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Summary

11C-Methionine (MET) is a useful positron emission tomography (PET) tracer for the evaluation of low-grade
gliomas. Among these tumors, a high percentage of low-grade oligodendrogliomas (ODG) are sensitive to che-
motherapy with procarbazine, CCNU, and vincristine (PCV). We aimed at: (1) objectively assessing ODG response
to PCV by a metabolic index (the Activity Volume Index or AVI) generated from an automated semi-quantification
of PET with MET (PET-MET); (2) comparing AVI and quantitative magnetic resonance imaging (MRI) mea-
surements of response to PCV.

Methods: seven patients with ODG were followed for a period of 19.9 ± 6.6 months after the completion of PCV
chemotherapy. Regions of interest (ROI) were generated by covering all voxels with count values above a threshold
level set at 120% of the mean cerebellar activity. On each slice, ROI volume and mean count values were calculated.
AVI was calculated as the sum over all ROI of tumor volume · (tumor mean count/cerebellum count). Tumor
volume measurements on MRI, were based on signal abnormalities visually detected on fluid-attenuated inversion
recovery (FLAIR) sequences.

Results: PCV therapy was associated with a drastic decrease in AVI (mean ± SD, cm3): AVI post-
PCV ¼ 0.80 ± 1.45 vs. AVI prior PCV ¼ 12.94 ± 11.46 (P ¼ 0.03). Likewise, we observed a decrease in tumor
volume estimated from the FLAIR signal (31.37 ± 11.99 post-PCV vs. 67.95 ± 39.96 prior PCV, P ¼ 0.03) al-
though AVI decrease after PCV was significantly more pronounced (P ¼ 0.015).

Conclusion: This study, based on limited number of patients and follow-up period indicates that AVI may be a
sensitive and observer-independent method applicable to the assessment of ODG responsiveness to PCV treatment
and may offer a major added value to both clinical assessment and MRI evaluation of chemotherapeutic outcomes.

Introduction

Treatment and follow-up of low grade gliomas remain
a challenge despite various approaches based on
resection, radiation, drug therapies [1]. Their morbid-
ity relates to effects on the surrounding, often infil-
trated, cerebral tissue while their mortality issues from
their potential anaplastic evolution. Oligodendrogli-
oma (ODG), a glioma originating from the oligo-
dendrocytic glial cell line, is more sensitive to
chemotherapy than astrocytoma of the same grade
[2,3], particularly when it combines procarbazine,
CCNU and vincristine (PCV). The standards applied
to assess tumor response to chemotherapy is currently
based on the patient’s clinical outcome combined with
morphological criteria, specifically tumor size changes
on magnetic resonance imaging (MRI) or enhanced
computed tomography (ECT). Thus, in newly diag-
nosed or recurrent ODG and in mixed oligoastrocy-
toma, response rates to PVC as variable as 55–75% are
reported [4–6]. In a study using T2 weighted-MRI
criteria [7], only 28% (7/25 patients with ODG) show a
partial response to PCV. To delineate ODG, MRI
techniques have recognized limitations. These stem

from the infiltrative nature of these tumors [8]. The
typical absence of contrast enhancement in low grade
ODG [9] also impedes proper MRI or ECT evaluation
of tumor evolution under treatment.
Studies have shown that the amino acid tracer 11C-

Methionine (MET) heavily accumulates in gliomas,
even when contrast enhancement is absent [10,11] and
FDG uptake is low [12–14]. A stereotactic study has
shown that MET uptake is locally related to histo-
logical markers of aggressiveness [15]. Hence, PET
using MET (PET-MET) is a recognized tool for the
clinical management of low-grade gliomas [14,16–20]
but its value for the evaluation of treatment effective-
ness has not been clearly defined.
In this work, we aimed at defining an index inte-

grating activity and volume data from PET-MET
analysis, in order to reliably measure the tumor load
within the brain. Second, we evaluated the contribu-
tion of this index as an objective assessment tool
regarding tumor responsiveness to chemotherapy. Fi-
nally, use of this index was compared to the axial turbo
spin echo fluid-attenuated inversion recovery (FLAIR)
MRI-based technique to evaluate ODG response to
PCV treatment.
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Methods

Patients

Seven patients (4 females, 3 males; mean age ± SD:
41.63 ± 14.22 years) with a known low-grade ODG
primarily diagnosed by stereotactic biopsy (n ¼ 5) or
tumor resection (n ¼ 2), were followed after the initi-
ation of PCV treatment from April 2000 to August
2003.
Chemotherapy was proposed in these patients be-

cause extensive resection of the lesion was not
achievable due to its localization or extension. Chro-
mosome 1p/19q status or Ki67 labelling index were not
used in this decision. Three of these patients received
PCV as first therapy, two others as an adjuvant
treatment and the two remaining patients for inoper-
able recurrence. Two patients completed the total
session of six PCV cycles. Treatment was interrupted in
the remaining patients due to neutrocytopenia devel-
oped at the end of the fourth session. The terms: (1)
‘Adjuvant’ treatment refers to the programmed che-
motherapy following a subtotal resection; (2) ‘First’
treatment denotes that chemotherapy was the only
medical intervention considered for the patient and (3)
treatment ‘for relapse’ signifies that chemotherapy was
administered as the only treatment proposed to the
patient after a relapse. Finally, only patient 2 under-
went radiotherapy.
Clinical status was highly variable in the group of

patients. Clinical evaluation by Karnofsky Perfor-
mance Scale (KPS) was performed prior and at the end
of chemotherapy. Patients’ characteristics as well as
clinical outcomes are summarized in Table 1.
Each patient underwent PET-MET and MRI before

and after the last of the chemotherapy cycle. MRI was
obtained (mean ± SD) 0.49 ± 0.77 months from
PET-MET prior PCV and 0.29 ± 0.54 months post-
PCV. One patient was evaluated with the two modal-
ities during the chemotherapy at the end of the third
cycle. In five patients, several PET-MET were obtained
during the long term follow-up after PCV, four of
which had simultaneous MRI examinations.

PET-MET analysis

Patients in the fasted state were injected intravenously
with a bolus of about 555 MBq of MET prepared
following a method adapted from Comar et al. [21].
The 20 min emission scans were obtained starting
20 min post-injection.
Attenuation correction was performed by means of a

transmission scan. All except one PET-MET were
performed on an ECAT 962-HR+ operated in 3D
mode (CTI-Siemens, Knoxville, TN). This system
provides a set of 63 planes with a slice thickness of
2.4 mm. One scan was performed on an ECAT 933/08-
12 (CTI-Siemens, Knoxville, TN), which provides 6.75
mm adjacent slices over an axial length of 10.5 cm.
Images were reconstructed by filtered back projection,
displayed and analyzed using the ECAT software. The
PET-MET were obtained before and at several time T
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points during and after the course of PCV treatment.
Regions of interest (ROI) were set up independently
from MRI and ECT data. First an elliptical ROI and
its mirror image were placed in the cerebellar cortex
considered as tissue of reference. The cerebellum was
chosen as tissue of reference because it is a relatively
homogeneous and large structure distant from ODG
occurrence sites. The mean activity within these ROI
was used to set the threshold and to normalize the
activity detected in the tumors. Volume and uptake of
MET in the tumor were recorded in automatically
generated ROI. These ROI covered all voxels with
count values above a threshold set at 120% of the
weighted mean activity in the cerebellar cortex. Pre-
treatment tumor uptake was evaluated by the ratio of
the mean counts in all tumor ROI over the mean cer-
ebellar counts. To assess the whole tumor metabolic
activity, an Activity Volume Index (AVI) was calcu-
lated as

AVI ¼
XROI

i

AtðROIiÞV tðROIiÞ
AðcerebellumÞ

where t is the tumor, V the volume, A the activity and
A mean activity.

MRI analysis

All MRI examinations were performed using a 1.5-T
whole-body MR imager (Gyroscan ACS-Power Trak
6000, Philips, Best, The Netherlands), with a maximum
gradient strength of ±20 mT/m. A standard circularly
polarized head coil was used. The following sequences
were acquired for each patient: axial T1-weighted
images with imaging parameters of 422/9 (TR/TE),
slice thickness of 5 mm, field of view of 180 · 240, and
matrix of 179 · 256; axial T2-weighted spin-echo
images with imaging parameters of 5081/100 (TR/TE),
slice thickness of 5 mm, field of view of 180 · 240, and
matrix of 224 · 256. FLAIR images were acquired
with imaging parameters of 6500/150/2100 (TR/TE/
TI), slice thickness of 5 mm, field of view of 180 · 240,
and matrix of 140 · 256.
We finally obtained contrast-enhanced, axial T1-

weighted images after an intravenous injection of
0.1 mmol of gadopentetate dimeglumine per kilogram
of body weight (Dotarem, Guerbet Laboratories, Au-
lnay-sous-Bois, France).
The volume measurement for each tumor was based

on signal abnormalities detected on the set of FLAIR
images. The (FLAIR) sequence has been selected to
define the tumor volume as it is superior to the con-
ventional T2-weighted sequences to demarcate intra-
cranial tumors from non-tumor tissue [22]. First, the
tumor boundaries were manually traced considering
areas of high signal intensities on FLAIR images. For
this process, FLAIR images were compared to the T1-
weighted images in order to discard FLAIR anomalies
attributable to non-tumor lesions such as hemorrhage.
The total volume of each tumor was calculated as the
summed volumes of all ROI traced on the set of
FLAIR images.

Statistical analysis

Statistical analyses were performed using Prism 2
(GraphPad Software, San Diego, CA). Non-paramet-
ric Wilcoxon two-tailed t test was used for data anal-
ysis and the level of significance was set at P < 0.05.

Results

In all patients, neurological assessment showed clinical
improvement after PCV treatment. This improvement
either involved neurological deficits or seizure control
(Table 1). The KPS before PCV and at the end of the
PCV completion increased from 70 (mean; range: 70–
100) to 90 (mean; range: 80–100) (Table 1).
Initial AVI evaluation using PET-MET prior to

therapy commencement showed elevated tumor uptake
in all patients as illustrated in Figures 1A and 2A. The
timing of assessment and the data obtained are sum-
marized in Table 2. The ratio of tumor to cerebellum
activity was evaluated and showed a mean value of
1.47 ± 0.17 (mean ±SD); ranging from 1.27 to 1.73.
AVI evaluated at the basal time point
(12.94 ± 11.46 cm3) was significantly reduced after
PCV treatment (0.80 ± 1.45 cm3, P ¼ 0.03, Figures
1–2 and 4A). Similarly, the volume measurements on
MRI decreased from 67.95 ± 39.96 cm3 before PCV
to 31.37 ± 11.99 cm3 after treatment (P ¼ 0.03, Fig-
ures 1–2 and 4B). AVI shows statistically more sig-
nificant decrease than the FLAIR signal volume
(P ¼ 0.015, Figure 5). Using 25% decrease as cut-off
value for responsiveness to therapy, six patients were
considered as responders both on the basis of AVI and
MRI volume measurements. As a group, they showed
a mean post-therapy decrease of 96.32% in AVI and
49.86% in MRI volume measurements. The patient
who did not reach the 25% cutoff decrease, AVI and
tumor volume on MRI were actually increased by
27.70 and 41.11%, respectively (Figure 3). In the five
patients with longer follow-up, further assessments by
PET-MET showed no late AVI increase (Table 1).
Volumetric measurements on MRI evaluated in four of
these patients showed a continuous decrease of the
FLAIR volume in two cases (12.27 and 22.13%) and
less than 10% changes in the two others.

Discussion

The work here presented describes an analytical PET-
based method of follow-up for low-grade ODG. We
have generated an index of whole tumor MET uptake,
namely AVI, with a simple automated semi-quantita-
tive measure. This index integrates tumor volume and
level of MET uptake. It is intrinsic to the metabolic
imaging modality and consequently avoids subjective
delineation of tumor on PET or co-registered MRI.
Tested in seven patients with low-grade ODG treated
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Figure 2. Patient 4 treated by PCV chemotherapy after diagnostic

biopsy of an ODG: PET-MET before chemotherapy showing an area

of moderate uptake in the right fronto-temporal region (A). Corre-

sponding MR images before chemotherapy (B). After completion of

treatment, no tumor activity is detected on PET-MET (C) whereas

abnormal FLAIR signal is decreasing but still present onMRI images

(D). ROI on the PET-MET slices are obtained by a thresholding

method (red line). Boundaries of the tumor are traced considering

areas of high signal intensities on FLAIR images (white line).

Figure 1. Patient 6 treated by PCV chemotherapy for recurrence after

surgical resection of an ODG: PET-MET before chemotherapy with

an area of high uptake in the right border of the resection cavity (A).

On the corresponding MR images (B), the posterior and left borders

of the resection cavity present high intensity of FLAIR signal where

no metabolic activity is detected. PET-MET (C) and MRI images (D)

demonstrate the tumor response after treatment completion. ROI on

the PET-MET slices are obtained by a thresholding method (red line).

Boundaries of the tumor are traced considering areas of high signal

intensities on FLAIR images (white line).

Figure 3. Patient 7 treated by PCV chemotherapy after resection of an ODG: PET-MET before chemotherapy showing an area of increased

uptake in the right subcortical frontral region (A, B). Corresponding MR images before chemotherapy (C, D). After completion of treatment,

slight increase in tumor activity is detected on PET-MET (E, F) and MR images (G, H). Increase in FLAIR signal is found at the level of the

resection site borders (G compared to C) where no MET uptake is found on either PET-MET (A and E). ROI on the PET-MET slices are

obtained by a thresholding method (red line). Boundaries of the tumor are traced considering areas of high signal intensities on FLAIR images

(white line).
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by chemotherapy, AVI appears a practicable and
sensitive index of ODG evolution.
Compared to astrocytomas, the high sensitivity of

ODG to PCV therapy is well established but not fully
understood. One of the most relevant prognostic
factors for this responsiveness is the molecular pat-
tern of ODG. Loss of chromosomes 1p and 19q, a
combined marker of ODG [23], indeed correlates with
exceptional responsiveness and prolonged survival
[24–26].
If the benefits of PCV chemotherapy in patients

with ODG are recognized, the accurate monitoring of
this treatment remains problematical. Morphological
imaging methods are difficult to interpret for this
follow-up. This difficulty probably partly explains the
high variablility of responsiveness rate based on clin-
ical follow-up and morphological imaging. For this
evaluation, MRI and ECT rely on changes in tumor
size since a large number of these tumors do not
present contrast enhancement [9]. Metabolic assess-
ment of responsiveness, as tested in the present study,
appears therefore attractive. It has already been ap-
plied for gliomas of a different type and grade, i.e. the
high grade astrocytomas. SPECT with 201Tl, a tracer
known to accumulate in gliomas partly through an
ATPase active transport [27], has indeed demonstrated
decreased volume and intensity of uptake in patients
with malignant astrocytoma treated with PCV. As
reported by the authors these changes were more

pronounced than morphological findings and 201Tl-
SPECT results after completion of chemotherapy
correlated with clinical findings during follow-up [28].
For the evaluation of low-grade ODG, PET study of
MET uptake was considered the method of choice in
view of the high sensitivity of this tracer for this tu-
mor, particularly in comparison to FDG. In line with
this assumption, recent data indicated that MET up-
take measurement is more suitable than FDG uptake
for monitoring therapeutic effect in low-grade gliomas
treated by brachytherapy [19]. In addition, a recent
case report describes a patient with anaplastic astro-
cytoma in whom favorable response to PCV is
accompanied by a continuous decline in MET uptake
[29].
To establish an observer-independent method of

PET-based evaluation of therapeutic response, we
used a thresholding procedure to delineate the tumor
area. Prior chemotherapy, all ODG tumors in our
study presented a high level of uptake of MET. This
avidity of low grade ODG for MET has been re-
ported in the literature [14,20]. We made use of this
feature to set a constant threshold for tumor evalu-
ation at 120% of a control area (cerebellum). The
threshold was chosen on the basis of our large
experience acquired with PET-guided brain biopsies
(more than 150 PET-guided procedures during the
last 10 years) [30]. The index of metabolic activity,
here defined as AVI, takes into consideration both
volume and activity level of the tumor. It appears
indeed essential to integrate these two variables since
tumor cells response to treatment is expected to
influence the evolution of both their total mass and
metabolic activity. AVI provides a characterization of
tumor features independently from morphological
data. Tumor delineation is indeed intrinsic to the
metabolic imaging modality and avoids subjective
delineation on PET or co-registered MRI. Obviously,
the thresholding technique does not ensure that
infiltrated cells in the surrounding brain tissue are
integrated in the evaluation but visual inspection of
the ROI obtained indicated that in all cases the core
of the tumor was accurately tested. As a matter of
fact, neither PET-MET with the threshold here used
nor FLAIR changes on MRI ensure accurate delin-
eation of the tumor and its extensions in the infil-
trated brain. Concerning this question of tumor

Figure 4. PET-MET and MRI-FLAIR tumor analyses before and after PCV. Results are expressed as mean ± SD (n ¼ 7). AVI measurement

on PET-MET (A) and volume measurement on MRI-FLAIR (B) significantly decrease after PCV treatment.

Figure 5. Comparison of PET-MET AVI and MRI-FLAIR volume

calculations in response to PCV chemotherapy. Decrease in AVI is

significantly more pronounced than decrease in volume measurement

on MRI-FLAIR. Variation is expressed in % change in comparison

to pre-treatment value (mean ± SD, n ¼ 7).
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delineation, it is noteworthy that, as illustrated on
Figure 1, FLAIR signal is highly sensitive to post-
operative changes such as inflammation or hemor-
rhage, and therefore certainly less accurate than PET-
MET.
The mechanisms of MET uptake in gliomas is

known to depend on MET diffusion across the blood–
brain barrier, activation of carrier-mediated transport
at the same level [31] and transcellular system L-like
transport. The latter system of transport depends on
the proliferation rate of human glioma cells in vitro as
the MET uptake decreases by 73% when the cells shift
from the exponential growth phase into the plateau
phase [32]. Therefore, in our patients, we suggest that
the important reduction of MET uptake is a clue for
major metabolic disturbances of ODG when exposed
to alkylating drugs. The metabolic inhibition here
demonstrated is expected to involve diverse cell
functions including proliferation. The metabolic
reaction is obviously earlier than the consequent cell
death that leads to tumor volume reduction. This
explains the more pronounced changes detected by
AVI compared to FLAIR. In addition, the FLAIR
signal probably overestimates tumor volume by the
assimilation of the inflammatory and gliotic reactions.
In fact, areas of high signal intensities on FLAIR
images were inhomogeneous within the tumor mass.
Unfortunately, there is no criterion available to dif-
ferentiate on these images tumor from inflammatory
changes within the tumor boundaries or the sur-
rounding tissue [33]. It has been also described that,
in the postoperative phase, FLAIR imaging is unable
to suppress the signal related to cerebrospinal fluid
because of the presence of protidic cell components
and blood within the resection cavity [34]. The mul-
tiple factors that influence AVI and FLAIR changes
probably evolve on different time scales. The present
study did not specifically address the question of
differences in kinetics between PET-MET and FLAIR
changes on MRI. Still, it is worth noting that in the
patient who was assessed before completion of the
PCV cycles, AVI decreased to 20% of the initial tu-
mor level when the FLAIR volume had not yet
changed.
The clinical relevance of AVI evaluation of ODG

response to treatment certainly requires further stud-
ies. As a first approach, it is noteworthy that no patient
with AVI decrease in the present series presented
neurological sign of relapse during the follow-up per-
iod. Based upon the imaging techniques, to distinguish
responders from non-responders we applied the crite-
rion of 25% decrease of the initial value of AVI and/or
FLAIR. Six of our patients presented this response
and one did not. However, the prognostic value of the
AVI response in terms of time of relapse is an aspect
that the study has not addressed. A multi-centric study
is needed to establish by ROC curve analysis the
accurate cut-offs to separate responder and non-re-
sponder groups. Three patients presented no relapse in
tumor activity more than 1.5 year post-treatment but
longer follow-up in a larger population will be neces-
sary to investigate this point.

Conclusion

This study, based on limited number of patients and
follow-up period indicates that AVI derived from PET-
MET analysis may provide a sensitive and objective
marker of ODG response to PCV chemotherapy.
Volumetric data from MRI-FLAIR provide concor-
dant information on ODG response to PCV treatment,
though PET-MET appears significantly more sensitive.
The two imaging techniques obviously provide infor-
mation of different nature and larger multi-centric
studies should establish their respective usefulness,
particularly in term of prognostic value.
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