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We developed a technique that allows the routine integration of
PET in stereotactic neurosurgery, including radiosurgery. We
report our clinical experience with the combined use of meta-
bolic (i.e., PET) and anatomic (i.e., MRI and CT) images for the
radiosurgical treatment of brain tumors. We propose a classifi-
cation describing the relative role of the information provided by
PET in this multimodality image-guided approach. Methods:
Between December 1999 and March 2003, 57 patients had
stereotactic PET as part of their image acquisition for the plan-
ning of gamma knife radiosurgery. Together with stereotactic
MRI and CT, stereotactic PET images were acquired on the
same day using either '8F-FDG or '"C-methionine. PET images
were imported in the planning software for the radiosurgery
dosimetry, and the target volume was defined using the com-
bined information of PET and MRI or CT. To analyze the specific
contribution of the PET findings, we propose a classification
that reflects the strategy used to define the target volume.
Results: The patients were offered radiosurgery with PET guid-
ance when their tumor was ill-defined and we anticipated some
limitation of target definition on MRI alone. This represents 10%
of the radiosurgery procedures performed in our center during
the same period of time. There were 40 primary brain lesions, 7
metastases, and 10 pituitary adenomas. Abnormal PET uptake
was found in 62 of 72 targets (86%), and this information altered
significantly the MRI-defined tumor in 43 targets (69%). Con-
clusion: The integration of PET in radiosurgery provides addi-
tional information that opens new perspectives for the optimi-
zation of the treatment of brain tumors.
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Radiosurgery is a stereotactic treatment defined as the
delivery of asingle, high dose of radiation allowing safe and
complete destruction of precise target structures. It is pro-
posed in the multimodality management of brain tumors.
CT and MRI, the commonly used imaging modalities in
radiosurgery, have limitations for target delineation in in-
filtrative tumors and postoperative conditions. We have
proposed to integrate PET images in the dosimetry planning
for Leksell Gamma Knife (LGK; Elekta A.B.) radiosurgery
to improve targeting (1). The background of this approachis
based on previous experience with PET in stereotactic con-
ditions for brain biopsy (2). Briefly, it shows that PET data
reflect extent, degree of anaplasia, and prognosis in brain
tumors. Integration of PET in neurosurgical procedures may
contribute to a better management of brain tumors, either in
optimizing their delineation or in targeting the aggressive
areas of heterogeneous tumors. This strategy has been ini-
tiated for the neurosurgical planning of brain tumor resec-
tion using neuronavigation (3). We here report on LGK
radiosurgery guided by the combination of MRI or CT and
PET stereotactic images. To evaluate the PET contribution,
we propose a classification describing the relative role of
PET and MRI in this multimodality image-guided approach.

MATERIALS AND METHODS

Patients and Preparation for LGK Radiosurgery

Between December 1999 and March 2003, 57 patients (32
males, 25 females; age, 3-77 y; mean age, 42 y) had stereotactic
PET as part of imaging acquisition for LGK radiosurgery planning
(Table 1). Standard preparation, as described (4), was similar for
all patients undergoing LGK radiosurgery. Briefly, the Leksell G
frame (Elekta A.B.) was attached to the patient’s head under local
anesthesia with mild sedation in adults or general anesthesia in
children. Stereotactic CT was acquired as the quality control for
MRI distortion. Stereotactic MRI was obtained using different
images acquisition parameters. T1-weighted images before and
after intravenous injection of gadolinium-diethylenetriaminepen-
taacetic acid (Gd-DTPA) were used in al patients as the primary
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TABLE 1
Characteristics of Patients and LGK Treatment
Target Prescription
Patient  Age Previous brain volume isodose Dose/isodose
no. (y) Sex Diagnosis surgery Location, side Radiotracer (cmd) volume (cm?3) (Gy/%)
1 36 M Anaplastic Open resection Insula, R 18F-FDG 7.10 10.80 15/55
astrocytoma
2 34 M Anaplastic Stereotactic Parietal, R 18F-FDG 7.90 11.00 14/50
astrocytoma biopsy
3 18 F Pilocytic astrocytoma Open resection Brainstem 11C-Methionine 1.30 1.50 13/50
4 19 F Pilocytic astrocytoma Open resection Hypothalamus 11C-Methionine 0.66 0.67 13/50
5 49 M Glioblastoma Open resection Cerebellum 18F-FDG 2.40 3.00 15/50
6 56 F Low-grade glioma Open resection Temporal, R 18F-FDG 1.70 2.90 15/50
7 52 F Glioblastoma Open resection Parietal, R 8F-FDG 2.73 5.10 15/50
8 39 M Low-grade Open resection Parietal, L 18F-FDG 6.40 8.00 15/50
oligodendroglioma
9 59 M Metastasis (lung) Open resection Frontal, R 18F-FDG 6.80 8.00 18/45
10 23 M Anaplastic Open resection 5 lesions 18F-FDG 0.22-2.20 0.66-5.20 14-15/50-70
ependymoma
1 34 F Anaplastic Open resection Cerebellar, R 11C-Methionine 7.30 7.80 14/50
astrocytoma
12 3 F Anaplastic Open resection 3 lesions 18F-FDG 0.73-4.60 1.40-6.00 15/50
ependymoma
13 39 M Anaplastic Open resection, 2 lesions 18F-FDG 0.53-8.10 1.00-12.20 16/50
oligodendroglioma LGK
14 53 F Neurocytoma Stereotactic 3rd ventricle 11C-Methionine 1.40 1.60 15/50
biopsy
15 53 M Adenoma Transphenoidal Sella turcica 11C-Methionine 2.10 2.60 20/50
16 18 F Adenoma Transphenoidal Sella turcica 11C-Methionine 0.40 0.49 35/50
17 39 M Anaplastic Open resection, 2 lesions 18F-FDG 0.85-1.20 1.20-1.50 16/50
oligodendroglioma LGK
18 56 F Low-grade glioma Stereotactic Frontal, R 11C-Methionine 1.90 2.40 15/50
biopsy
19 16 M Atypical neurocytoma Open resection 4 lesions 11C-Methionine 0.13-10.40 0.26-14.50 12-15/50
20 7 M Metastasis (melanoma)  Open resection Rolandic, L 8F-FDG 8.80 11.80 18/50
21 43 M Glioblastoma Open resection Prerolandic, R 8F-FDG 3.60 5.70 16/50
22 67 F Adenoma Transphenoidal Sella turcica 11C-Methionine 1.60 2.60 35/50
23 18 M Pilocytic astrocytoma Stereotactic Cerebellar, L 11C-Methionine 0.55 0.78 15/45
biopsy
24 36 F Adenoma Transphenoidal Sella turcica 11C-Methionine 0.54 0.77 20/50
25 44 F Low-grade Stereotactic Rolandic, R 11C-Methionine 4.10 4.90 12/50
oligodendroglioma biopsy
26 53 F Metastasis (pharynx) None 2 lesions 18F-FDG 0.58-9.20 0.82-13.80 18-20/40-50
27 58 F Glioblastoma Open resection Frontal, L 18F-FDG 3.90 9.80 15/50
28 23 F Metastasis (melanoma)  Open resection Cerebellar, L 8F-FDG 0.98 1.20 20/50
29 39 F Adenoma Transphenoidal Sella turcica 11C-Methionine 0.24 0.33 35/50
30 13 F Low-grade glioma Open resection Brainstem 11C-Methionine 2.20 3.0 12/50
31 46 F Metastasis (breast) None Meckel’s cave 18F-FDG 1.40 1.80 16/50
32 7 M Pilocytic astrocytoma Open resection Temporal, R 11C-Methionine 1.0 1.80 15/50
33 18 F Ganglioglioma Open resection Temporal, R 18F-FDG 3.70 4.20 15/50
34 67 M  Glioblastoma Open resection Temporal, L 18F-FDG 13.00 26.80 14/40
35 25 M Adenoma Transphenoidal Sella turcica 11C-Methionine 1.80 3.00 20/50
36 14 F Pilocytic astrocytoma Open resection Vermis 11C-Methionine 13.60 16.00 12/50
37 67 F Glioblastoma Open resection Parietooccipital, R 18F-FDG 2.60 6.00 18/50
38 44 F Adenoma Transphenoidal Sella turcica 11C-Methionine 1.60 2.10 20/50
39 48 M Glioblastoma Open resection Frontal, R 18F-FDG 11.80 19.60 15/50
40 56 M Pituitary adenoma Transphenoidal Sella turcica 11C-Methionine 6.00 7.70 20/50
41 48 M Low-grade glioma Open resection Temporal, L 11C-Methionine 2.70 7.00 15/50
42 27 M Ependymoma Open resection 3rd ventricle, 11C-Methionine  0.97-3.60 1.50-5.40 12-15/50
posterior
43 22 M Low-grade Stereotactic Occipital, L 11C-Methionine 2.60 3.80 16/50
oligodendroglioma biopsy
44 32 M Glioblastoma Open resection Frontal, R 18F-FDG 410 6.50 15/50
45 55 M Glioblastoma Open resection Parietooccipital, R 18F-FDG 3.60 10.40 15/50
46 58 M Glioblastoma Open resection Temporoparietal, L~ '8F-FDG 8.10 19.50 15/50
47 59 F Pituitary adenoma Transphenoidal Sella turcica 11C-Methionine 0.41 0.58 30/50
48 44 F Metastasis (breast) LGK Thalamic, R 11C-Methionine 6.70 8.20 18/50
49 49 M Metastasis (lung LGK Multiple (2 lesions)  ''C-Methionine  1.70-1.90 3.70-3.90 20/50
carcinoma)
50 55 M Glioblastoma Opeé: resection, Insula, R 18F-FDG 1.80 4.70 18/50
LGK
51 31 M Anaplastic Open resection Frontal, L 11C-Methionine 0.54 0.89 18/50
astrocytoma
52 43 M Glioblastoma Open resection Frontotemporal, L 18F-FDG 11.60 25.40 15/50
53 72 M Pituitary adenoma Transphenoidal Sella turcica 11C-Methionine 0.15 0.23 35/50
54 66 F Glioblastoma Open resection Parietooccipital, L 11C-Methionine 11.80 20.40 15/50
55 33 M Anaplastic Stereotactic Parietooccipital, L 11C-Methionine  0.67-3.04 3.20-6.30 15/50
astrocytoma biopsy
56 56 M Glioblastoma Open resection Rolandic, R 11C-Methionine 2.20 5.20 18/50
57 69 M Glioblastoma Open resection Occipital, R 11C-Methionine 5.30 11.30 15/50
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reference for target definition in this series. The patient was then
transferred to the PET unit, which is adjacent to the MRI and
Gamma Knife facilities.

Acquisition and Integration of Stereotactic PET Images

Acquisition of stereotactic PET images was originally described
for brain biopsy (5,6). For LGK radiosurgery, stereotactic PET
images were acquired with a Siemens/CTl ECAT 962 (HR+)
tomograph, alowing the simultaneous acquisition of 63 planeswith a
dice thickness of 2.4 mm. PET image acquisition with the Leksell G
frame was validated using a 3-dimensiond (3D) acrylic phantom
containing spheric simulated targets that can be imaged in both PET
and CT and provides submillimeter spatial accuracy (1).

During PET data acquisition, the stereotactic frameis secured in
the Elekta CT bed adapter together with a customized head holder
fitted into the PET couch (Fig. 1). Thisallows fast and comparable
positioning during CT, MRI, and PET. The radioactive fiducial
markers are generated by a disposable tubing system embedded in
a dedicated PET indicator box and filled with a *8F-fluoride solu-
tion (0.37-0.74 MBg/mL) for the emission scan (Fig. 1). The
patient is injected intravenously with either 222-333 MBq 18F-
FDG or 370-555 MBq C-methionine, and 20-min images are
acquired at 40 min for 18F-FDG and at 20 min for 12C-methionine.

%
FIGURE 1. Acrylic dedicated PET indicator box is attached to

base ring of stereotactic Leksell G frame, which is secured in
customized head holder during PET acquisition.
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PET image files in CTlI ECAT 7 format are transferred to the
workstation used for the treatment planning with Leksell Gam-
maPlan (LGP; Elekta A.B.) and converted in the LGP file format
by custom software. The LGP PET software module results from
an ongoing collaboration with Elekta R&D in the framework of a
protocol approved by the Ethics Committee of our institution.

PET and MR Image Analysis and Definition of Target
Volume

Planning begins with a separate analysis of each stereotactic
imaging modality. A 3D volumetric contour is drawn on stereo-
tactic MR images, most often corresponding to the area of Gd-
DTPA enhancement. Then, the stereotactic PET images are ana-
lyzed independently, by the nuclear medicine physician and
neurosurgeon together. Abnorma PET signa suitable for target
definition corresponds either to areas of increased tracer uptake
compared with the surrounding brain or to foci of relative in-
creased tracer uptake in a hypometabolic lesion. A 3D volumetric
PET contour delineating these areas is drawn on a visual basis or
using the software-based segmentation algorithm and is projected
onto the corresponding MR images. The fina target volume is
defined and drawn on the stereotactic MR image, taking into
account the respective contributions of PET and MRI, as well as
the anatomic location of the tumor and the functional areas at risk.

Dosimetry Planning and LGK Treatment

Once the target volume is defined, a dose plan is composed and
verified by the neurosurgeon, radiation oncologist, and medical
physicist. Multiple-isocenters planning is constructed to achieve
the most conformal irradiation volume for the tumor. The pre-
scribed dose is chosen on the basis of the nature of the tumor and
the volume enclosed in the prescription isodose volume (Table 1).
The radiosurgical treatment is performed with LGK C with Auto-
matic Positioning System (APS) (7). After completion of the
treatment, the stereotactic frame is removed; the patient is dis-
charged from the hospital the next day.

Proposed Classification

To analyze the specific contribution of PET and MRI, in the
definition of the target volume, we propose a 2-step classification
that reflects the strategy used (Fig. 2). First, the relative location of
the projection of PET and MRI volumes is considered, yielding 6
classes (class |, PET-defined volume projects within MRI-defined
volume; class Il, PET- and MRI-defined volumes do not fully
project in the same areas; class |11, MRI-defined volume projects
within PET-defined volume; class 1V, PET- and MRI-defined
volumes are similar; class V, a PET volume can be defined and
MRI is not contributive; class VI, a MRI volume can be defined
and PET is not contributive). Based on these categories, a choice
is made secondarily to define the target volume, categorizing
subgroups A, B, and C, respectively, when only PET-, only MRI-,
and a combination of the PET- and MRI-defined volumes are used
to define the target volume (Fig. 2).

On this basis, contribution of PET is considered valuable in
classes IA, 1B, IIA, 1IB, 1A, I1IB, and V (Table 2). PET use is
actually of different types. First, PET could be used to focus on the
metabolically active part of the tumor when the MRI-defined
volume is too large or most probably includes scar tissue (classes
IA, IB, and I1A). Second, PET could be used to maximize atarget
volume underestimated on MRI (classes 1I1B, IIIA, and 1IIB).
Finaly, PET could be used as the sole source of information for
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Class LA
Tg=PET

.| ClasslB
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Class|.C
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Class ILA

Tg = PET

Class Il.B
Tg=PET+MR
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Tg= MR

Class lILA
Tg = PET

Class LB
PET < Tg < MR
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i —
o

Class lI.C

Tg= MR

Class IV
MR = Tg = PET

a—

Class IV
PET = MR
Class V

PET+/ MR~

Class V
Tg = PET only
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Tg = MR only

Class VI
MR+ / PET-|

FIGURE 2. Proposed classification. Left column represents
description of relative location of tumor volumes, as defined on
basis of PET (purple) and MRI (light blue). Right column illus-
trates choice made to define final target volume (dark blue line).
In classes |, Il, and lll, subclasses A, B, and C are defined (only
PET-, only MRI-, and PET- and MRI-target volume definition).

targeting, when MRI is not informative (class V). PET findings are
considered not useful in classes IC, IIC, 1IIC, and IV, athough an
abnormal tracer uptake is detected. Findly, in class VI, PET
cannot be used (no abnormal tracer uptake).

RESULTS

In all patients, stereotactic PET images were successfully
acquired and integrated in the dosimetry planning within a
90-min period.

For all 57 treatment sessions, the patients were offered
LGK radiosurgery with PET guidance (LGK-PET) because
their tumor was ill-defined on MRI. This represents 10% of
all radiosurgery procedures performed during the same time
period (n = 566). LGK-PET was used in the following
indications (Fig. 3A): 40 primary central nervous system
(CNS) lesions (Fig. 4), 10 pituitary adenomas (Fig. 5), and
7 metastases (Fig. 6). 8F-FDG was chosen in 26 patients
(46%), and 1*C-methionine was chosen in 31 patients (54%)
(Table 1; Fig. 3B). Radiotracer was chosen a priori, taking
into account tumor histology, previous knowledge of its
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TABLE 2
Usefulness of PET Information According
to Proposed Classification

PET useful PET not useful
Class IA
Class IB
Class IC
Class IIA
Class 1IB
Class IIC
Class llIA
Class llIB
Class llIC
Class IV
Class V

Note that class VI is not included because there is no abnormal

uptake on PET in this category.

metabolism, as well as the radiosurgical strategy envi-
sioned. In high-grade tumors (including 1 atypical neurocy-
toma), 8F-FDG was predominantly used (23/32 cases;
72%), aiming at a focal treatment on the most aggressive
part of the tumor. In low-grade tumors, 1*C-methionine was
predominantly used (22/25 cases; 88%), aiming at defining
a maximized target. In 3 low-grade lesions, ¥F-FDG was
used because an abnormal uptake of this radiotracer had

Pilocytic 2
A Neurona astrocytoma Low-grade Cw
tumor ®p glioma LINS tumors
9% 70%
Anaplastic
astrocytoma
16%
adenoma Gliohlastoma
18% 26%
B
30
m18F.FDG
% O C-methionine
20
15
10
5
NI
Benign Malignant

FIGURE 3. (A) Distribution of clinical indications for which PET
was used for dosimetry planning of radiosurgery. (B) Distribution
of relative use of 8F-FDG and "'C-methionine for data acquisi-
tion in low-grade and high-grade brain tumors.

1149


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on July 9, 2017. For personal use only.

FIGURE 4. Example of LGK radiosurgi-
cal planning using combined PET (with 8F-
FDG) and MRI in patient with recurrent
anaplastic oligoastrocytoma, after surger- &
ies, radiation therapy, and chemotherapy.
Tumor volume is defined separately on
PET (purple line, left images) and MRI (light
blue line, right images): the 2 volumes
project partially in different areas (class Il).
Final target volume includes both PET and
MRI volumes (class IIB). Yellow line repre-
sents prescription isodose and encom-
passes the target volume.

appeared during the follow-up, suggestive of malignant
transformation.

Combining stereotactic PET and MRI information in
LGP, 72 target volumes were defined for the 57 LGK-PET
sessions, because 9 patients presented with multiple lesions
or multifocal tumor areas. Seven of them had abnormal
uptake of the tracer in al of their lesions (18 targets). One
had no uptake in any of 5 lesions. One had no tracer uptake
in 1 of 3 lesions of anaplastic ependymoma.

FIGURE 5. Example of LGK radiosurgi-
cal planning using combined PET (with
11C-methionine) and MRI in patient with re- =
current adrenocorticotrophic hormone-se-
creting pituitary adenoma after transphe-
noidal surgery. Tumor volume cannot be
clearly defined on MRI; therefore, only tu- §
mor volume defined on PET (purple line,
left images) is used as final target volume
(class V). Yellow line represents prescrip-
tion isodose and encompasses target
volume.
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Altogether, there were 53 target volumesin primary CNS
tumors (7 patients with multiple targets), 9 in metastases (1
patient with 2 metastases), and 10 in pituitary adenomas (no
multiple targets). Table 3 summarizes the distribution of
target volumes according to the proposed classification. The
volume of PET uptake projected within the MRI-defined
tumor (class I) in 26 targets (36.1% of al LGK-PET). In
more than half of these cases (14 targets), the target volume
was based primarily on PET information: Eleven target
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volumes were restricted to the area of PET uptake (class
IA), and 3 target volumes comprised at least the entire area
of PET uptake but not the entire abnormal MRI area (class
IB), because the latter projected partially into highly func-
tional areas. The 12 other target volumes were M RI-defined
and included a smaller area of PET tracer uptake (class |C).
Abnormal PET and MRI areas projected, at |least partialy,
in different regions (class I1) for 19 targets (26.4% of al
LGK-PET). The target volume was based primarily on PET
information in 16 cases, either because the target volume
was restricted to the area of PET uptake (class IIA, 3
targets) or because the target volume included the entire
PET and MRI abnormal areas (class I1B, 13 targets). In the

TABLE 3
Distribution of Target Volumes According
to Proposed Classification

Classification No. of target volumes % of total
Class | (PET in MRI) 26 36.1
IA 11 15.3
B 3 4.2
IC 12 16.7
Class Il (PET # MRI) 19 26.4
A 3 4.2
1B 13 18.1
Ic 3 4.2
Class Ill (MRl in PET) 6 8.3
A 5 6.9
B — —
lnc 1 1.4
Class IV (PET = MRI) 3 4.2
Class V (PET only) 8 111
Class VI (MRI only) 10 13.9

PET-Guipep RADIOSURGERY FOR BRAIN TUMORS ¢ Levivier et a.

FIGURE 6. Example of LGK radiosurgi-
cal planning using combined PET (''C-me-
thionine) and MRI in patient with local re-
currence of metastasis, previously treated
with radiosurgery. Tumor volume is defined
separately on PET (purple line, left images)
and MR (light blue line, right images): the 2
volumes project partially in different areas
(class ll). Final target volume (dark blue line)
includes entirely both PET and MRI vol-
umes (class IIB). Yellow line represents
prescription isodose and encompasses
target volume.

3 other cases, the target volume was based on MRI only
(class 1IC), because increased PET uptake was outside a
safe MRI-defined volume. This corresponded to either 18F-
FDG uptake into displaced gray matter or tumor uptake
extending in highly functional areas. The MRI-defined vol-
ume projected into a larger PET-defined volume (class 111)
in 6 targets (8.3% of all LGK-PET). The target volume
included the entire PET volume (class I11A) in 5 cases; in
the others, the area of PET uptake that was outside of the
MRI-defined volume projected into areas considered at risk
for radiosurgery and was not included (class I11C). PET was
not used for target definition when PET- and MRI-defined
volumes were similar (class 1V) in 3 targets (4.2% of all
LGK-PET). The area of increased PET uptake was used as
the sole information to define the target volume (class V) in
8 targets (11.1% of all LGK-PET). Finaly, there was no
specific PET uptake (class V1) in 10 targets (13.9%). There
was no situation of completely discordant PET and MRI
results.

Altogether, abnormal PET uptake (all classes, except
class VI) was found in 62 of the 72 lesions (86%). In these
62 lesions, the information obtained from stereotactic PET
contributed to the definition of the target volume in 43
targets (69% of all positive PET; Fig. 7A). As shown in
Figure 7B, in 25 targets (58% of useful PET; 40% of all
positive PET), the target volume was based primarily on the
area of increased PET uptake (classes IA, IB, 1A, and V).
In those cases, stereotactic PET was used to focus the target
volume on an area of high metabolism; the mean PET-
defined volume was 3.1 cm® (range, 0.3-8.1 cm®) and
yielded to a mean target volume of 3.8 cm? (range, 0.5-8.1
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Class| Classll Class it ClassiV  ClassV  Class VI
B 72 target volumes
defined in 57 patients
1 - 1
Negative PET Positive PET
findings findings
n=10 n=62

J
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PET not useful
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PET used to focus
a small target volume
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PET used to maximize

the target volume
n=18

FIGURE 7. Distribution of 72 lesions according to proposed
classification. (A) Contribution of PET findings for definition of
final target volume is presented for each class. (B) Diagram
illustrates how positive PET findings were used to define final
target volume for radiosurgical treatment of brain tumors.

cm?3) and a mean prescription isodose volume of 6.8 cm?
(range, 1.0-19.5 cmd). In the other 18 targets (42% of useful
PET; 29% of al LGK-PET), the area of high PET uptake
that projected partially outside of the MRI-defined tumor
was included (classes 11B and I11A). In those cases, stereo-
tactic PET was used to identify tumor outside of the MRI-
defined volume, yielding an increase of size of the target
volume. The mean volume of the MRI-defined target was
5.2 cm® (range, 0.1-10.8 cm?); the mean volume of the
added PET-defined target was 1.5 cm? (range, 0.05-10.9
cm?d); this represents a mean increase of target volume of
132% (range, 2%-1,506%), yielding a mean target volume
of 5.2 cm?® (range, 0.4-13.6 cm?3) and a mean prescription
isodose volume of 7.7 cm? (range, 0.6—19.6 cm?3). Finally,
the PET uptake was not useful for target selection in 19
targets (31% of al positive PET); the mean target volume
was 2.3 cm? (range, 0.1-13.0 cm®) and the mean prescrip-
tion isodose volume was 3.6 cm? (range, 0.3-26.8 cm3).
We have noticed differences in the contribution of PET
among the clinical indications. PET was considered useful in
34 of the 45 targets (76%) in primary CNS tumors, in 5 of the
8 targets (63%) in metastases, and in 4 of the 9 targets (44%)
in pituitary adenomas. The numbers in each group are, how-
ever, currently insufficient to alow meaningful comparisons.
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DISCUSSION

The goal of thisarticleisto report on the feasibility of the
routine integration of PET images in radiosurgery and to
illustrate our clinical experience with this approach. There
have been some early reports on the use of PET in radio-
surgery, as an attempt of stereotactic localization (8), to
evaluate the response to treatment (9,10) or to help in
differentiating radiation necrosis from recurrence (11). PET
had, however, not been fully incorporated yet into routine
radiosurgical procedures, as described here. Both techni-
cally and clinically, this is a continuation of previous work
on the integration of metabolic information in image-guided
neurosurgery (3). The present analysis confirms that PET
contains metabolic information that is independent of the
morphologic information provided by CT or MRI. There-
fore, PET integration in neurosurgical approaches, includ-
ing radiosurgery, appears helpful for the management of
brain tumors (2). Interestingly, similar approaches have
been recently reported for the radiotherapy planning of
gliomas with 123|-q-methyltyrosine SPECT (12) and 18F-
FDG PET (13).

PET Image Acquisition and Integration with Other
Imaging Modalities

An imaging fiducial system is the most reliable way of
PET registration to the patient’s treatment space. Neverthe-
less, this requires careful solutions in addressing the various
technical challenges associated with stereotactic PET acqui-
sition, as discussed in details elsewhere (14). Phantom-
based validation has been conducted to verify the applica-
tion accuracy of the procedure (5). In our experience,
fiducia registration mean error is about 0.2 mm for the
volume, with a maximum value of about 0.6 mm for a
higher error slice. Frameless stereotactic PET should extend
accessibility to a larger number of radiosurgery centers.
Comfort and flexibility would also benefit from this ap-
proach still under development.

Choice of Radiotracer for PET Images Used in
Radiosurgery

Information obtained with PET mostly depends on the
radiotracer used. 8F-FDG has proved helpful in assessing
tumor persistence, progression, necrosis, or recurrence
(15,16). Use of 8F-FDG has, nonetheless, some limitations.
Most low-grade tumors have minor 8F-FDG uptake. Also,
when a hypermetabolic lesion is in close relationship with
the gray matter, tumor and normal 8F-FDG uptake are
difficult to differentiate. Labeled amino acids represent an
interesting alternative for the metabolic delineation of brain
tumors (17,18). Indeed, PET with **C-methionine appeared
helpful in tumors located in the gray matter and in low-
grade gliomas.

In high-grade primary tumors of the CNS, PET with
1BF-FDG was preferentially used to focus the treatment on a
restricted volume corresponding to the most aggressive
areas of the tumor. In metastases, PET with 18F-FDG dif-
ferentiated tumor recurrence from scar tissue or necrosis,
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helping in restricting the volume of treatment. In low-grade
tumors and recurrent pituitary adenomas, PET with 'C-
methionine was mainly used to delineate their boundaries.
The regional correlation between levels of *C-methionine
and anaplastic changes (19) prompted us to consider the
more sensitive 1*C-methionine for other purposes, such as
restricted PET-based targeting within a larger area of tracer
uptake. Further tests should be conducted with 18F-labeled
amino acids (17) to render this methodology accessible to
centers without in-house tracer production.

Analysis of Stereotactic PET Images and Target
Definition

Data acquisition and target selection with PET is as
straightforward as with CT or MRI. In all stereotactic pro-
cedures (biopsy, open neurosurgery, and radiosurgery), we
follow the same approach. The planning includes an inde-
pendent analysis of the stereotactic PET for the delineation
of a PET-defined volume, which projected onto the corre-
sponding MRI volume. Thefinal process of target definition
on MRI is complex, primarily taking into account various
aspects of the tumor, location of functional areas, and PET-
defined volume. Actually, it integrates a larger set of infor-
mation on clinical status, histology, and previous treatment.
The whole procedure, therefore, implicates all physicians
involved in imaging, surgical, and radiotherapeutic compo-
nents. As a consequence, it is unrealistic, at this stage, to
promote standardized definition of the target volume—for
instance, using ssimple PET image thresholding—as pro-
posed for lung cancer (20).

At thetime of the planning, an assumption has to be made
about the presence of tumor tissue in the entire area of
increased PET tracer uptake. Indeed, image-based radiosur-
gical planning does not allow documentation of histology.
Data correlating MRI findings with histology have been
obtained with stereotactic biopsies of brain tumors (21).
Along the same line, the relationship between pathology
and metabolism found in stereotactic biopsy (19,22) and the
increased knowledge about PET in brain tumor (23)
strengthen the valuable link between PET uptake and his-
tology in brain tumors. Moreover, the clinical context limits
the risk of erroneous PET-MRI targeting since most targets
are histologically defined inoperable or recurrent tumors. Of
course, one cannot rule out that some PET-defined areas
contain necrotic tissue, especially when treating recurrences
after radiation therapy or previous radiosurgery. Recent
papers addressing this issue support the use of PET in
those conditions (13,24,25). Complementary investiga-
tions, such as with MR spectroscopy, may be helpful in
that respect (26).

Indications of PET Integration in Radiosurgery
Integration of PET information in the dosimetry planning
of radiosurgery has 2 goals: (a) to improve targeting in
recognized indications for radiosurgery, such as metastases,
and recurrent pituitary adenomas; and (b) to optimize tar-
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geting for less-established indications, such as infiltrative
primary tumors.

Radiosurgery is a well-established treatment of brain
metastases, providing local tumor control and increased
survival (27,28). However, loca regrowth may occur, and
the diagnosis between local recurrence and radiation-in-
duced changes is difficult (29). In that respect, PET with
BE-FDG has been considered to be helpful (11) and may
serve as a basis for retreatment with LGK-PET. Still, in our
experience, PET with 8F-FDG seems to have a limited
sensitivity in that indication. In the presence of negative
BFE-FDG PET, LGK-PET retreatment could be performed
with 12C-methionine in some patients.

Pituitary adenomas are best treated by surgical removal.
Besides specific medical treatments, LGK radiosurgery isas
an effective adjuvant therapy for recurrent or residual se-
creting and nonsecreting adenomas. However, the quality of
the results mostly depends on the ability to define the target
volume. Pituitary adenomas usually have a high uptake of
1C-methionine, which may be in relation with their endo-
crine activity (30). We made similar observations and have
started to prospectively include PET with 1*C-methioninein
all radiosurgical planning for recurrent pituitary adenomas.

Radiosurgery may play arole as an adjuvant therapy for
gliomas (31,32). However, because of their infiltrative na-
ture, accurate delineation is difficult and the volume for
treatment is limited. The use of well-defined metabolic data
provided by PET may therefore be helpful for the radiosur-
gery of gliomas, as it is for brain biopsy targeting or tumor
removal with neuronavigation (3). Indeed, PET improves
the diagnostic yield of stereotactic brain biopsies (6), better
delineates areas of anaplasia (19,22), better identifies tumor
residues (15), and has a prognostic value independent of
histology (33). On the same background, Tralins et al. (13)
propose the use of PET with 8F-FDG to define target
volumes in the radiation dose escalation of glioblastomas.

Clinical Experience with Stereotactic PET in LGK
Radiosurgery: Proposed Classification

Target volume definition isacrucial step in radiosurgery.
The rea clinical advantage of PET-based radiosurgical tar-
geting needs comparative evaluations of local tumor con-
trol, functional results, and survival, idealy in matched
randomized comparisons with current methods. The present
study is a preliminary approach to this evaluation and, for
that purpose, we developed a descriptive classification il-
lustrating the relative information provided by PET and
MRI. This classification identifies classes corresponding to
different planning strategies with PET. In some instances,
MRI disclosed a large abnormal volume that was not com-
patible with LGK radiosurgery, and PET was used to focus
the treatment on active parts of the tumor. Conversely, in
some cases, the target volume was maximized due to the use
of PET when MRI underestimated tumor extent. Further
accumulation of prospective data using this classification
will allow us to better distinguish the type of contribution
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PET providesin relation to the different clinical indications
and the different radiopharmaceuticals available. The clas-
sification proposed will aso allow us to accurately compare
and categorize PET-based metabolic data and MRI-based
anatomic data and, consequently, to better understand the
metabolic changes that follow radiosurgery.

CONCLUSION

We have developed and used a technique alowing the
routine integration of the metabolic images provided by
PET in LGK radiosurgery. PET data are combined with
MRI for defining the target volume of the radiosurgical
treatment of patients with ill-defined or infiltrative brain
tumors. A classification is proposed that is used to assess the
benefit of PET information during the target volume defi-
nition and the radiosurgical planning. The integration of
PET in LGK represents a crucial step toward further devel-
opments in radiosurgery, as this approach provides addi-
tional information that may open new perspectives for the
optimization of the treatment of brain tumors.
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