST 61.2 7.3 13.4 1.4 2.9
5 72 M 70 Bx 1.4 1.4 3.5 58.0
6 53 M 100 GT 61.2 10 13.6 1.6 5.3
7 55 F 70 Bx 59.4 3 4.4 3.0 129.3
8 65 M 60 ST 61.2 7 9.4 2.1 10.1
9 56 M 90 Bx 60.0 14 31.6* 1.6 12.8

10 73 M 60 Bx 59.4 3 7.3 2.9 46.9
11 54 F 70 GT 61.2 30c 30* 1.6 4.2
12 49 F 80 ST 61.2 5 15.8 2.0 15.2
13 65 M 60 ST 64.8 4.1 8.7 1.7 2.6
14 41 M 100 ST 61.2 15.4 22.4 2.0 11.2
15 68 M 60 Bx 58.8 2.6 4.6 3.2 70.6
16 53 F 70 Bx 61.2 2.7 12.3 2.1 12.9
17 70 M 70 Bx 61.2 13.9 19* 1.6 3.1
18 54 F 70 ST 52.0 1.9 4.1 2.8 98.2
19 76 M 60 Bx 30.0 1.2 2.5 2.2 32.5
20 75 M 70 ST 16.2 0.8 3.6 2.2 27.0
21 77 M 70 ST 1.8 1.1 1.5 3.0 86.6
22 56 F 90 GT 61.2 10.1c 10.1* 1.6 10.0

Abbreviations: RT, radiotherapy; GT, gross total; ST, subtotal; Bx, biopsy; nGy, neutron gray.
*Alive and censored.
cWithout progression and censored.
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clearly not reasonable to present all possible subsets. To
provide an examination of relative effects, we considered
models obtained by retaining terms that reached statistical
significance (at the 0.05 level) in either univariate survival or
TTP analysis. This lead to consideration of multivariate models
with FMISO (HV or T/Bmax), age, KPS, and T1Gd MRI volume
as factors. The results of these multivariate models for HV and
T/Bmax are presented in Table 4. The analysis confirms the
importance of FMISO HV and T/Bmax relative to T1Gd and the
known prognostic factors of age and KPS (P < 0.04). The failure
of T1Gd, age, and KPS to reach significance reinforces the
strength of the association between HV and T/Bmax and patient
outcome. The multivariate Cox model indicates that an increase
in HV on the order of 7 to 8 cm3 is associated with a 50%
reduction in survival or TTP. An increase in T/Bmax of 0.25
(or 0.35 for TTP) is associated with a 50% reduction in survival
(or TTP). Comparison between HV and T/Bmax models in terms
of the logarithm of the partial likelihood shows no clear
advantage for either method of quantifying the FMISO results.
Further data would be required to clarify this.
Immunocytochemistry results. Ki-67 immunocytochemistry

showed high intensity with a range of 5% to 60% positive
(median 35%). In the majority, the pattern was variable from
region to region. The p53 uptake was variable in intensity but
ranged from 0% (one patient) to 80% with a median of 30%.

In two tumors, there was uniform high-intensity staining, but
the majority showed a variable pattern from region to region.
HIF1a showed a pattern of high intensity in six, intermediate in
nine, and low in four cases with a percent uptake range of 1%
to 55%, median 28%. The intensity of uptake for VEGF was
high in 10 cases, intermediate in 6 cases, low in 2 cases, and
zero in 1 case. Three tumors showed a uniform distribution; 10
showed a variable distribution; and 5 showed a rare focal
pattern. These biomarker variables showed no statistically
significant correlations with HV or T/Bmax.

Discussion

From studies with experimental tumors, our current under-
standing of the level of hypoxia necessary to cause detectable
retention of FMISO is pO2 in the range of 2 to 3 mm Hg and
below (12). FMISO retention could underestimate the full
extent of radiobiologically significant hypoxia because there are
effects of hypoxia on radiation response in tissue in the range of
pO2 3 to 10 mm Hg. Also, retention of FMISO is affected by (a)
the time after injection that the images are acquired and
(b) losses of tracer and/or metabolites from the blood and
tissue of interest; however, these effects are minor when
retention is normalized to the blood level. Uptake is not
affected by the blood-brain or blood-tumor barriers because the

Fig. 1. A and B, a 55-y-old woman with a bifrontal
glioblastoma multiforme imaged after a biopsy.
A, MRI T1Gd showing a large contrast-enhancing
irregular ring-shaped tumor with a necrotic center.The
T0 volume was 20 cm3,T1Gd 80 cm3, andT2 167 cm3.
B, FMISO image through the same plane.The HV
was129 cm3 and the T/Bmax was 3.0. C and D, a
53-y-old man with a left temporal glioblastoma
multiforme imaged after a gross total resection. C, MRI
T1Gd showing only blood products and no residual
contrast-positive disease.The T0 volume was1cm3,
T1Gd 7 cm3, andT2 37 cm3. D, FMISO image through
the same plane.The HV was 5.3 cm3 and the T/Bmax

was1.6.
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partition coefficient is 0.41 nor is it affected by perfusion at the
2-hour postinjection time point (29, 30). Based on these
considerations and significant experience reported on FMISO
from other centers, FMISO retention validly approximates the
regional extent and severity of hypoxia in human and animal
cancers (24, 29, 31, 32).
This report of 22 patients, all with glioblastoma multiforme,

documents that the severity of hypoxic burden measured with
FMISO PET after initial surgical intervention significantly
impacts time to tumor progression and overall survival. As
Table 2 shows, assessments of HV or T/Bmax individually
against survival or TTP in the univariate Cox model all reached
significance at P < 0.003 or lower. Age and T1Gd of the MRI
variables were significant in relation to survival, whereas age

and KPS but not the MRI variables were significant in relation
to TTP. Multivariate analysis showed HV and T/Bmax to be
important variables strongly associated with survival and TTP
compared with the other potential variables, including age,
KPS, and the T1Gd MRI volume (Table 4). Together, these
results argue that FMISO PET measurements of hypoxia in
glioblastoma multiforme before radiotherapy quantify a very
important outcome variable and extend our understanding of
an important pathophysiologic process beyond what is shown
by conventional anatomic imaging.

The multiple regression results (Table 3) show a significant
correlation between HV and the MRI T1Gd volume; there is a
component of HV information that is associated with tumor
burden defined by MRI. However, this result with T1Gd does

Fig. 2. A and B, Kaplan-Meier plots of survival versus HVorT/Bmax show significantly worse survival in patients whose tumors had HVor T/Bmax values greater than the
median (P < 0.0005 and 0.0001respectively; n = 22).C andD, similar plots show that greater HVandT/Bmax were associatedwithworse TTP (P < 0.0001for both). E and F,
T1Gd volume was associated with worse survival (P = 0.05) but notTTP (P = 0.15; n = 17).
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not contradict the above paragraph and is expected because
there is a biological link between hypoxia and blood-brain
barrier breakdown, both quantitatively and spatially. Simply
put, tumor growth leads to cells being pushed beyond the
diffusion distance of O2, which up-regulates the production of
cytokines such as VEGF leading to endothelial proliferation and
leakage of the blood-brain barrier about which T1Gd shows the
regional distribution. A more complete interpretation of the
spatial relationships among the MRI volumes and hypoxia
variables will require additional studies of their regional
heterogeneity.7

Prior reports on FMISO PET imaging of gliomas included
only small numbers with glioblastoma (29, 31, 33, 34). In the
reports of Cher et al. and Bruehlmeier et al., there were seven
each, all of which showed uptake of FMISO consistent with our
findings (29, 31).
Also, our data are concordant with a series of investigations

from the University of Pennsylvania (9, 35, 36). Evans et al. (36)
investigated the relationship between extent and severity of
hypoxia in 18 untreated gliomas, and time to recurrence as a
measure of clinical aggressiveness. Hypoxia was assessed by the
binding of the nonradioactive nitroimidazole, EF5 [2-(2-nitro-1-
H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl) acetamide],
in tumor samples collected after patients had been injected
preoperatively with the EF5. Eppendorf needle electrode
measurements were also collected intraoperatively. Five of
12 glioblastomas showed severe hypoxia (f0.1% oxygen,
0.8 mm Hg). EF5 binding was always found where necrosis
could be identified histopathologically but there was also
binding in some areas where necrosis could not be identified.
More rapid recurrence was associated with hypoxia, as shown by
EF5 binding but not by the measurements with the needle
electrodes.

In our survey of the pathology specimens with immunocy-
tochemistry for VEGF, HIF1a, Ki67, and p53, we were unable to
prove any correlations with the FMISO HV or T/Bmax imaging
results, or TTP and survival. Based on prior reports, we
hypothesized that there would be a relationship between
Ki67, HIF1a, and VEGF intensity and distribution and FMISO
HV and T/Bmax (31, 37, 38). VEGF and receptor expression have
been shown to correlate with tumor grade in astrocytic gliomas,
oligodendroglioma, and ependymoma (17, 39, 40). VEGF
expression was seen around necrotic foci and correlated highly
with microvessel density and endothelial proliferation. Ana-
plastic progression was associated with regional expression of
VEGF. However, there may well be variations among and
within gliomas in the VEGF response to hypoxia (41, 42).
With respect to HIF1a, Zagzag et al. (43) showed in

glioblastoma multiforme that it localizes in pseudopalisading
cells around areas of necrosis and in tumor cells infiltrating the
brain at the tumor margin. Other investigators have confirmed
up-regulation of HIF1a mRNA in glioblastoma multiforme
compared with lower grade lesions and increased nuclear
expression of HIF1a protein especially surrounding necrotic
areas (44). The failure of our survey of the immunocytochem-
ical variables to show significant correlations with HV or T/Bmax

could be the result of the small sample size (n = 19) or the
specimens being collected without attention to location in
relation to the FMISO distribution. Further studies will be
necessary to clarify whether there are associations between
FMISO uptake and intensity of expression of HIF1a and VEGF,
and how strong they are (45).
With robust evidence that the burden of hypoxia affects

progression and survival and with reliable hypoxia-imaging
agents such as FMISO becoming available, treatments aimed at
eradicating the hypoxic regions of malignant gliomas deserve
further investigation. Methods are now available to allow
coregistration of FMISO PET images with MRI images used with
surgical navigational devices. Surgical resections could thereby
target hypoxic regions and/or include implantation of thera-
peutic agents such as hypoxia-specific oncolytic viruses (46).
Treatment plans with intensity-modulated radiation devices, for
example, could be designed to target the hypoxic regions
selectively with higher doses.
Hypoxia assessed with FMISO PET has been shown to be an

important prognostic indicator in head and neck cancer (47).
The question whether tirapazamine, TPZ, a hypoxia-activated

Table 2. Univariate Cox model regression analyses
of survival or TTP versus HV, T/Bmax, T0, T1Gd, T2,
T2-T0, age, KPS, or extent of resection

Log hazard ratio coefficient (SE) P

Survival
HV 0.024 (0.01) 0.001
T/Bmax 1.46 (0.400) 0.0002
T0 0.042 (0.064) 0.51
T1Gd 0.03 (0.02) 0.04
T2 0.007 (0.01) 0.44
T2-T0 0.008 (0.01) 0.45
Age 0.056 (0.03) 0.03
KPS -0.03 (0.02) 0.09
Extent of resection

GT vs Bx -0.76 (0.69) 0.27
ST vs Bx 0.07 (0.52) 0.90

TTP
HV 0.018 (0.01) 0.003
T/Bmax 0.938 (0.31) 0.003
T0 0.026 (0.06) 0.66
T1Gd 0.022 (0.01) 0.11
T2 0.005 (0.01) 0.53
T2-T0 0.006 (0.01) 0.52
Age 0.065 (0.03) 0.01
KPS -0.035 (0.02) 0.05
Extent of resection

GT vs Bx -1.31 (0.68) 0.06
ST vs Bx -0.19 (0.51) 0.71

Table 3. Multivariate linear regression analyses of
HV or T/Bmax versus the MRI volumes, T0, T1Gd,
and T2

Independent variables Coefficient (SE) P

HV
T0 -1.23 (2.54) 0.64
T1Gd 2.45 (0.63) 0.002
T2 -0.21 (0.30) 0.49
R2 = 0.77

T/Bmax

T0 0.06 (0.09) 0.53
T1Gd 0.03 (0.02) 0.17
T2 -0.02 (0.01) 0.15
R2 = 0.35
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cytotoxin, improves the results of radiotherapy in this disease
was investigated and reported by Rischin et al. (32). The
patients with hypoxic tumors, as shown by FMISO PET, that
received TPZ fared significantly better than the control patients
with respect to the risk of locoregional failure. This outcome
supported the efficacy of TPZ specifically in the presence of
hypoxic disease. In gliomas, there has been no comparable
study that segregated patients based on the presence of hypoxia
as shown by FMISO PET. However, TPZ was ineffective at
improving survival in a phase II study of 124 patients with

glioblastoma multiforme (48). Based on the results of the head
and neck study cited above, a newer hypoxia-selective
cytotoxin, SN30000 (49), with better activity than TPZ may
be worth examining in patients specifically preselected for the
presence of hypoxia.

Many other chemotherapy approaches are coming to the
fore. One is the hypoxia-activated anthraquinone AQ4N
(banoxatrone), a prodrug that is selectively reduced in hypoxic
tissues to AQ4, an inhibitor of topoisomerase II and a DNA
intercalator (50). These actions sensitize tumors to chemother-
apy and radiotherapy (51). Another promising agent is PR-104,
a soluble phosphate ester that is converted in vivo to the
corresponding alcohol PR-104A, which is activated in hypoxic
conditions to a cytotoxic nitrogen mustard prodrug (52). Last,
agents with the capacity to inhibit pathways leading to up-
regulation of HIF1a are already available or on the horizon
(50). When these agents are tested for efficacy against brain
tumors, it will be important to assess whether they reduce the
quantity and distribution of hypoxic disease, something that we
and others have now shown to be feasible with FMISO PET.

Conclusion

Both greater volume of hypoxia (HV) andmaximum intensity
(T/Bmax) in glioblastoma multiforme measured with FMISO
PET before radiotherapy are strongly associated with poorer TTP
and survival. HV and T/Bmax showed statistically significant
associations with TTP and survival in multivariate analyses that
included age, KPS, and the TlGd MRI tumor volume. This type
of imaging could be integrated into new regional and/or
systemic treatment strategies to target hypoxia more aggressively
in glioblastoma multiforme and could be applied to assess
whether hypoxia-directed therapies actually achieve the goal of
reducing the hypoxic burden of resistant disease.
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Table 4. Multivariate analyses of survival or TTP
versus HV, T1Gd volume, age, and KPS; or versus
T/Bmax, T1Gd volume, age, and KPS

Model covariates Log hazard ratio coefficient (SE) P

Survival
HV 0.05 (0.02) 0.02
T1Gd -0.048 (0.04) 0.18
Age 0.076 (0.04) 0.09
KPS 0.03 (0.03) 0.39
Log-partial likelihood = 11.7

TTP
HV 0.053 (0.022) 0.02
T1Gd -0.064 (0.04) 0.09
Age 0.051 (0.041) 0.22
KPS -0.0004 (0.03) 0.99
Log-partial likelihood = 11.9

Survival
T/Bmax 1.57 (0.60) 0.01
T1Gd 0.01 (0.02) 0.58
Age 0.02 (0.05) 0.67
KPS -0.09 (0.03) 0.78
Log-partial likelihood = 13.0

TTP
T/Bmax 1.07 (0.53) 0.04
T1Gd 0.004 (0.02) 0.81
Age 0.003 (0.05) 0.96
KPS -0.031 (0.031) 0.33
Log-partial likelihood = 8.9
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