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Purpose: Using magnetic resonance imaging (MRI), residual tumor cannot be differentiated from nonspecific
postoperative changes in operated patients with brain gliomas. The higher specificity and sensitivity of L-(methyl-
11C)-labeled methionine positron emissions tomography (MET-PET) in gliomas has been demonstrated in previous
studies and is the rationale for the integration of this investigation in gross tumor volume delineation. The goal of this
trial was to quantify the affect of MET-PET vs. with MRI in gross tumor volume definition for radiotherapy planning
of high-grade gliomas.
Methods and Materials: The trial included 39 patients with resected malignant gliomas. MRI and MET-PET data
were coregistered based on mutual information. The residual tumor volume on MET-PET and the volume of
tissue abnormalities on T1-weighted MRI (gadolinium [Gd] enhancement) and T2-weighted MRI (hyperintensity
areas) were compared using MET-PET/MRI fusion images.
Results: The MET-PET vs. Gd-enhanced T1-weighted MRI analysis was performed on 39 patients. In 5 patients
(13%), MET uptake corresponded exactly with Gd enhancement, and in 29 (74%) of 39 patients, the region of
MET uptake was larger than that of the Gd enhancement. In 27 (69%) of the 39 patients, the Gd enhancement
area extended beyond the MET enhancement. MET uptake was detected up to 45 mm beyond the Gd
enhancement. MET-PET vs. T2-weighted MRI was investigated in 18 patients. MET uptake did not correspond
exactly with the hyperintensity areas on T2-weighted MRI in any patient. In 9 (50%) of 18 patients, MET uptake
extended beyond the hyperintensity area on the T2-weighted MRI, and in 18 (100%), at least some hyperintensity
on the T2-weighted MRI was located outside the MET enhancement area. MET uptake was detected up to 40 mm
beyond the hyperintensity area on T2-weighted MRI.
Conclusion: In operated patients with brain gliomas, the size and location of residual MET uptake differs
considerably from abnormalities found on postoperative MRI. Because postoperative changes cannot be differ-
entiated from residual tumor by MRI, MET-PET, with a greater specificity for tumor tissue, can help to outline
the gross tumor volume with greater accuracy. © 2005 Elsevier Inc.
High-grade gliomas, Radiotherapy, Biologic target volume, Methionine positron emission tomography, MRI.
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INTRODUCTION

he standard tools in the diagnosis and treatment planning
f malignant gliomas (1–12) are magnetic resonance imag-
ng (MRI) and computed tomography (CT) (13–15). Tumor
issue can be visualized on MRI and CT because of the
ncreased water content (edema) compared with normal
rain tissue and because of the blood–brain barrier (BBB)
isruption, visualized as contrast enhancement. However,
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either contrast enhancement nor edema is always a real
easure of tumor extension in low- and high-grade gliomas.
umor cells have been detected beyond the margins of
ontrast enhancement, in the surrounding edema, and even
n the adjacent normal-appearing brain tissue. After neuro-
urgery or radiotherapy (RT), BBB disturbances and edema
an also be treatment-related and cannot be differentiated
rom persistent tumor on CT or MRI (16–18). These issues
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learly call for new methods of defining the tumor volume
ore precisely.
Recently, new methods of tumor visualization have con-

uered the domain of radiation oncology. Techniques such as
ositron emission tomography (PET), single photon emission
T (SPECT), and magnetic resonance spectroscopy (MRS)
re able to visualize the biologic pathways of tumors, giving
dditional information about the metabolism, physiology, and
olecular biology of the tumor tissue (19–21). A new class of

mages, showing a specific biologic event, has the potential
o complement the anatomic information of traditional ra-
iologic techniques. This new class of images is called
iologic images. Thus, in addition to the concepts of the
ross, clinical, and planning target volume (GTV, CTV, and
TV, respectively), Ling et al. (19) proposed using the
oncepts of the biologic target volume and multidimen-
ional conformal RT.

This study analyzed the affect of a biologic image inves-
igation, L-(methyl-11C)-labeled methionine-PET (MET-
ET) for the visualization of tumor extension in brain
liomas.

L-(methyl-11C)-labeled methionine is a natural amino
cid avidly taken up by glioma cells, with only a low uptake
n normal cerebral tissue. The uptake is mainly mediated by
he L-type amino acid transport system. MET may be used
or protein synthesis or converted to S-adenosylmethionine,
hich is the primary methyl donor for transmethylation

eactions and a precursor of polyamide synthesis. A smaller
art of MET is metabolized by decarboxylation. However,
everal experiments have suggested that during PET stud-
es, tumor uptake of MET mainly reflects increased amino
cid transport (22–24). A comparative analysis between CT,
RI, and MET-PET and stereotactic biopsies suggested

hat MET-PET has greater accuracy in defining the extent of
liomas than CT and MRI (25–28). Herholz et al. (29)
howed the sensitivity and specificity of MET-PET in dif-
erentiating between nontumoral tissue and low-grade glio-
as to be 76% and 87%, respectively.
No data in the literature have quantified the tumor exten-

ion in MET-PET and MRI and compared these two imag-
ng modalities using image fusion. In the era of the inte-
rated PET-CT scanner, this analysis is of high importance.
e undertook the present study to quantify the affect of
ET-PET compared with MRI for the delineation of tumor

xtension of high-grade gliomas and to show its implication
or treatment planning. Therefore, the extension of gadolin-
um (Gd) enhancement on T1-weighted MRI and the hyper-
ntensity area on T2-weighted MRI were compared with the
xtension of MET uptake on PET, using MET-PET/MRI
usion.

METHODS AND MATERIALS

atients
The study included 39 patients with high-grade gliomas who

ad undergone tumor resection. The inclusion criteria for the trial

ere the diagnosis (or suspicion) of residual tumor on MRI per- M
ormed 24 hours postoperatively and/or the intraoperative diagno-
is of possible residual tumor. The 20 men and 19 women had a
edian patient age of 53 and 55 years, respectively (range 26–78)

nd a Karnofsky performance status between 60% and 100%.
Of the 39 patients, 27 had glioblastoma, 9 anaplastic astrocy-

oma, and 3 anaplastic oligodendroglioma. CT, MRI, and MET-
ET for treatment planning were all performed in the same week,
–4 weeks after surgical tumor resection. The steroid dose was not
hanged in the week in which the MRI and PET examinations
ere performed. The institutional ethics committee approved the

tudy protocol, and all patients provided written informed consent.

RI
MRI for treatment planning was performed using a Philips 1.5

esla scanner Gyroscan ACS-NT. The head was not fixed during
RI. The acquisition was done with a standard head coil. Axial

1-weighted native and after contrast administration (Gd-diethylene-
riaminepentaacetic acid [Gd-DTPA], 0.1 mmol/kg body weight)
nd T2-weighted images were acquired from the foramen magnum
o the vertex, orthogonal to the holder plate of the mask. The slice
hickness was 1.5 mm, without gaps. The MRI data were trans-
erred via network to the BrainLAB stereotactic treatment plan-
ing system (BrainLAB, Heimstemen, Germany).

ET-PET
Patients fasted for at least 4 hours before MET-PET to ensure

tandardized metabolic conditions. The PET studies were acquired
sing an ECAT EXACT HR� PET scanner (CT1/Siemens; Sie-
ens Medical Systems, Concord, CA). This imaging device con-

ists of 62 detectors that yield 63 transverse slices 2.4 mm apart
axial field of view 15 cm). According to NEMA standards, the
patial resolution in the axial and transaxial directions is 5 mm.
efore MET injection, a transmission scan of 5-min duration

approximately 1.5 million counts/slice) was acquired (30). Emis-
ion data corrected for attenuation, scatter, and random coinci-
ences were reconstructed by filtered back projection using a
anning filter with a cutoff frequency of 0.5 cycles/bin. Carrier-

ree MET (specific activity �18.5 GBq/�mol) was synthesized
rom (11C)methyl iodide and homocysteine (31). A static emission
can of 15-min duration was acquired in two-dimensional mode 15
in after injection of 300–370 MBq MET. After the MET-PET

rocedure, the data were transferred via network to the BrainLAB
tereotactic treatment planning system.

T
Computed tomography was performed with a Siemens Soma-

om AR HP. The head was immobilized in a commercially avail-
ble stereotactic mask (BrainLAB). Before the investigation be-
an, a contrast medium (Ioversol, Optiray 300) was administered
ntravenously. The data were transferred via network to the Brain-
AB stereotactic treatment planning system.

ET/MRI/CT image fusion
The images were analyzed using the MET-PET/CT/MRI Brain-

AB fusion software. The validation of this fusion system was
lready published (32). The automatic image fusion software
BrainLAB) is based on the mutual information measure and does
ot require any user interaction, thus eliminating interobserver
ariability in the image fusion process. The computing time for the
utomatic image fusion on a standard workstation (Pentium II, 450

Hz) is less than 2 min. The algorithm’s robustness was evalu-



a
i
t

D
M
T

d
(
i

M
m
i
T
a
s
s
v
u
a
d

T
a
c
s
(
a
b
s

S

t

1

2

3

4

5

6

d

P
I

i
s
M
t
t
a
w
m

M

T
p
3

(
1
c
T
c
(
b
p
G

F
i
e

66 I. J. Radiation Oncology ● Biology ● Physics Volume 63, Number 1, 2005
ted, and the discrepancy of fusion results due to the different
nitial image alignments was determined to be �1 mm inside the
est volume of interest.

etermination of residual tumor volume in MET-PET/
RI fusion images and volume of tissue abnormalities in

1- and T2-weighted MRI
The MET-PET and MRI studies were analyzed by two indepen-

ent observers with neuroradiology and nuclear medicine training
A.L.G. and W.A.W.). The MET-PET, MRI, and MET-PET/MRI
mages were analyzed separately in each patient.

The residual tumor volume defined by focal MET uptake in the
ET-PET and MET-PET/MRI images (Vol-MET) was delineated
anually. However, a threshold value for the tumor/normal tissue

ndex of 1.7 was considered for the tumor margin in all patients.
his value was determined in a study that analyzed the sensitivity
nd specificity of MET-PET in malignant brain tumors (manu-
cript in preparation). For all the patients included in the trial, the
ame windowing was used. An automated definition of tumor
olume was not feasible because of the small size of focal MET
ptake in most patients and the high uptake in normal tissue such
s lacrimal glands or mucosa. All MRI voxels included in the
elineated area were calculated in the Vol-MET.
The investigators delineated the hyperintensity signal in the

2-weighted images showing tumor tissue, edema, and postoper-
tive changes, inclusive of the resection cavity (Vol-T2) and the
ontrast-enhancement areas in the T1-weighted images, corre-
ponding to tumor tissue or BBB disturbances postoperatively
Fig. 1). The blood areas were subtracted using the comparative
nalysis of the native T1 studies. The volume of the pathologic
rain tissue changes on MRI was calculated by multiplying the
lice thickness by the encompassed surface.

tatistical analysis
The statistical analysis included the automatic quantification of

he following pathologic changes on PET and MRI (Fig. 1):

. The evaluation of pathologic MET uptake volume, as delin-
eated on the MET-PET and MET-PET/MRI fusion images
(Vol-MET).

. The evaluation of the hyperintensity area in the T2-weighted
images (Vol-T2) and evaluation of the Gd-DTPA enhancement
volume on the T1-weighted images (Vol-Gd).

. For those with MET uptake located outside the changes on
MRI, the composite volume MRI/PET (composite Vol-Gd/
MET and composite Vol-T2/MET) were calculated, using the
results of the fusion images: composite Vol-Gd/MET �
Vol-Gd � Vol-MET and composite Vol-T2/MET � Vol-T2 �
Vol-MET, where � indicates union.

. The volume of MET uptake on PET and the pathologic
changes on MRI were computed together under common vol-
ume MRI/PET (common Vol-Gd/MET and common Vol-T2/
MRI): common Vol-Gd/MET � Vol-Gd � Vol-MET and
common Vol-T2/MET � Vol-T2 � Vol-MET, where � indi-
cates intersection.

. In patients with MET uptake located outside the changes on
MRI, we calculated the volume of MET uptake located outside
the changes on MRI (Vol MET minus MRI): Vol-(MET minus
Gd) and Vol-(MET minus T2). In each patient (as determined
by the MRI/PET fusion), the maximal distance between the
margin of the MRI changes and the margin of the MET uptake

(in millimeters) was quantified.
. The volume of the pathologic changes in MRI located outside
of the region with MET tumor uptake was computed as Vol-
(Gd minus MET) and Vol-(T2 minus MET).

Vol-MET, Vol-T1, and Vol-T2 were calculated after the manual
elineation. The other volumes were computed automatically.
All statistical analyses were performed using the Statistical

ackage for the Social Sciences for Windows software (SAS
nstitute, Cary NC).

RESULTS

A total of 39 patients with malignant glioma were entered
nto this study. T1-weighted MRI with Gd and MET-PET
cans were analyzed for all 39 patients, and T2-weighted

RI scans were quantified for only 18 patients. MET up-
ake indicating residual tumor was detected in all 39 pa-
ients. Gd enhancement was found on T1-weighted MRI in
ll 39 patients and hyperintensity areas on T2-weighted MRI
ere outlined in all 18 cases. The results of the volumetric
easurements for all patients are given in Tables 1 and 2.

ET-PET vs. T1-weighted MRI with Gd
The results of volumetric measurements on MET-PET,

1-weighted MRI with Gd and MET-PET/MRI fusion in 39
atients with malignant gliomas are presented in Tables 1,
, and 4 and Figs. 2–5 (see also Fig. 7).
For the whole group, the mean Vol-Gd was 11 cm3

range, 1–69). The mean Vol-MET was 19 cm3 (range,
–102 cm3). The mean composite Vol-(Gd � MET) was 24
m3, and the mean common Vol-(Gd � MET) was 6 cm3.
he mean Vol-(Gd minus MET) was 6 cm3 (range, 0–60
m3), and the mean Vol-(MET minus Gd) was 13 cm3

range, 0–101 cm3). MET uptake was detected up to 45 mm
eyond Gd enhancement (range, 1–45). In 11 (28%) of 39
atients, MET uptake extended �25 mm from the margin of
d enhancement (Tables 1 and 3).

ig. 1. Presentation of volumes quantified on MRI/PET fusion
mages. MRI � magnetic resonance imaging; PET � positron
mission tomography.
Finally, on the basis of the PET/MRI fusion images, areas
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ith MET uptake on PET were compared with the Gd-
nhanced regions on T1-weighted MRI (Table 4). MET
ptake and Gd enhancement were detected in all 39 patients.
n 5 patients (13%) MET uptake corresponded exactly with
he Gd enhancement, and in 29 patients (74%) MET uptake
as also located outside the Gd enhancement. In 27 patients

69%), Gd enhancement was also located outside the MET
nhancement.

ET-PET vs. T2-weighted MRI
The results of the volumetric measurements in 18 patients

ith resected malignant gliomas, in whom T2-weighted MRI
as compared with MET-PET, are given in Tables 2, 5, and 6

nd Figs. 2–4 and Fig. 6.
For all 18 analyzed cases, the mean Vol-T2 was 42 cm3

Table 1. Results of volumetric measurements of T1-weighted

Pt. No.
Vol-MET

(cm3)
Vol-Gd
(cm3)

Composite
Vol-Gd/MET

(cm3)

1 4.9 7.6 7.6
2 19.1 2.6 19.1
3 27.3 27.3 27.3
4 2.6 2.1 4.7
5 0 7.06 0
6 0 0.79 0
7 38.8 3.9 38.8
8 9.2 8.8 15.9
9 22.1 27.5 37.4

10 30 30 30
11 0 4.71 0
12 1.9 5 6.3
13 57.6 53.2 92
14 4.6 13.7 15.4
15 19.6 13.5 21.8
16 7.2 7 11.4
17 13.3 69.1 73
18 17.7 10.2 19.4
19 19 34 46.9
20 8 8 8
21 9.1 9.9 15.8
22 1.7 1.7 1.7
23 78.4 5.1 78.4
24 25 2.5 26.2
25 20.2 15.9 33.2
26 5.5 2.7 6.9
27 38.3 1.7 38.3
28 1.9 1.9 3.2
29 17.8 3.3 18.8
30 4.9 6.1 6.6
31 2.6 0.6 2.8
32 29.9 5.6 30.1
33 13.3 9.3 15.6
34 27.4 0.7 27.4
35 5 0.6 5.6
36 12 12 12
37 17.2 12.3 20.6
38 101.5 1.1 101.6
39 9.1 2.3 9.2

See text for description of terms used.
range, 3–150 cm3). The mean Vol-MET was 23 cm3 (
range, 2–102 cm3). The mean composite Vol-(T2 � MET)
as 52 cm3, and the mean common Vol-(T2 � MET) was
3 cm3. The mean Vol-(T2 minus MET) was 29 cm3 (range,
–138 cm3), and the mean Vol-(MET minus T2) was 10 cm3

range, 0–78 cm3). MET uptake was identified up to 40 mm
range 1–40) beyond the hyperintensity areas on T2-
eighted MRI. In 7 (39%) of 18 patients, MET uptake

xtended �25 mm from the margin of Gd enhancement.
Finally, on the basis of PET/MRI fusion images, the areas

ith MET uptake on PET were compared with the hyper-
ntensity areas on T2-weighted MRI (Table 6). MET uptake
nd hyperintensity area on T2-weighted MRI were observed
n all investigated cases. The extension of MET uptake was
ifferent from the hyperintensity areas. Some MET uptake
as located outside the hyperintensity area, as well as inside

s. MET-PET in 39 patients with resected malignant gliomas

mon
d/MET
m3)

Vol-(Gd minus MET)
(cm3)

Vol-(MET-minus-Gd)
(cm3)

.9 2.7 0

.6 0 16.5

.3 0 0

.1 2.1 2.5

.06 7.06 0

.79 0.79 0

.9 0 34.9

.2 6.7 7

.3 15.3 9.8
0 0

.71 4.71 0

.6 4.4 1.3

.8 34.4 38.8

.7 10.9 1.8

.2 2.2 8.4

.8 4.2 4.4

.5 59.7 3.8

.3 1.8 9.3

.1 27.9 12.9
0 0

.2 6.7 5.9

.7 0 0

.9 0 73.5

.3 1.2 23.7

.9 13 17.3

.3 1.4 4.2

.7 0 36.6

.6 1.3 1.3

.3 1 15.5

.9 1.7 0

.4 0.2 2.2

.5 0.2 24.4

.1 2.3 6.2

.7 0 26.7
0.6 5
0 0

.9 3.4 8.3

.1 0 100.5

.3 0 6.9
MRI v

Com
Vol-G

(c

4
2

27
0
7
0
3
2

12
30
4
0

18
2

11
2
9
8
6
8
3
1
4
1
2
1
1
0
2
4
0
5
7
0
0

12
8
1
2

9 of 18 patients, 50%), but in 100%, the hyperintensity
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egion on T2-weighted MRI extended beyond the MET
nhancement area.

DISCUSSION

ET-PET, IMT-SPECT, and 0-(2-[18F]Fluoroethyl)-L-
yrosine (FET)-PET in tumor volume definition of gliomas

The results of this study have demonstrated the high
mpact of MET-PET in the visualization of tumor extension
or operated patients with high-grade brain gliomas. The
olume of MET uptake corresponded to the volume of Gd
nhancement in only 13% of investigated patients and to the
olume of hyperintensity areas on T2-weighted MRI in no
atient. In most patients, differences in both directions were
bserved: either a pathologic signal on PET without corre-
ation on MRI or vice versa (Fig. 7).

MET uptake was located beyond Gd enhancement on
RI in 74% of cases and was identified outside the hyper-

ntensity areas on T2-weighted MRI in 50% of patients.
hese findings have significant implications in the treatment

Table 2. Results of volumetric measurements of T2-weighted

Pt. No.
Vol-MET

(cm3)
Vol-T2

(cm3)

Composite Vol-
(T2 and MET)

(cm3)

1 1.7 19.6 19.6
2 78.4 133.6 133.6
3 25 14.5 31.8
4 20.2 35.9 49.2
5 5.5 21.1 21.1
6 38.3 46.3 57.6
7 1.9 18.5 18.5
8 17.8 14.5 26.4
9 4.9 5.3 5.9

10 2.6 7.7 9
11 29.9 34.5 50.7
12 13.3 95.3 95.3
13 27.4 17.9 44.4
14 5 4.6 9.3
15 12 150 150
16 17.2 77.3 77.3
17 101.5 51 128.5
18 9.1 3.1 10.1

See text for description of terms used.

Table 3. Results of volumetric measurements in 39 p

Volume (cm3) Gd MET
Compo

Gd and

ean 11 19 24
edian 6 13 16

D 15 21 25
inimum 1 0 0
aximum 69 102 102

MRI and MET-PET performed 1–4 weeks postoperatively; volu
olumes quantified: volume of Gd enhancement on T1-weighted M
ommon volume (Gd � MET), volume of Gd enhancement with

orresponding Gd enhancement.
trategy for patients with high-grade gliomas. They could
elp to plan not only RT, but also surgery and the local
pplication of gene therapy, immunotherapy, or chemother-
py. The correct evaluation of the results of surgery also has
ignificant implications in determining the prognosis, in-
luding both survival time and quality of life (33–35). In
ddition, the indication of other treatment strategies, such as
T and chemotherapy, are affected by the proper evaluation
f the surgical results.
Concerning the planning of RT, the additional informa-

ion from MET-PET can help to define the GTV, CTV, and
TV with high accuracy, something impossible to obtain
–8 weeks after surgery using MRI alone. We showed that
ET uptake was located up to 45 mm beyond Gd enhance-
ent on MRI in 74% of cases and was identified up to 40
m outside the hyperintensity areas on T2-weighted MRI in

0% of patients. In a significant number of cases (i.e., 11
28%] of 39 patients), MET uptake was located �25 mm
rom the margin of Gd enhancement and in 7 (39%) of 18
atients, �25 mm from the margin of T2. The MET uptake

s. MET-PET in 18 patients with resected malignant gliomas

on Vol-
d MET)
m3)

Vol-(T2 minus MET)
(cm3)

Vol-(MET minus T2)
(cm3)

1.7 17.9 0
8.4 55.2 0
7.8 6.8 17.2
6.8 29 13.4
5.5 15.6 0
7 19.3 11.3
1.9 16.6 0
5.9 8.6 11.9
4.9 1 0
2.6 6.4 0
3.8 20.7 16.2
3.3 82 0
0.8 17 26.6
0.3 4.3 4.7
2 138 0
7.2 60.1 0
4 27 77.5
2.1 1 7

with completely or partially resected brain gliomas

Common Gd
and MET

Gd-MET
(minus)

MET-Gd
(minus)

6 6 13
3 2 7
7 12 21
0 0 0

30 60 101

measurements performed on PET/MRI fusion images; following
olume of MET uptake on PET, composite volume (Gd � MET),
inus) MET uptake, and volume of MET uptake without (minus)
MRI v

Comm
(T2 an

(c

7

2

1
1

1
1
2

atients

site
MET

metric
RI, v

out (m
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ocated outside of the MRI changes was not uniformly
istributed around the margins of the radiologic abnormal-
ties (Figs. 2–4). Therefore, it would not be possible to
ndicate a uniform margin around the MRI changes to
nsure that the tumor tissue would be completely encom-
assed in the radiation field. Thus, MET-PET images have
n essential role in the visualization of macroscopic tumor
xtension (GTV) and consequently will influence the CTV
nd PTV delineation. Microscopic tumor infiltration (CTV)
hould be defined with a margin of about 20 mm to the GTV
nd to the resection cavity.

An important consequence of the integration of MET-
ET in the tumor volume delineation for gliomas is better
paring of the normal brain tissue. Gd enhancement and
dema extended outside the MET uptake in 69% and 100%
f cases, respectively. The mean volume of the Gd enhance-
ent located outside of MET uptake was 6 cm3, and the
ean volume of the hyperintensity area on T2 that extended

eyond the MET uptake was 29 cm3 (Table 5). Considering
hat Gd enhancement and edema that are located beyond the

ET uptake were a result of the surgery, these regions
hould be excluded from the GTV and, as a consequence,
ould not be incorporated in the high radiation dose areas.
onsequently, MET-PET will be useful for excluding nor-
al brain tissue from the high radiation dose.

Table 4. Results of comparison of Gd and MET in 39 patients
using PET/MRI fusion images

Finding n (%)

ET uptake corresponded to Gd enhancement 5/39 (13)
ET uptake located outside Gd enhancement 29/39 (74)
d enhancement located outside MET uptake 27/39 (69)

Areas with MET uptake on PET were compared, scan by scan,
ith areas with Gd enhancement on T1-weighted MRI.

ig. 2. Astrocytoma World Health Organization Grade III, 2 weeks
ostoperatively and 4 days before RT. (a) T1-MRI scan with Gd
nhancement. (b) MET-PET image. MRI and PET data were
oregistered using BrainLAB fusion software. Area with both Gd
nd MET enhancement located in right temporal lobe (outlined in
reen) corresponds to residual tumor tissue and represents GTV.
mall Gd enhancement area located in right temporal lobe (pink)
hows no MET uptake on PET, indicating BBB disturbance from
urgery and not included in GTV. MRI � magnetic resonance
maging; RT � radiotherapy; PET � positron emission tomogra-

hy; GTV � gross tumor volume. o
In previous studies, we investigated the impact of 123I-
abeled �-methyl-tyrosine-single photon computed emis-
ion tomography (IMT-SPECT) on the GTV definition for
hree-dimensional treatment planning of brain gliomas. IMT
s an amino acid tracer with similar properties to MET for
he visualization of gliomas (36, 37). Using MRI/SPECT
usion images, the GTV from SPECT was compared with
he volume of hyperintensity regions on T2-weighted MRI
nd with the volume of Gd enhancement on T1-weighted
RI.
Initially, we investigated 30 nonoperated low- and high-

rade glioma patients (38). In most cases, the hyperintensity

ig. 3. Glioblastoma Grade IV, 4 weeks postoperatively and 3 days
efore radiotherapy. (a) T1-MRI with Gd enhancement. Magnetic
esonance imaging (MRI) and positron emission tomography
PET) data were coregistered using BrainLAB fusion software.
rea with Gd enhancement on MRI outlined in pink and includes
oth residual tumor and BBB disturbances postoperatively. Area
ith L-methyl-11C)-labeled methionine (MET) uptake on MET-
ET (green) indicates residual tumor tissue (gross tumor volume).
ET uptake also extended outside Gd-enhancement area (yellow

rrow), and Gd enhancement extended outside of MET uptake
blue arrow).

ig. 4. Glioblastoma. L-(methyl-11C)-labeled methionine-positron
mission tomography (MET-PET), T2-weighted magnetic reso-
ance imaging (MRI), T1-weighted MRI with Gd, and PET/MRI
usion images. Yellow arrows indicate hyperintensity areas on
2-weighted MRI, Gd enhancement on T1-weighted MRI, and
athologic MET uptake on PET. Note, intensive MET uptake

utside of changes seen on MRI.
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rea on T2-weighted MRI included the area with IMT-
ncreased uptake on SPECT, confirming that T2-changes
ncorporate both tumor tissue and perifocal edema. How-
ver, the most striking finding of the study was the obser-
ation that the IMT tumor uptake also extended up to 20
m outside the T2-weighted MRI changes in 23% of pa-

ients (7 of 30, all high-grade gliomas). By adding the
dditional IMT-SPECT information to the T2-weighted
RI, a mean relative increase of the GTV of 33% was

btained. Comparing the IMT uptake with the Gd-enhance-
ent areas on the T1-weighted MRI/SPECT fusion images,

ig. 6. T2-weighted magnetic resonance imaging vs. L-(methyl-
1C)-labeled methionine-positron emission tomography (MET-
ET). Volumetric measurements using PET/MRI fusion for 18
atients with resected gliomas. White bars indicate hyperintensity
utside of MET uptake; gray bars, both hyperintensity and MET

ig. 5. T1-weighted magnetic resonance imaging (MRI) with Gd
s. L-(methyl-11C)-labeled methionine-positron emission tomog-
aphy (MET-PET). Volumetric measurements using PET/MRI fu-
ion for 39 patients with resected gliomas. White bars indicate Gd
utside of MET uptake; gray bars, both Gd and MET uptake; and
lack bars, MET uptake without Gd enhancement.
mptake; and black bars, MET uptake without hyperintensity.
e observed that the IMT tumor uptake incorporated the
ontrast enhancement regions in all cases, and also extended
utside the Gd-enhancing regions. In conclusion, that study
howed that IMT-SPECT provided significant information
egarding the extent of tumor tissue.

Consequently, we analyzed the affect of IMT-SPECT for
TV delineation in 66 patients with low- and high-grade
liomas after surgical resection (39). The design and results
f that trial are comparative to those of the present study
Table 7). Analogous to the data presented in this study for

ET, we found that the size and location of IMT uptake
ere not related to the abnormalities on postoperative T1-
eighted Gd-enhanced MRI and T2-weighted MRI. In 19

76%) of 25 patients with residual tumor, IMT uptake was
ocated outside the T2-weighted MRI changes. All 19 pa-
ients had high-grade gliomas. The pathologic IMT uptake
reas were located up to 20 mm outside the hyperintensity
n T2-weighted MRI. Also, contrast enhancement and
dema extended outside the area of IMT uptake, a conse-
uence of postoperative BBB disturbances and edema. Be-
ause IMT-SPECT can visualize tumor tissue with a greater
pecificity and sensitivity than morphologic imaging mo-
alities, we concluded that these findings could significantly
odify target volumes for treatment planning and that the

ntegration of amino acids tracers in treatment planning
ould help focus the high radiation dose on viable tumor
issue and protect normal brain tissue (Table 7).

MET-PET has a greater resolution (about 3–4 mm) than
MT-SPECT (about 7 mm); thus, MET-PET is more appro-
riate for use with high-precision radiation techniques (32).
n our department, MET-PET is used in the treatment plan-
ing of patients with brain gliomas in two situations:
First, MET-PET has been integrated into a dose-escala-

ion protocol for patients with residual tumor after surgery
f high-grade gliomas. The GTV encompasses the region of
ET uptake on the PET/MRI/CT fusion images. The CTV

ncludes the GTV and the resection cavity plus a 2-cm

ig. 7. Summary of our results. White circle represents mean
olume of Gd enhancement without correlation with L-(methyl-
1C) labeled-methionine (MET) uptake, indicating high probabil-
ty of BBB disturbances postoperatively. Gray circle represents
ean volume of tissue with both Gd enhancement and MET

ptake. Black circle represents mean volume with MET uptake
ocated outside of Gd enhancement on magnetic resonance imag-
ng. Both gray and black areas should be considered macroscopic
umor tissue and included in gross tumor volume.
argin, and the PTV1 is enlarged 0.5 cm to the CTV. The
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TV1 is radiated to a total dose of 60 Gy (2 Gy/d, five times
eekly) using a conventional three-dimensional technique.
he dose is escalated on the macroscopic tumor volume
sing a stereotactic technique, with head fixation in a ste-
eotactic mask. The PTV2 is defined as the MET uptake on
he PET/MRI/CT fusion images (GTV) plus 3 mm. The
ose delivered to the PTV2 is 20 Gy in 5 Gy/fraction four
imes weekly.

Second, MET-PET/CT/MRI fusion images are used in
he treatment planning for repeat irradiation of recurrent
igh-grade gliomas. In such cases, we deliver a total dose of
0 Gy in 5 Gy/fraction, five fractions weekly, using a
tereotactic technique. The GTV encompasses the MET on
ET/MRI/CT fusion images. The GTV is not expanded to
reate the CTV. The PTV includes the GTV plus 3 mm.

One problem in the diagnosis of residual tumor using
ET-PET could be the differentiation between tumor and

ranulation tissue after surgery. An increased amino acid
ransport into the cells is also described for macrophages,
hich are activated after surgery. However, several studies
ave demonstrated that this transport is significantly greater
n tumor tissue than in inflammatory tissue (29). This dif-
erentiation is difficult to determine, especially for areas
ontaining a small density of tumor cells. Therefore, we
mphasize that MET-PET helps to delineate the regions
ith a high density of tumor cells, namely the macroscopic

umor tissue and not the microscopic tumor infiltration. In
ddition, histologic validation of the residual tumor regions
n MET-PET is difficult because stereotactic biopsies in
hese regions would be another invasive approach in pa-
ients confronted with a bad prognosis and complex treat-
ent. Therefore, the best noninvasive methods for valida-

Table 5. Results of volumetric measurem

Volume (cm3)
T2-weighted

MRI MET
C

T2

ean 42 23
edian 20 15

D 44 27
inimum 3 2
aximum 150 102

MRI and MET-PET were performed 1–4 weeks postoperativ
ollowing volumes were quantified: volume of hyperintensity reg
olume (Gd � hyperintensity on T2), common volume (Gd � hype
ptake, and volume of MET uptake without (minus) correspondin

Table 6. Results of hyperintensity and MET comparison in 18
patients using PET/MRI fusion images

Finding n (%)

ET uptake corresponded to hyperintensity on T2 0/18 (0)
ET uptake located outside hyperintensity on T2 9/18 (50)
yperintensity on T2 located outside MET uptake 18/18 (100)

Areas with MET uptake on PET were compared, scan by scan,

pith the hyperintensity areas on T2-weighted MRI.
ion of the clinical affect of MET-PET are clinical studies
hat investigate tumor control, recurrence location, and sur-
ival. The prognostic value of IMT-SPECT in patients with
rain gliomas was analyzed in a previous study from our
nstitution (40). The results of that study have indicated that
n operated patients with gliomas, residual focal IMT is an
mportant prognostic factor after tumor resection. For ex-
mple, an IMT uptake ratio of �1.7 was associated with a
ourfold greater risk of death. IMT uptake remained signif-
cantly correlated with survival when the important prog-
ostic factors of age and tumor grade were included in a
ultivariate analysis. These findings strongly suggest that

ostoperative IMT uptake is a specific marker for residual
umor tissue and not an nonspecific sign reflecting repara-
ive changes.

An important disadvantage of 11C-MET is the low phys-
cal half-time of about 20 min. The investigation necessi-
ates an onsite cyclotron; therefore, the application of MET-
ET has been mainly limited to academic research centers.
he advantage of the amino acid analog, O-(2-[18F]Fluoro-
thyl)-L-Tyrosine (FET), is that it can be radiolabeled with
uorine-18, an isotope with a physical half-time of about
10 min and can be distributed to PET centers without an
nsite cyclotron (41). In a preliminary analysis of 16 pa-
ients with brain gliomas, we found that MET-PET and
ET-PET were equal in their ability to diagnose vital gli-
ma tumor tissue (42). However, future clinical trials are
equired to confirm these results.

RI and MRS
Magnetic resonance imaging has been established as the

est tool for visualizing brain and tumor anatomy, is of great
mportance when describing the tumor location and critical
tructures, and is very sensitive in detecting edema and BBB
isruption. Therefore, MRI will remain the basis for diag-
osis and treatment planning in patients with gliomas (13–
5). However, when using MRI alone in resected patients,
esidual tumor cannot be differentiated from nonspecific
ostoperative changes, known to occur after the first 2
ostoperative days. In addition, these changes can persist
or months after surgery. Performing MRI in the first 2

18 patients with resected brain gliomas

ite
ET

Common T2
and MET

T2-MET
(minus)

MET-T2

(minus)

13 29 10
6 17 2

18 35 19
0 1 0

78 138 78

lumetric measurements performed on PET/MRI fusion images;
n T2-weighted MRI, volume of MET uptake on PET, composite
sity on T2), volume of hyperintensity on T2 without (minus) MET
rintensity areas on T2-weighted MRI.
ents in

ompos
and M

52
38
46

6
150

ely; vo
ions o
rinten
ostoperative days may increase the likelihood of detecting
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real” residual tumor. In this study we included patients
ith suspected residual tumor in the surgery report and/or
n the MRI scans performed 24 hours postoperatively. In
ccordance, MET-PET showed residual tumor tissue in all
nvestigated cases. It is generally not possible to use post-
perative MRI, performed up to 2 days postoperatively, in
reatment planning for the following reasons: (1) patients
re acquired from different hospitals and as a consequence
he technique of MRI is quite variable (e.g., Gd application,
equences used); (2) the MRI data sets from other depart-
ents cannot be coregistered with MET-PET; (3) MRI and
ET-PET for treatment planning must be performed in the

ame week, before starting RT; and (4) an actual treatment
lanning MRI scan is usually performed about 3–4 days
efore beginning RT (i.e., 1–4 weeks postoperatively). Dur-
ng that interval, the regrowth of residual tumor cannot be
xcluded; thus, an actual reevaluation of tumor extension,
sing MET-PET, is always necessary. Therefore, we fo-
used our trial on the comparison of MET-PET and MRI
erformed 2–3 weeks after surgery, for three-dimensional
lanning of RT.
T1- and T2-weighted images were analyzed because these

equences have been shown to correlate in several studies
ith the histologic findings and also because they are stan-
ard sequences used in treatment planning (43, 44). More
ophisticated techniques, such as MRS, have also shown
igns extending outside the T1- and T2-weighted MRI-
erived target volume. In a previous study, Pirzkall et al.
45) used MRS and MRI in patients with malignant gliomas
efore and after surgery. They documented that metaboli-
ally active tumor cells existed up to 28 mm outside the

2-weighted areas in as many as 88% of their preoperative
atients. In a second study after surgery and before RT (46),
RS was also shown to be a valuable tool in the assessment

f residual disease postoperatively. Both of these studies
arry an important implication for the purpose of treatment
lanning in both resected and biopsy-only patients with

Table 7. Comparison between mean volumes quantified on MET-
IMT-SPECT/MRI fusion

Vol-Gd (cm3) Vol-MET/IMT*
Composite Vol Gd

and MET/IMT*

11 19 24
12* 18* 27*

ol-T2 Vol-MET/IMT*
Composite Vol T2

and MET/IMT*

42 23 52
74* 18* 80*

See text for description of terms.
Data presented as mean volume in cubic centimeters; second*

35]).Results of SPECT study showed mean volumes, computed
esidual tumor tissue after surgery.
alignant gliomas. These results are similar to our data, s
ven though another imaging tool was used for the inves-
igation of brain gliomas.

CONCLUSIONS

Tumor imaging on MET-PET is based on the trait of
umor cells to transport the radiolabeled amino acids into
he cell. This biologic feature is used for the visualization of
umor tissue. Therefore, based on a biologic paradigm, we
efined a biologic target volume (19–21). In this case, the
iologic target volume using MET-PET helped to describe
he tumor morphology (GTV) with greater accuracy than
sing the traditional radiologic investigations (MRI or CT)
lone. The biologic target volume (MET-PET) gives limited
nformation about the malignancy of the tumor tissue. Data
ave shown that the intensity of amino acid uptake corre-
ates with the grade of malignancy (47), but it is also known
hat low-grade gliomas, such as oligodendrogliomas, can
ave high amino acid transport (29). Thus, amino acids are
seful in the description of the morphology, but not in the
isualization of special biologic features of the tumor that
escribe the grade of malignancy. For this aspect, other
racers, such as markers for tumor proliferation, tumor hyp-
xia, or tumor angiogenesis need to be investigated.
The results of this study have shown that tumor volumes

efined by MRI and MET-PET differ substantially. Because
f the known high accuracy of MET-PET for the detection
f tumor tissue, these findings suggest that MET-PET may
ignificantly improve the definition of target volumes in
atients with high-grade gliomas. MRI shows the contrast
nhancement and edema, two features of the tissue related
ot only to tumor infiltration but also to postoperative
hanges. Using MET-PET/MRI fusion imaging, the bio-
ogic characterization of the tissue can be combined with an
ccurate presentation of the anatomy. This is a better tool
or a precise delineation of the target volume, an essential

RI fusion images in this study and mean volumes quantified on
s in previous study (35)

mon Vol Gd
MET/IMT*

Vol Gd-MET/IMT*
(minus)

Vol MET/IMT-Gd*
(minus)

6 6 13
3* 9* 15*

on Vol T2

ET/IMT*
Vol T2-MET/IMT*

(minus)
Vol MET/IMT-T2*

(minus)

13 29 10
12* 62* 6*

urth* rows represent data determined using IMT (previous study
operated patients with gliomas, for which IMT-SPECT detected
PET/M
image

Com
and

Comm
and M

and fo
in 25
tep in the planning of RT.
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