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Introduction

The long-term prognosis for patients with gliobla-
stoma multiforme (GBM) is poor (1). However,
the use of intensive multimodality treatment, using
surgical resection followed by adjuvant radio- and
chemotherapy, may have significant impact on
survival (2).

In most clinical trials, the response of the tumor
to adjuvant treatment is measured by monitoring
tumor volume, using CT or MRI with and without
contrast. Inability to distinguish between viable
tumor cell mass, necrosis and scar tissue (3, 4),
often impede the assessment of tumor response by
structural criteria alone. Furthermore, concomit-
ant use of steroids may influence the morphologi-
cal appearance of the tumor (5, 6).
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Objective — To study the post-surgical metabolic and structural
cerebral changes in patients with glioblastoma multiforme

(GBM). Materials and methods — We examined ten patients
prospectively with newly diagnosed GBM. All patients were primarily
treated with surgery, followed by chemotherapy (carmustine, cisplatine
and etoposide) and radiotherapy. Positron emission tomography
(PET) was used to measure tumor- and cerebral metabolism. CT or
MRI was used to estimate tumor volume by measurements of tumor
area. Results — Tumor metabolism was not increased during
chemotherapy (P = 0.71), but increased during radiotherapy (P =
0.01). CT/MRI showed similar results with no increase in tumor area
during chemotherapy (P = 0.33) but increase during radiotherapy

(P = 0.002). During the entire study, tumor metabolism and area
increased evenly (P = 0.01). Conclusions — Our study did not show a
gain of PET compared with structural imaging in the prospective
evaluation of GBM. We found a difference in metabolic increase and
tumor growth between the two treatment regimens, although this
finding has limited relevance due to the design of the study.

P. B. Andersen'>%, M.
Blinkenberg'?, U. Lassen®,

M. Kosteljanetz?, A. Wagner®,
H. S. Poulsen?, P. S. Sarensen’,
0. B. Paulson'?

'Departments of Neurology and “Neurosurgery,
SNeurobiological Research Unit, The Neuroscience
Centre, Rigshospitalet, Copenhagen University Hospital,
Copenhagen, Denmark; “Department of Oncology,
Section for Neuro-Oncology, The Finsen Centre,
Rigshospitalet, Copenhagen University Hospital,
Copenhagen, Denmark; °Department of Neuroradiology;
®The PET and Cyclotrone Unit, Centre of Diagnostic
Investigations, Rigshospitalet, Copenhagen University
Hospital, Copenhagen, Denmark

Key words: brain tumor; chemotherapy; glioblastoma
multiforme; neurooncology; PET, positron emission
tomography; prospective study; radiotherapy

Morten Blinkenberg, Department of Neurology N 2082,
Copenhagen University Hospital, Rigshospitalet, 9 Ble-
gdamsvej, DK-2100, Copenhagen, Denmark

Tel.: +45 3545 2082

Fax: +45 3545 2626

e-mail: blink@dadInet.dk

The authors Preben B. Andersen and Morten Blinken-
berg contributed equally to this work.

Accepted for publication January 1, 2006

Additional information of tumor response can
be obtained by indirect measurements of tissue
function, using positron emission tomography
(PET) with "*fluoro-deoxyglucose (FDG). The
potential of this technique has been used to
assess brain tumor malignancy (7), differentiate
tumor recurrence from necrosis (8—10) and as a
prognostic indicator (11). FDG uptake in tumor
has been shown to correlate with cell density (12)
and malignancy (7). It has also been shown that
FDG-PET may be used as an indicator of
prognosis in patients with primary brain tumors
(11, 13), although evaluation of treatment out-
come is still not reliable (14-16). Evaluating acute
tumor response 24 h after chemotherapy with
FDG-PET, has shown opposing results, since
post-treatment increased glucose metabolism has



correlated both positively (17) and negatively (18)
with patient survival. Assessing tumor response a
week or more after adjuvant therapy has also been
described (19-21), but results are ambiguous,
presumably caused by heterogeneity in study
design (difference in tumor histology, time sched-
ule for treatment and imaging, previous treatment
and actual treatment).

In order to enlighten some of these issues, we
aimed at describing the post-surgical changes in
tumor size, metabolism and normal appearing
brain regions, using prospective FDG-PET meas-
urements of patients with de novo diagnosed GBM.
Furthermore, we used these data to explore on
efficacy of post-surgery chemotherapy and radio-
therapy, in patients with GBM.

Materials and methods
Patients

All patients were recruited from the Department of
Neurosurgery, The Neuroscience Centre, Rigshos-
pitalet, Copenhagen University Hospital. The
inclusion criteria were: de novo histologically con-
firmed (WHO) (22) GBM located supratentorially,
age =18 and <70 years, no prior chemo- or
radiotherapy, a post-surgery WHO performance
status of 0-2 and normal bone marrow, renal and
hepatic function.

Thirteen patients (Table 1), 2 females and 11
males with an average age of 48 years (range 25—

Table 1 Patient characteristics and received therapy
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66), were included in the study. The surgical
treatment included macroradical resection in one
case, partial resection in ten cases and open biopsy
in two cases. Following this, the patients were
treated at the Department of Oncology, Section for
Neuro-Oncology.

Treatment

Chemotherapy was initiated with a median of
22 days (range 18-35) after surgery, and was
administered over a period of 5 days, every five
weeks in three cycles. Each of these included
intravenous (i.v.) infusion of a three-drug combi-
nation of BCNU 200 mg/m?* on day 1, cisplatin
20 mg/m?/day iv. on days 1-5 and etoposide
(VP-16) 100 mg/m?/day i.v. on days 1-5.

Subsequent localized external beam radiother-
apy (RT) was initiated with a median of 28 days
(range 20-34) after the last cycle of chemotherapy,
using a Clinac linear accelerator (Varian Medical
Systems). A total dose of 60 Gy (energy 46 MV
photons) was delivered in 30 fractions of 2 Gy/day,
5 days/week. A contrast-enhanced CT was per-
formed for therapy planning, and this volume was
used if it was greater than the preoperative volume.
If the tumor volume included more than 50% of
the brain, the radiotherapy was altered to whole-
brain radiation in a reduced total dose, 20 Gy in
four fractions of 5 Gy.

If the patients had progressive disease, based on
clinical or radiological signs during the

Pt. Tumor WHO perfor-mance No. of Radiation Time to progres-sion Survival from Cortico-steroids
no. Age/sex location Surgery at inclusion chemocycles (total/fraction size) (months)? surgery (months)° AED (mg)
1 54/M  Temp/sin PR 1 1 60/2 2.0 11.5 Reop.® Deprakine -

2 53/M  Front-par/sin PR 0 3¢ 60/2 8.4 11.6 Chemo.® - -

3 55/F  Front/dxt 0B 1 3 60/2 97 135 Oxcarba. 25-50
4 64/M  Par/sin PR 0 3 60/2 15.6 20.8 Reop.® - -

5 49/M  Temp/dxt PR 0 2 60/2 3.0 141 - 25-100
6 44/M Front/dxt PR 1 3 60/2 9.0 11.6 Oxcarba. 25

7 48/M  Temp-front/dxt MR 0 3 60/2 132 19.2 Reop.© Oxcarba. -

8 31/M - Par/dxt PR 0 3 60/2 79 8.4 - 5-10
9 44/M - Par/sin PR 1 3 60/2 8.6 10.2 Oxcarba. 20-100
10  42/M  Front/sin PR 1 3 60/2 79 11.6 Reop.® Oxcarba. 25
1 66/M  Occ/sin PR 1 (1) - - 0.8 - 25
12 52/F  Temp/dxt PR 1 (1) - - 0.7 - 10
13 25/M  Temp-par/dxt 0B 2 1) 20/5° 3.1 40 Oxcarba. 50

Abbreviations: M: Male; F: Female; front: frontal; temp: temporal; par: parieltal; occ: occipital; PR: Partial removal; OB: open biopsy; MR: macroradical removal; AED:

antiepileptic drug; Oxcar: oxcarbazepine.
Time to progression from surgery.

®Death caused by tumor progression in all patients except patients 11 and 12 (see text).

“Reoperation (second-line treatment) was performed after TTP.

dChemotherapy was reduced 75% after the first chemocycle due to unacceptable toxicity.

°Experimental chemotherapy after TTP.
Mumor bed >50% of brain volume cause reduced total dose.
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chemotherapeutic treatment, the regime was inter-
rupted and the patients were admitted to RT.

Patients who had experienced seizures received
anticonvulsive therapy (Table 1). To minimize
tumor and therapy-induced brain edema, cortico-
steroids were administered at the discretion of the
physicians, although not maintained at constant
dose during the study period (Table 1).

The Macdonald response criteria were used for
treatment response evaluation (23), including
structural imaging, neurological examination and
medical records prior to and after each chemocycle
and RT. A complete response (CR) requires
disappearance of all contrast-enhancing tumor,
neurologically stable or improved status and no
use of steroids. Partial response (PR) is >50%
reduction in tumor size, neurologically stable or
improved status and stable or reduced steroids.
Progressive disease (PD) is 225% increase in tumor
size or neurological deterioration and steroids
stable or increased. Stable disease (SD) reflects all
other situations.

Each patient obtained the same structural ima-
ging modality (CT or MR) as the presurgical study,
with and without contrast. Prechemocycle struc-
tural imaging was obtained with a median of
6 days (range 3-10) before the start of the first
chemotherapy cycle, and the corresponding FDG-
PET scan with a median of 7 days (range 4-12)
before the start of the first chemotherapy cycle.
Post-chemocycle structural imaging was obtained
with a median of 23 days (range 18-27) after the
termination of the last chemotherapy cycle, and the
corresponding FDG-PET with a median of
21 days (range 16-24) after the termination of the
last chemotherapy cycle. Preirradiation structural
imaging was performed with a median of 8 days
(range 4-12) before start of radiotherapy, and
FDG-PET scan with a median of 7 days (range
4-12) before start of radiotherapy. Post-irradiation
imaging was performed with a median of 13 weeks
(range 12-14) after completed RT for structural
imaging and FDG-PET. Subsequently, the patients
were followed regularly and imaging was repeated
at deterioration.

Two patients (patients 11 and 12) deceased on
the first day of chemotherapy, one with clinical
signs of myocardial infarction and one with signs
of cerebral incarceration. One patient (patient 13)
developed status epilepticus during the first chem-
ocycle and was admitted to whole-brain irradiation
receiving a reduced total dose of 20 Gy in fractions
of 5 Gy, because of extensive tumor growth.

The PET studies were performed according to
protocols approved by the Ethical Committee of
Copenhagen, Denmark. Prior to participation in

414

the study, informed consent was obtained after
written information for all subjects.

Positron emission tomography

We used a GE 4096-15 WB tomograph (24)
yielding 15 consecutive image slices parallel to
the canthomeatal (CM) line and separated by
6.5 mm. Spatial resolution in the image plane was
approximately 7 mm and the axial field of view
(FOV) 97.5 mm. The head was fixed using an
individually molded head holder of polystyrene
foam and positioned in the PET scanner. A
transmission scan was performed immediately
before tracer injection for attenuation correction.
A dose of approximately 200 MBq FDG was
administered as a slow bolus through an antecu-
bital vein, and arterial blood samples were drawn
manually from the distal part of the radial artery.
Blood glucose was monitored throughout the
examination.

Using a multiple-time graphical approach devel-
oped by Patlak et al. (25), the net influx constant of
FDG (K) on a pixel-by-pixel basis was calculated
from the interval between 30 and 60 min after
injection. Negligible glucose-6-phosphatase activity
(k4) and equilibrium between tissue and plasma
FDG were assumed to be present. The regional
cerebral metabolic rate of glucose (rCMRgic;
pumol/100 g tissue/min) in brain tissue was calcula-
ted as follows: CMRglc = K; x Glc,/LC. Glc,
denotes plasma glucose concentration and LC a
lumped constant of 0.81, as estimated by Has-
selbalch et al. (26).

Image analysis

PET image analysis was performed using a com-
puterized brain atlas (CBA) (27). All PET images
were co-aligned and the corresponding MRI/CT
images were co-registered to the PET images.

A tumor mean (T-mean) value of rCMRglc was
calculated by manual application of regions of
interest (ROI) guided by the CT or MRI contrast-
enhanced images. For patients with non-contrast-
enhancing astrocytomas, delineation was based on
MRI T, T, and proton weighted sequences. If the
tumor extended across several slices, average
weighted values were calculated.

In order to estimate rCMRglc in the hemisphere
contralateral to tumor and in the cerebellum, PET
images were normalized to a standard stereotactic
space and thereby aligned to the intercommisural
(AC-PC) line. ROI covering frontal-, temporal-,
parietal- and occipital lobes were applied guided by
the anatomical regions in the CBA. Weighted



mean rCMRglc values were calculated for each
lobe and the hemisphere.

Tumor area was assessed on CT or MR images
using the following equation: x/2 * y/2 * 7 (mm?),
where x and y are the largest perpendicular
diameters in the axial plane. This approximated
area was assumed to be proportional to tumor
volume. A trained radiologist evaluated the CT/
MRI and outlined the tumor visually. For con-
trast-enhancing tumors, the area of enhancement
was considered to define the tumor. For non-
enhancing tumors, density abnormalities on CT or
intensity abnormalities on MRI were considered to
define the tumor.

Statistical analysis

For each subject a regression line was calculated
using the PET measurements as the dependent
variable and time as the independent variable. The
slope of the ten individual regression lines was
compared with zero, using z-statistic. If the z-test of
the individual regression lines were significantly
different from zero, we concluded that there was a
linear dependence between cerebral metabolism
and time (28). A t —test of individual regression
lines was also carried out for MRI/CT measure-
ments with time as the independent variable. We
used a Spearman correlation test to determine the
association between changes in tumor MRI/CT
area, mean CMRglc in tumor, contralateral cortex
and contralateral cerebellum. Mean CMRglc
tumor values and CT/MRI tumor area were
analyzed as prognostic variables for time to pro-
gression (TTP) and survival from date of surgery
using the Cox proportional hazards model for
continuous variables (29). It is important to
mention that the sample size of the study is
small, which inevitably reduces the strength of
the statistical evaluation.

Results

CT/MRI and FDG-PET were performed after
each chemocycle to evaluate the chemotherapy
response (Tables 2 and 3). Patient 6 refused to have
a CT/MRI done for personal reasons and was not
evaluated according to the Mcdonald criteria
(Table 4). Two patients were excluded from the
PET study after the first chemocycle: patient 1 had
PD and patient 10 developed severe personality
changes. Patient 5 had PD after the second
chemocycle and was admitted to RT.

Ten patients were eligible for chemotherapy. No
complete responder (CR) was found (Table 4)
although one patient (patient 2) had PR after the

A prospective PET study of GBM

Table 2 CT/MRI tumor area (mm?) before and after each cycle of chemotherapy
and the 30 fractions of radiotherapy

Pt. no. 1 2 3 4 5 6 7 8 9 10
Pre 1cht. 118 35 275 96 7.1 216 204 96 55
Pre2cht. 196 16 220 69 294 306 188 82 110
Pre 3 cht. 24 188 47 283 204 97

Post 3 cht. 47 283 204 177

Pre rt. 71 188 314

Post 1 rt. 16 377 330 275 194

Post 2 rt. 141 314 166 377

Abbreviations: Pt.: patient; cht.. chemotherapy; rt: radiotherapy. An empty space
indicates missing value.

Table 3 Tumor mean values of cerebral metabolic rate of glucose (1umol/100 g
tissue/min) before and after each cycle of chemotherapy and the 30 fractions of
radiotherapy

Pbno. 1 2 3 4 5 6 7 8 9 10
Pre 1cht. 202 198 146 175 133 151 186 126 163 139
Pre2cht. 320 237 152 166 137 141 197 123 187 181
Pre 3 cht. 269 150 1638 97 225 132 193
Post 3 cht. 16.8 102 265 165 319

Pre rt. 325 177 15.4

Post 1 rt. 176 182 105 342 401 383
Post 2 rt. 461 240 275 223

Abbreviations: Pt.: patient; cht.. chemotherapy; rt: radiotherapy.
An empty space indicates missing value.

Table 4 Response evaluation according to the Macdonald criteria for nine of the
ten patients during chemotherapy and seven of the eight patients during radio-
therapy

Chemotherapy Radiotherapy
Complete response 0 0
Partial response 1 1
Stable disease 3 3
Progressive disease 5 3

first chemocycle, four patients (patients 3, 4, 8 and
9) had SD and four patients (patients 1, 5, 7 and
10) had PD. During the whole chemotherapy
treatment period, five patients (patients 1, 5, 7, 9
and 10) had PD.

Eight patients were eligible for RT. Baseline
imaging (post-chemotherapy or pre-RT) was per-
formed, and after RT was terminated one patient
had PR (patient 4), three patients had SD (patients
5, 7. and 9) and three patients had PD (patients 2, 3
and 8).

Assessed from the first day of chemotherapy,
median TTP was 8.5 months (range 2.0-
15.6 months) and median survival was
10.6 months (range 0.7-20.8 months) (Table 1).
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Linear regression between rCMRglc and time
was performed for each subject on data from the
whole study, and during chemo- and radiotherapy.

There was a significant (P < 0.01) increase in
tumor mean CMRglc and tumor area (P < 0.01)
(Table 5) with time during the whole study. Data
analysis of the two treatment periods, showed no
significant time-related changes in CMRglc or
tumor area during chemotherapy treatment, but a
significant increase in CMRglc and tumor area
during RT (Table 5, Figs 1 and 2). There was no
association between CMRglc changes and time in
the contralateral cortex or the contralateral cere-
bellum.

We found no significant intercorrelations
between PET and CT/MRI data and there was
no predictive value of PET or CT/MRI with regard
to TTP or survival.

Discussion

This study is to our knowledge the first prospective
PET study to be applied in patients with GBM.
Our results show that measurements of post-
surgery tumor glucose metabolism, is unchanged
during chemotherapy, but increases significantly
during radiotherapy.

Due to the design of the study, conclusions
regarding efficacy of the two treatment regimens
cannot be made, since they were applied in the
same order (chemotherapy followed by radiother-

Table 5 Time-related measurement changes.

Measurement t P

1 Tumor mean CMRglucose

a. Whole study 3.06 0.01*

b. Pre-/post-chemotherapy 213 0.71

¢. Pre/post-radiotherapy 3.52 0.01*
2 CT/MRI area

a. Whole study 3.30 0.01*

b. Pre-/post-chematherapy 1.05 0.33

c. Pre-/post-radiotherapy 5.49 0.002*
3 Contralateral cortex

a. Whole study 1.50 0.17

b. Pre-/post-chemotherapy 1.60 0.16

¢. Pre/post-radiotherapy 2.20 0.06
4 Cerebellar diaschisis

a. Whole study 0.02 0.99

b. Pre/post-chemotherapy 043 0.67

c. Pre/post-radiotherapy 0.92 0.39

Changes in tumor mean values of cerebral metabolic rate of glucose (CMRglc;
umol/100 g tissue/min) (1), CT/MRI tumor area (mm?) (2), CMRglc of contralateral
cortex (3) and CMRglc of contralateral cerebellum (4), during the whole study (a) as
well as before and after chemotherapy (b) and radiotherapy (c).

The changes are expressed by the t-value comparing the slope of the individual
regression lines with zero. The Pvalue is given and statistically significant changes
with time are marked with an asterisk(*).
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Figure 1. The relation between tumor mean values of cerebral
metabolic rate of glucose (CMRglc; pmol/100 g tissue/min)
and time is shown for each patient during chemotherapy.
Furthermore, an average line is shown (dashed line). Ty = day
of tumor surgery.
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Figure 2. The relation between tumor mean values of cerebral
metabolic rate of glucose (CMRglc; pmol/100 g tissue/min)
and time is shown for each patient during radiotherapy. Fur-
thermore, an average line is shown (dashed line). T, = day of
tumor surgery.

apy). An important methodological consideration
in this regard, is that the effect of the initial surgical
treatment is most prominent in the time close to
intervention, which was during chemotherapy for
all patients. The risk of recurrence and tumor
expansion increases with time, and was therefore
relatively greater during radiotherapy. In this way
the initial surgical tumor reduction may explain the
non-significant change in tumor burden during
chemotherapy and progression during radiother-
apy. A randomized cross-over design would there-
fore be mandatory in order to reveal a possible
difference in efficacy between the two treatment
regimens in future studies.

Another methodological consideration is the
small sample size that inevitably weakens the



strength of the statistical evaluation. However, we
did find a statistical difference in the regression
analysis of PET and CT/MRI measurements,
caused by a marked increase in tumor metabolism
and area during radiotherapy. The correlation
analysis is more sensitive to a reduced number of
samples, since it does not incorporate all measure-
ments of the study, and our results in this regard
are negative. On the other hand, the time-related
changes in tumor metabolism and area are almost
similar (Table 5), which may reflect that the
monitoring properties of PET and CT/MRI are
comparable. In this way our study does not show a
significant gain of PET vs CT/MRI in the pros-
pective evaluation of GBM.

But do previous studies indicate that PET can be
used to determine treatment efficacy in a clinical
context?

Increased membrane glucose transportation has
been shown to occur with neoplastic transforma-
tion using FDG-PET (30), but the response of
malignant primary brain tumors to chemotherapy
is still not clarified. Rozental et al. (18) found a
general metabolic activation of GBM following
carmustine treatment and patients with the largest
relative change in FDG had the shortest survival,
although neither baseline glucose uptake ratio, nor
visual tumor grade accurately predicted survival
length. In contrast to this, De Witte et al. (31)
found that the response to carmustine treatment
varied but a hypermetabolic reaction predicted a
longer survival.

With regard to radiotherapy, a similar acute
reaction of tumor metabolism was observed (16),
which is believed to reflect a cellular reaction to
irradiation as well as acute inflammation and
breakdown of the blood-brain barrier. This initial
reaction was followed by a relative reduction of
tumor metabolism. In this way a possible induction
of swelling and inflammation could be a pitfall
when interpreting the observed temporal changes
during radiotherapy.

It has been shown that post-surgery whole-brain
radiotherapy in patients with malignant gliomas
increased median survival from 14 to 36 weeks
compared with surgery alone (32). It has also been
shown that adjuvant chemotherapy significantly
increases survival (33), and Lassen et al. (2)
reported good clinical response to preirradiative
chemotherapy in patients with GBM. Still, com-
parative studies using state of the art measure-
ments of tumor size and metabolic activity cannot
be found in recent literature.

In this way it has been demonstrated that there is
an evident clinical relevance of PET in neuro-
oncology, but whether PET is superior in deter-

A prospective PET study of GBM

mining treatment efficacy in patients with GBM is
still ambiguous.

In conclusion, results of former PET studies are
diverging and therefore less informative in the
evaluation of treatment efficacy in GBM. In the
current study, we find a different effect of chemo-
therapy and radiotherapy, although this finding
bears little relevance due to the study design and
the small patient sample size. We do not find a
predictive value of PET measurements with regard
to TTP, which could be caused by the small sample
size. Still PET did monitor tumor progression in a
qualitatively different but quantitatively similar
way compared with volumetric estimates, and
larger sample sizes are needed in order to decide
if functional measurements are superior to struc-
tural.
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