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Hypoxia predicts poor treatment response of malignant tumors.
We used PET with 8F-fluoromisonidazole ('8F-FMISO) and °0O-
H,O to measure in vivo hypoxia and perfusion in patients with
brain tumors. Methods: Eleven patients with various brain tu-
mors were investigated. We performed dynamic '8F-FMISO
PET, including arterial blood sampling and the determination of
18F-FMISO stability in plasma with high-performance liquid
chromatography (HPLC). The '8F-FMISO kinetics in normal
brain and tumor were assessed quantitatively using standard 2-
and 3-compartment models. Tumor perfusion ('*0O-H,0) was
measured immediately before 8F-FMISO PET in 10 of the 11
patients. Results: PET images acquired 150-170 min after in-
jection revealed increased '8F-FMISO tumor uptake in all glio-
blastomas. This increased uptake was reflected by 8F-FMISO
distribution volumes >1, compared with '8F-FMISO distribution
volumes <1 in normal brain. The 8F-FMISO uptake rate K; was
also higher in all glioblastomas than in normal brain. In menin-
gioma, which lacks the blood-brain barrier (BBB), a higher K,
was observed than in glioblastoma, whereas the '8F-FMISO
distribution volume in meningioma was <1. Pixel-by-pixel im-
age analysis generally showed a positive correlation between
18F-FMISO tumor uptake at 0-5 min after injection and perfu-
sion ('°*0-H,0) with r values between 0.42 and 0.86, whereas
late '8F-FMISO images (150-170 min after injection) were (with
a single exception) independent of perfusion. Spatial compari-
son of 8F-FMISO with '°0-H,O PET images in glioblastomas
showed hypoxia both in hypo- and hyperperfused tumor areas.
HPLC analysis showed that most of the '8F-FMISO in plasma
was still intact 90 min after injection, accounting for 92%-96%
of plasma radioactivity. Conclusion: Our data suggest that late
18F-FMISO PET images provide a spatial description of hypoxia
in brain tumors that is independent of BBB disruption and tumor
perfusion. The distribution volume is an appropriate measure to
quantify 18F-FMISO uptake. The perfusion-hypoxia patterns de-
scribed in glioblastoma suggest that hypoxia in these tumors
may develop irrespective of the magnitude of perfusion.
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Hypoxia is defined as a reduction of intracellular oxy-
gen pressure (pO,) as a result of decreased supply of and
increased demand for oxygen. pO, levels in normal tissue
generally exceed 40 mm Hg, and severe hypoxia may be
present in malignant tumors (/). Levels of pO, < 3 mm Hg
are associated with impaired response to radiotherapy (2).
Two different forms of tumor hypoxia are recognized. Dif-
fusion-limited chronic hypoxia may develop as a result of
increased intercapillary distances, and acute hypoxia can
result from occlusion of large tumor vessels (3). Either form
of hypoxia has several implications for the further evolution
of tumors (e.g., by induction of signaling cascades that
promote angiogenesis, growth, and cell migration) (4). Tu-
mor hypoxia may also lead to necrosis, which is mandatory
to establish the diagnosis in glioblastoma multiforme (5). In
brain tumors, the presence of hypoxia has been inferred
from pathologic examination of tumor tissue, from animal
models, and from MRI of malignant gliomas that indicate
necrosis (5-7).

In vivo measurement of hypoxia in individual patients is
of clinical interest. It could provide insight into the natural
course and pathophysiology of tumors, possibly assisting in
the planning of radio- and chemotherapy and in the evalu-
ation of treatment response. Noninvasive methods to mea-
sure tumor hypoxia with PET or SPECT are available with
I8F-fluoromisonidazole ('®F-FMISO) or other radioligands
(8-13).

ISF_.FMISO is a nitroimidazole derivative, which to our
knowledge was the first PET agent used for hypoxia detec-
tion in a larger cohort of patients with tumors outside the
central nervous system (/4). '8F-FMISO PET can image
tumor hypoxia by increased '8F-FMISO tumor uptake, be-
cause '8F-FMISO metabolites are trapped exclusively in
hypoxic cells (15). In tumor hypoxia, the '8F-FMISO tumor
concentration measured by PET typically exceeds '$F-
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FMISO plasma concentration as measured during PET.
Because 'SF-FMISO is relatively lipophilic, with an octanol
water coefficient (log P) of 0.4, it diffuses through cell
membranes and shows a passive distribution in normal
tissue. Therefore, with the exception of the liver, the intes-
tines, the kidney, and the bladder, the 'SF-FMISO concen-
tration in normal, nonhypoxic tissue is always lower than in
plasma.

The results of 'SF-FMISO PET studies of 3 patients with
glioblastoma multiforme have been reported by Valk et al.
(16). In the pilot study presented here, we measured hypoxia
in different human brain tumors using PET and '8F-FMISO.
In addition, because gliomas show a large range of tumor
blood flow, we investigated the influence of tumor perfusion
on '8F-FMISO Kkinetics and on the presence of hypoxia by
means of "O-H,O PET (/7). "8F-FMISO PET scans were
performed quantitatively to determine the 'SF-FMISO dis-
tribution volume and transport rate constants in normal
brain and in brain tumors.

MATERIALS AND METHODS

Patients

Eleven patients were selected at the Cantonal Hospital (Aarau,
Switzerland). T2-weighted and gadolinium-enhanced T1-weighted
MR images were available for all patients. All patients, with a
single exception, exhibited either residual or recurrent tumor after
surgery, with signs of tumor progression on MR images or appear-
ance of a new lesion. Of the 7 patients with glioblastoma, 6
completed radiotherapy before the PET study, and 5 patients had
received 4—6 cycles of temozolomide chemotherapy. At the time
of the PET study, 5 patients were receiving oral dexamethasone
(mean, 4 mg/d). The meningioma patient was included to address
the BF-FMISO kinetics in a brain tumor that lacks a blood—brain
barrier (BBB). All patients gave written consent for participation
in the study. The study protocol was approved by the Ethical
Committee at the Cantonal Hospital Aarau.

18F-FMISO and '50-H,0 PET Scanning

The radiosynthesis of 'F-FMISO was performed according to
the 2-step procedure reported by Lim et al. (/8). The total synthe-
sis time was approximately 120 min, and radiochemical purity was
>99%. Specific radioactivities were also always >30 GBg/umol.

All PET studies were performed on a whole-body scanner
(Advance; General Electric Medical Systems), where 35 recon-
structed planes cover an axial field of view of 14.6 cm and the
reconstructed in-plane resolution is 7 mm. Catheters were placed
into a radial artery under local anesthesia and in a vein of the
contralateral arm. For PET, the patient’s head was fixed in a
special holder. First, a 10-min transmission scan with 2 rotating
%Ge line sources was performed for attenuation correction. Then,
500-700 MBq *O-H,O were injected intravenously as a bolus,
and a static 60-s PET scan was started when the radioactivity in the
head exceeded 100,000 counts per second as measured by the
scanner (a O-H,O scan could not be performed in 1 patient
because of a malfunction of the cyclotron during the PET imag-
ing). After waiting 10 min to allow sufficient decay of SO, an
average of 291 MBq BF-FMISO (range, 123-421 MBq) were
infused intravenously during 3 min using a constant volume infu-
sion pump. '8F-FMISO infusion was preferred to a bolus injection,
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because it permitted manual drawing of blood samples for precise
measurement of the arterial input curve, including the radioactivity
peak after injection. A device to record the arterial input curve
online in real time was not available. For this reason, arterial blood
measurements were not performed during the 'O-H,O PET scan.
Simultaneous with the start of '®F-FMISO infusion, a dynamic
PET scan was acquired, consisting of 31 frames with a total scan
duration of 90 min. The PET time frames were 9 X 20, 4 X 30,
2 X 60,4 X 120, 9 X 300, and 3 X 600 s. During the PET scan,
26 arterial blood samples of 4 mL each were drawn, and the
radioactivity of both whole blood and plasma was measured using
a well counter. The blood samples were drawn at 0.5, 1, 1.5, 2, 2.5,
3,35,4,45,5,55,6,7,8,9, 10, 12.5, 15, 17.5, 20, 25, 30, 40,
50, 60, and 75 min after injection. After resting approximately 45
min, the patients were repositioned on the PET scanner. A second
10-min transmission scan was acquired, followed by a static 20-
min emission scan exactly 150—170 min after injection of 'SF-
FMISO.

Generally, image processing used a minimum of filtering. In the
case of dynamic 'SF-FMISO scans, filtering was not necessary,
because adding the last 3 PET time frames resulted in sufficient
image quality to draw the regions of interest (ROIs). The SO-H,0O
images required a 3-dimensional gaussian filter with a full width at
half maximum (FWHM) of 8 mm and for the static 'SF-FMISO
images a filter of FWHM 5 mm. Blood measurements were decay
corrected to the time of '8F-FMISO injection. We performed a
standard cross-calibration between PET images and blood radio-
activity by measuring the radioactivity of a known amount of
IBF-FMISO in a water phantom with both the PET scanner and a
v-well counter.

Image Coregistration and ROIs

For coregistration of YO-H,O images with the first '8F-FMISO
scan, no spatial corrections were necessary because of the fixed
head position during both scans. The 31 frames of the first '$F-
FMISO PET scan were examined for motion artifacts. A spatial
correction was necessary to coregister the second '8F-FMISO scan
with the first. For that purpose, the last 3 frames of the first scan
(60-90 min after injection) were added, allowing delineation of
the brain contours and those tumors that accumulated '*F-FMISO.
These landmarks were used for a manual coregistration of both
IBF-FMISO scans using the software PMOD (PMOD Technologies
Ltd.) (19).

For an analysis of "SF-FMISO kinetics in normal brain, we
placed ROIs of identical size in the contralateral frontal cortex,
frontal white matter, and cerebellum. ROI sizes were 7.28 (312
voxels), 4.04 (173 voxels), and 18.23 mL (781 voxels) for white
matter, frontal cortex, and cerebellum, respectively. Tumor ROIs
in all glioblastomas (n = 7) and in the hemangioblastoma were
placed on areas with increased 'SF-FMISO uptake as determined
by late images. These ROIs did not cover the whole tumor area but
included presumably hypoxic tumor areas. In another patient with
a meningioma, the tumor was delineated only in early PET images
0-30 min after injection, and these images were consequently used
to define the tumor ROI. Tumor ROIs were placed on multiple
transverse slices and then summed up to a 3-dimensional ROI.
Sizes of these tumor ROIs were 0.86, 1.63, 2.12, 0.37, 2.12, 1.24,
and 4.34 mL (37, 70, 91, 16, 91, 53, and 186 voxels, respectively)
for patients 1-7, 0.86 mL (37 voxels) for patient 10, and 1.70 mL
(73 voxels) for patient 11.
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For a pixel-per-pixel correlation between O-H,O and '3F-
FMISO PET images, a different set of tumor ROIs was defined to
minimize the possibility of including surrounding normal brain
tissue. These ROIs were placed only on a single transverse slice
showing the maximum tumor diameter, so that it covered the
whole tumor area with variably increased '8F-FMISO uptake.

PET Data Analysis

Decay-corrected time—activity curves were derived from the
first '8F-FMISO PET scan from 0 to 90 min after injection. The
radioactivity of normal brain and tumor was plotted against time
after injection and the time—activity curves were used for kinetic
modeling to calculate the 'F-FMISO transport rates and distribu-
tion volume in 2- and 3-compartment models (Appendix). In
addition, we applied Logan plots in normal brain and in tumor,
with DV o4, as a measure of the distribution volume of !8F-
FMISO independent of assumptions about the number of under-
lying tissue compartments (20). The second, static 'F-FMISO
PET scan was also evaluated by ROI analysis (i.e., ratios of tumor
and cerebellum radioactivity were calculated).

130-H,0 PET images were analyzed semiquantitatively, and
perfusion in tumor hypoxia was graded as: 1 = lower than white
matter; 2 = equal to white matter; 3 = between white matter and
cortex; 4 = equal to cortex; 5 = higher than cortex. For the
purpose of comparing hypoxia with perfusion, hypoxic tumor
areas were delineated on late '8F-FMISO PET images, and the
resulting ROIs were transferred to the coregistered O-H,O PET
images. In addition, a pixel-per-pixel correlation between O-H,O
and 'SF-FMISO images was performed. Pixel values in a tumor
ROI were normalized to their own maximum, and relative '8F-
FMISO uptake at 0-5, 60-90, and 150-170 min after injection
was plotted against relative O-H,O uptake.

Measurement of 8F-FMISO Stability in Plasma
and Urine

For measurement of '8F-FMISO plasma stability, 0.6 mL of a
solution containing 3% perchloric acid (60%; Merck), 1% Na,S,05
(Merck), and 0.1% ethylenediaminetetraacetic acid (Fluka) were
added to 0.5 mL plasma for protein precipitation. The solution was
centrifuged at 4,800 rpm during 5 min, and 1 mL of the superna-
tant was submitted to high-performance liquid chromatography

(HPLC) using a Merck Hitachi L-6200A Intelligent Pump and a
Bondclone 10 C18 column. We used a solution containing 80%
water and 20% acetonitrile for elution; flow was set to 0.5 mL/min.
The eluate was collected by a 2112 Redirac fraction collector in
100 samples during a total elution time of 30 min. The radioac-
tivity of each sample was measured in a y-well counter (Cobra II
Auto Gamma; Camberra Packard) and was plotted against elution
time. '8F-FMISO metabolites in urine were measured similarly,
with the exception that no protein precipitation was performed. In
addition, the retention time of intact 'SF-FMISO was determined in
several HPLC experiments using an aliquot of the '8F-FMISO
injection solution. Using knowledge of the normal retention time
of intact ¥ F-FMISO, radioactive metabolites in plasma and urine
were visually discriminated from the 'F-FMISO peak on the
HPLC plots, and the amount of metabolites and intact 'SF-FMISO
were expressed as a percentage of total radioactivity in the chro-
matogram.

RESULTS

Clinical data are presented in Table 1 . Examples of MR
and '"SF-FMISO PET images are shown in Figure 1, where
the glioblastoma multiforme exhibited increased 'SF-
FMISO uptake at late scan time (150—-170 min after injec-
tion). In contrast, the meningioma showed higher 'SF-
FMISO uptake than surrounding brain only during the first
30 min after injection. Time—activity curves of the same 2
patients are depicted in Figure 2, showing that the radioac-
tivity in the glioblastoma begins to exceed plasma radioac-
tivity approximately 30 min after injection, whereas the
radioactivity in the meningioma did not exceed plasma
radioactivity at any time. In normal brain, the radioactivity
of cortex and white matter slowly approached the radioac-
tivity in plasma, a finding that is representative for all
patients.

In normal brain, the Kinetics of 'SF-FMISO generally
satisfied a 2-compartment model with the distribution vol-
ume (DV') < 1 in all regions, indicating a passive distri-
bution and reflecting a homogeneous 'SF-FMISO uptake in

TABLE 1
Summary of Clinical Data
Age Resection Time of PET after Chemotherapy
Patient Sex () type Histology surgery (wk) Radiotherapy (no. of cycles)
1 M 50 B Glioblastoma 42 Yes No
(PET
2 F 67 P Glioblastoma preoperative) No No
3 F 42 GT Glioblastoma 21 Yes Temozolomide (6)
4 M 45 GT Glioblastoma 30 Yes Temozolomide (6)
5 M 56 GT Glioblastoma 28 Yes Temozolomide (5)
6 M 54 GT Glioblastoma 54 Yes Temozolomide (4)
7 M 64 GT Glioblastoma 20 Yes Temozolomide (4)
8 M 31 GT Anaplastic astrocytoma 53 No No
9 M 24 GT Fibrillary astrocytoma 57 No No
10 M 39 GT Hemangioblastoma 122 Yes No
11 F 67 B Meningioma 151 No No

B = biopsy; P = partial resections; GT = gross total resection.
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FIGURE 1. (A and B) Gadolinium con-
trast-enhanced T1- and T2-weighted MR
images in patient with glioblastoma multi-
forme in left temporal lobe. (C) Late PET
images show '8F-FMISO tumor uptake
150-170 min after injection. (D) Gadolinium
contrast-enhanced T1-weighted MR image
of patient with meningioma in left temporal
lobe. (E) '8F-FMISO uptake in meningioma
is visible in early PET image 0-5 min after ®
injection but not in late PET images 150—
170 min after injection (F). PET images are
normalized to their own maximum.

the cerebrum and cerebellum at late scan time (Table 2). In
tumor, increased 'SF-FMISO uptake was observed at late
scan time in all glioblastoma multiforme and in the heman-
gioblastoma but not in the anaplastic astrocytoma (World
Health Organization tumor classification III [WHO III]), a
fibrillary astrocytoma (WHO II), or a meningioma. Tumor
areas with increased uptake showed an '|F-FMISO distri-
bution volume (DVrgr) > 1 in the 3-compartment model
(Table 3). Determination of the 'F-FMISO distribution
volume using a Logan plot resulted in DV ,,, values that
were slightly smaller than DV gy in 5 of 7 tumors. Notably,
DV 4ean Was <1 in 2 patients despite increased '*F-FMISO
uptake and DVor > 1. Ratios of tumor and cerebellum
radioactivity in the static late PET image were comparable
with DVyor values (Table 3).

Visual comparison of '*0-H,0 with late '8F-FMISO PET
images in 6 patients with glioblastoma showed a large range

of tumor perfusion within areas with increased '8F-FMISO
uptake (i.e., increased '8 F-FMISO uptake was found both in
hypo- and hyperperfused tumor areas (Fig. 3; Table 3).
Generally, increased '8F-FMISO uptake was found in the
tumor margin but not in the tumor center. Tumor centers of
all glioblastomas showed decreased radioactivity in both
150-H,0 and '3F-FMISO PET images.

Pixel-per-pixel correlations between *O-H,O and '3F-
FMISO images were performed in 5 of the glioblastoma
patients (example in Fig. 4). At 0-5 min after injection,
IBE-FMISO uptake was positively correlated with perfusion
in 4 of 5 cases. The correlation coefficients (r values) in
these patients were 0.69, 0,02, 0.42, 0.74, and 0.86. This
correlation was no longer evident at 60—90 min after injec-
tion in 3 of 5 patients but persisted in 2 patients. With a
single exception, no correlation was found at 150—170 min
after injection, when the r values were 0.02, 0.10, 0.61,

A B
50 —e— Plasma 20 —e— Plasma
45 A Tumor 18
o Cortex & Tumor
40 X White matter 16 o Cortex

Radioactivity (kBg/mL)

FIGURE 2. Time-activity curves of '8F-
FMISO PET scans in patient with glioblas-
toma (A) and patient with meningioma (B),

Radioactivity (kBg/mL.)

corresponding to PET images shown in
Figure 1. Plasma = radioactivity concen-
tration in arterial plasma during PET.

40 50 60 70 90

Time {min)

80

Time (min)
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TABLE 2
18F-FMISO PET Results in Normal Brain

2-Compartment model and Logan plot

3-Compartment model

Contralateral normal tissue Ky’ ko' DV’ DV ogan K4 Ko K3 Ka DViot
Cerebellum
Mean 0.027 0.031 0.858 0.859 0.031 0.045 0.015 0.058 0.858
SD 0.005 0.006 0.059 0.061 0.003 0.001 0.006 0.014 0.066
Frontal lobe cortex
Mean 0.023 0.029 0.813 0.833 0.026 0.049 0.027 0.037 0.867
SD 0.003 0.004 0.064 0.064 0.002 0.010 0.024 0.013 0.071
Frontal lobe white matter
Mean 0.010 0.012 0.883 0.730 — — — — —
SD 0.002 0.004 0.151 0.064 — — — — —

For all tissue in 2-compartment model and Logan plot, n = 10. In 3-compartment model, n = 2 for cerebellum and n = 4 for frontal lobe

cortex.

0.06, and 0.01. No inverse correlation between 'SF-FMISO
uptake and perfusion was observed.

HPLC analysis of 7 patients showed that 97%-99% of
plasma radioactivity represented intact 'SF-FMISO 3 min
after injection. Most of the '|F-FMISO in plasma (92%—
96%) was still intact 90 min after injection (in 1 patient after
75 min), and 1 hydrophilic metabolite, accounting for
4%—6% of plasma radioactivity, was detected. In contrast,
higher '®F-FMISO catabolism was found in urine, where
radioactive metabolites accounted for up to 17% at 95 min
after injection.

DISCUSSION

In this pilot study, we used '8F-FMISO PET to investigate
hypoxia in brain tumors. YO-H,O PET was performed to
compare the pattern of tumor hypoxia with perfusion. We
found increased '8F-FMISO uptake, indicating the presence
of tumor hypoxia, in all 7 glioblastoma patients. Tissue
radioactivity in glioblastoma exceeded plasma radioactivity

by a factor of up to 2 within 90 min after injection. The
BE-FMISO tumor distribution volumes varied between ap-
proximately 1 and 2. In contrast, the distribution volume in
normal brain was always <1. The increased '"SF-FMISO
distribution volume in tumor resulted in observable 'SF-
FMISO retention in late PET images (150—170 min after
injection). Increased '8F-FMISO uptake was also found in
the hemangioblastoma patient, but 'F-FMISO did not ac-
cumulate in an anaplastic astrocytoma (WHO III), in a
fibrillary astrocytoma (WHO II), or in a meningioma.

The presence of hypoxia appears to be a common feature
of glioblastoma multiforme (27), and intracerebral high-
grade gliomas have been found to accumulate 'SF-FMISO in
an animal model (22). In humans, hypoxia in glioblastoma
multiforme has also been directly measured with Eppendorf
needle electrodes. Not only do the glioblastomas show
severe hypoxia, but surprisingly low-grade astrocytomas
and peritumoral brain tissue do so as well (23). Moreover,
various endogenous markers of hypoxia are found to be

TABLE 3
PET Results in Tumor

18F-FMISO tumor

150-H,0 PET 3-Compartment model uptake 150-170 min
perfusion in 18F-FMISO Logan plot after injection

Patient Histology hypoxia PET hypoxia K4 Ko k3 ks DVrior  (DViogan) (tumor/cerebellum)

1 Glioblastoma 2-3 Yes — — — — — — 1.87

2 Glioblastoma 2-3 Yes 0.067 0.097 0.008 0.005 1.81 0.972 1.36

3 Glioblastoma 3-4 Yes 0.067 0.116 0.030 0.029 1.17 1.068 1.21

4 Glioblastoma 1-2 Yes — — — — — — 1.34

5 Glioblastoma — Yes 0.075 0.111 0.026 0.012 2.16 1.627 2.07

6 Glioblastoma 1-2 Yes 0.045 0.089 0.030 0.019 1.31 1.097 1.31

7 Glioblastoma 4-5 Yes 0.143 0.442 0.093 0.026 1.46 1.466 1.75

8 Anaplastic astrocytoma — No — — — — — — —

9 Fibrillary astrocytoma — No — — — — — — —

10 Hemangioblastoma — Yes 0.023 0.036 0.008 0.005 1.68 0.874 1.28

11 Meningioma — No 0.183 0.386 0.070 0.101 0.80 0.812 0.96
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FIGURE 3.

(A-C) *0-H,0 PET perfusion images in 3 patients with glioblastoma multiforme. (D-F) Corresponding late 8F-FMISO

PET images show tumor hypoxia in low perfusion, in intermediate perfusion with an inverse pattern compared with hypoxia, and
in high perfusion. PET images are normalized to their own maximum.

overexpressed in brain tumors. For example, in glioblas-
toma multiforme and, to a lesser degree, in grade II and III
astrocytomas, a heterogeneous pattern of the hypoxia-in-
ducible factor 1oe (HIF-1at) overexpression was found (24).
Increased HIF-1a levels were observed in tumor areas ad-
jacent to necrosis (e.g., in pseudopalisading cells). Consis-
tent with that, we found increased '$F-FMISO tumor uptake

generally in the periphery but not in the center of a glio-
blastoma multiforme. The latter is expected, because only
viable cells are able to accumulate '*F-FMISO, and delivery
to necrotic tissue is low.

To quantify the pharmacokinetics of '8F-FMISO in nor-
mal brain and tumor, we used dynamic '*F-FMISO PET
data and the measured arterial '*F-FMISO concentration for
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FIGURE 4. Pixel-by-pixel correlation of relative tumor perfusion with '8F-FMISO accumulation in hypoxic area of glioblastoma

multiforme, where '8F-FMISO uptake was measured at 0-5 min (A), 60-90 min (B), and 150-170 min (C) after injection.
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kinetic modeling with standard 2- and 3-compartment mod-
els. The calculated distribution volumes and transport rate
constants (Appendix) characterize 'SF-FMISO as a PET
agent. These parameters are especially important in the
brain, because the state of the BBB can affect a radioli-
gand’s tissue delivery, confounding PET images. Our re-
sults confirm this effect for SF-FMISO. Increased K, val-
ues, ranging between 0.067 and 0.143 mL/min/g, were
found in all glioblastomas, compared with values for K, of
0.010 mL/min/g in white matter and 0.023 mL/min/g in
cortex, indicating a relatively slow entrance of '8F-FMISO
into normal brain. The increased 'SF-FMISO tumor uptake
in glioblastoma cannot be an exclusive effect of BBB dis-
ruption resulting in increased K; values. Increased K, can
account only for higher 8F-FMISO uptake rates as long as
tissue radioactivity does not exceed plasma radioactivity
and cannot explain the continuing tracer accumulation at
later scan times. In the meningioma, for example, which
lacks the BBB, we found the highest value for K, of all
brain tumors, as expected. The increased K; permitted de-
lineation of the meningioma in an early 'SF-FMISO PET
image (Fig. 1), but the tumor did not exhibit subsequent
BF-FMISO accumulation and was not visualized in the late
PET image. Accordingly, the '"8F-FMISO distribution vol-
ume in the meningioma was not increased despite a high K;
value. Therefore, we assume that 'SF-FMISO accumulation
in glioblastoma at late scan time does not result from an
increased K; but from the presence of a second kinetic
tissue compartment with an additional uptake rate, k;. Thus,
it is likely that late 'SF-FMISO PET images provide more
than an image of the disrupted BBB. However, increased K
values in glioblastoma may confound '®F-FMISO PET im-
ages at early times after injection.

We propose the total distribution volume (DVror) of a
3-compartment model for absolute quantification of '8F-
FMISO tumor uptake, where values >1 indicate tumor
uptake due to k; > 0 and, therefore, suggest the presence of
hypoxia. Alternatively, the '8F-FMISO distribution volume
can be determined graphically using a Logan plot, avoiding
assumptions about the number of underlying tissue com-
partments. Finally, because the distribution of '8F-FMISO
in the brain is very uniform, simple radioactivity ratios
using ROI analysis can be used for relative quantification of
static '8F-FMISO at late times after injection. Ratios of
tumor and cerebellum radioactivity likely contain the same
information as DVyqr for the detection of tumor hypoxia
(Table 3).

We assume that no other active mechanism than the
binding of bioreductive metabolites, dependent on the pres-
ence of hypoxia, leads to increased 'SF-FMISO tumor up-
take. Additional factors (e.g., tumor viability, the presence
of necrosis, or cellular density) may modulate the degree of
BE-FMISO tumor uptake. Moreover, cellular '8F-FMISO
uptake and retention depend nonlinearly on the pO, (25).
Therefore, although DVrgr or DV, allow quantitative
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estimates of 'SF-FMISO uptake, they cannot be directly
related to tumor pO..

An often debated issue in the use of 'SF-FMISO concerns
stability in vivo, because this is a prerequisite for specific
tumor uptake in hypoxic areas. Although a relatively high
metabolism of '8F-FMISO in plasma and urine in mice
hinders tumor imaging (26), we find most of the plasma
radioactivity to be intact 'F-FMISO until 90 min after
injection in humans and >80% of 'SF-FMISO to appear as
intact parent substance in the urine. We conclude that non-
specific radioactivity uptake in human tumors as a result of
IBE-FMISO plasma metabolites is not relevant, and no cor-
rection for metabolites is needed if 'SF-FMISO plasma
concentration is measured to provide an arterial input curve.
In this respect, the use of 'F-FMISO represents no disad-
vantage compared with other nitroimidazole derivatives.

An important aspect of this study was investigating the
influence of perfusion on '8F-FMISO uptake in brain tumors
(i.e., we wanted to exclude the possibility that 'SF-FMISO
PET images simply reflect tumor perfusion). Pixel-per-pixel
comparisons of |F-FMISO with O-H,0 PET images
yielded a positive correlation of early 'SF-FMISO uptake
with perfusion (Fig. 4A), as for almost any radioligand used
in nuclear medicine. This correlation was only minimal or
already lost at 60-90 min after injection (Fig. 4B), and
BE-FMISO images at 150—170 min after injection were
independent of perfusion with a single exception (Fig. 4C).
These results are a precondition if '8F-FMISO retention at
late time in brain tumors is to provide information other
than perfusion. Static PET images should therefore not be
obtained earlier than 2-2.5 h after injection.

We found different patterns of hypoxia and perfusion in
patients with glioblastomas (Fig. 3), showing apparently
that hypoxia occurs independently of perfusion. All glio-
blastomas investigated showed hypoxia. Only 2, however,
revealed hypoperfusion, whereas hypoxia occurred in tumor
areas with intermediate or high perfusion in the other 4
tumors. As illustrated in Figure 3, these patterns were ob-
served in the tumor periphery, where tissue is considered
most active with regard to proliferation and infiltration of
surrounding brain tissue. This hypoxia—hyperperfusion pat-
tern is unexpected, because in general one would expect
hypoxia to occur in low perfusion. The latter has been
demonstrated in the myocardium of dogs, where Martin et
al. (27) demonstrated an inverse correlation between perfu-
sion and '8F-FMISO uptake after complete or partial occlu-
sion of the left anterior descending coronary artery. Animal
studies using human glioma xenografts also demonstrated
an inverse relationship between the density of perfused
vessels and the fraction of hypoxic tumor cells (7). That
study showed that the intensity of hypoxia staining corre-
sponds to increasing distances of tumor cells from vessels,
making an inverse correlation between perfusion and hyp-
oxia conceivable. Groshar et al. (28) used *™Tc-hexameth-
ylpropyleneamine oxime and '’I-iodoazomycin arabinoside
SPECT in patients to demonstrate an inverse relation be-
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tween perfusion and hypoxia in nonglial tumors. However,
all 4 glioblastoma patients in that study showed decreased
perfusion and absence of hypoxia.

A mismatch between hypoxia and perfusion may be
characteristic of malignant brain tumors, which exhibit a
discrepancy between high vascularization and a comparably
low, possibly inefficient perfusion (29). Differentiation be-
tween diffusion-limited (chronic) and perfusion-limited
hypoxia has been proposed (3). Whether these 2 types are
reflected in the patterns observed in our present study and
that of Groshar (28) cannot be answered, because the find-
ings of Rijken et al. (7) and Tochon-Danguy et al. (22) were
obtained in animals. It is not known whether patterns of
hypoxia and perfusion change with the evolution of glio-
blastoma. Their impact on prognosis and response to ther-
apy remains a subject for future study.

CONCLUSION

We performed 'F-FMISO and '"O-H,O PET in brain
tumors to measure tumor hypoxia and perfusion. Increased
IBE-FMISO tumor retention at late scan time was found
predominantly in glioblastoma multiforme, and this was
associated with an increased 'SF-FMISO tumor distribution
volume. This finding could not be explained by nonspecific
perfusion effects or by BBB disruption alone. We used the
BE-FMISO distribution volume as a quantitative criterion
for hypoxia, where values >1 indicated active binding and
suggested the presence of tumor hypoxia. 'SF-FMISO accu-
mulated in both hypo- and hyperperfused tumor regions,
suggesting that hypoxia in glioblastoma may develop irre-
spective of the magnitude of perfusion. Simple tumor-to-
cerebellum ratios at late scan time provide a good estimate
of the BF-FMISO distribution volume in the clinical setting.

APPENDIX

Description of Compartment Models

Kinetic modeling was performed with dynamic !SF-
FMISO PET data during the first scan from 0—90 min after
injection using the commercially available software PMOD
(19). The tissue time—activity curves measured by PET and
the arterial plasma concentration were used to quantify
transport rates and distribution volume of '8F-FMISO with
standard 2- and 3-compartment models. The 3-compartment
model consisted of 1 intravascular and 2 tissue compart-
ments, where the transport rate constants K; and k, describe
the SF-FMISO uptake and washout rates from plasma to the
first tissue compartment, respectively, and the transport rate
constants k; and k, represent the 'SF-FMISO exchange
between the first and the second tissue compartment. The
intravascular compartment was set to a fixed volume of 0.05
(i.e., spillover by blood radioactivity was assumed to ac-
count for 5% of tissue radioactivity). Curve fitting deter-
mined the transport rates K, k,, k3, and k4. Briefly, a model
tissue curve was calculated using the arterial plasma radio-
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activity curve and the model transport rates K;—k,, and the
fitting algorithm tried to minimize the difference between
the measured tissue radioactivity and the model curve. We
used an iterative fitting algorithm with Marquardt-Leven-
berg optimization, a standard option in the software PMOD
(19,30). The total 8F-FMISO distribution in both tissue
compartments was calculated as DVror = Ki/k, X (1 +
ks/k,). Alternatively, we used a 2-compartment model con-
sisting of an intravascular compartment with a constant
volume of 0.05 and a single tissue compartment. Parameters
of the 2-compartment model were K;" and k,’, and the
BE-FMISO distribution volume was calculated as DV’ =
K,'/k,’. This model has only 2 free parameters, K," and k,’,
and, therefore, promises fits of higher robustness.

Model Evaluation and Results

The goodness of fit was evaluated using the Akaike
criterion (AIC) as described by Hawkins et al. (37). Gener-
ally, low AIC values indicate the appropriateness of the
model to explain PET data with a minimum of free param-
eters. Introduction of an excess parameter does not impair
the model fit but leads to an increased AIC value. This
indicates that the parameter is not necessary to explain PET
data and, therefore, not reliable. On the other hand, too few
free parameters may prevent the model curve from being
fitted well to PET data, resulting in increased AIC values.

To determine the optimal model to explain the '8F-
FMISO kinetics in brain tissue, we successively increased
the degrees of freedom of the 3-compartment model by
stepwise introduction of Kj, k,, ks, and ky, until the mini-
mum AIC value was reached. For example, if fitting with a
free k; resulted in a lower AIC value than a fit with k; kept
at zero, this was interpreted as evidence for the presence of
a k3 and, therefore, of a second kinetic tissue compartment.
Consequently, we used the 3-compartment model only if the
AIC criterion indicated the presence of 2 kinetic tissue
compartments. This was true in all tumors and also in
normal brain in some instances. In all other cases, the
2-compartment model was used instead, particularly in nor-
mal brain. In addition, we used the AIC to determine re-
versibility or irreversibility of '|F-FMISO tissue uptake.
Thus, we checked whether the AIC increased if k, or k, was
held constant at zero in the 2- or 3-compartment model,
suggesting reversibility of binding, because k, and k, are
>0.

In normal brain, 'SF-FMISO generally distributed pas-
sively in a single reversible tissue compartment with DV’ <
1 (Table 2). Reversibility of '8F-FMISO uptake could al-
ways be established (i.e., keeping k, at zero resulted in
significantly worse fits with higher values for the AIC).
However, kinetic analysis showed the presence of 2 tissue
compartments in the frontal cortex in 4 patients and in the
cerebellum in 2 patients. We have no explanation for the
sporadic presence of 2 'SF-FMISO tissue compartments in
normal brain. In no cases did analysis of the AIC indicate
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the presence of a second tissue compartment in white mat-
ter. There was good agreement between DVror and DV’
(Table 2). Thus, the choice of the model did not play an
important role in the resulting value of the 'F-FMISO
distribution volume in normal brain. Determination of the
IBE-FMISO distribution volume by a Logan plot yielded
values that were comparable with the 2- and 3-compartment
models in the frontal cortex and cerebellum, but values in
white matter were somewhat lower. In tumor, increased
BF-FMISO uptake at late scan times was associated with
DVior > 1 (Table 3). In these instances, analysis of the AIC
indicated the presence of 2 kinetic tissue compartments (i.e.,
the goodness of fit always improved with the 3-compart-
ment model).

BE-FMISO tumor binding was found to be reversible in
4 patients, where holding k, to zero resulted in worse data
fits with increased AIC values. In 3 patients, k; > 0 could
also be determined, but the goodness of fit was not impaired
if k4 was kept at zero. Therefore, reversibility of the second
tissue compartment could not be proven in these patients.
On one hand, reversibility of 'F-FMISO tumor binding is
surprising, because the covalent binding of bioreductive
IBE-FMISO metabolites in hypoxic cells is expected to be
irreversible (32). On the other hand, isolated cell studies
have indicated that some metabolites of radiolabeled mi-
sonidazole may “back diffuse” from the cells at a low rate,
which can possibly explain our finding (33).
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