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Obijective: This single-arm, open-label, Phase Il study evaluated the efficacy and safety of
single-agent bevacizumab, a monoclonal antibody against vascular endothelial growth factor,
in Japanese patients with recurrent malignant glioma.

Methods: Patients with histologically confirmed, measurable glioblastoma or World Health
Organization Grade IlI glioma, previously treated with temozolomide plus radiotherapy,
received 10 mg/kg bevacizumab intravenous infusion every 2 weeks. The primary endpoint
was 6-month progression-free survival in the patients with recurrent glioblastoma.

Results: Of the 31 patients enrolled, 29 (93.5%) had glioblastoma and 2 (6.5%) had Grade
1l glioma. Eleven (35.5%) patients were receiving corticosteroids at baseline; 17 (54.8%) and
14 (45.2%) patients had experienced one or two relapses, respectively. The 6-month progres-
sion-free survival rate in the 29 patients with recurrent glioblastoma was 33.9% (90% confi-
dence interval, 19.2-48.5) and the median progression-free survival was 3.3 months. The
1-year survival rate was 34.5% with a median overall survival of 10.5 months. There were
eight responders (all partial responses) giving an objective response rate of 27.6%. The
disease control rate was 79.3%. Eight of the 11 patients taking corticosteroids at baseline
reduced their dose or discontinued corticosteroids during the study. Bevacizumab was well-
tolerated and Grade >3 adverse events of special interest to bevacizumab were as follows:
hypertension [3 (9.7%) patients], congestive heart failure [1 (3.2%) patient] and venous
thromboembolism [1 (3.2%) patient]. One asymptomatic Grade 1 cerebral hemorrhage was
observed, which resolved without treatment.

Conclusion: Single-agent bevacizumab provides clinical benefit for Japanese patients with
recurrent glioblastoma.

© The Author 2012. Published by Oxford University Press. All rights reserved.
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Bevacizumab for recurrent glioma in Japan
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INTRODUCTION

Glioblastoma (GBM) is the most aggressive form of primary
malignant brain tumor and the prognosis for patients with
GBM is poor (1,2); the majority will relapse following initial
treatment and << 10% are alive at 5 years (3). The standard
treatment for patients with newly diagnosed GBM is surgical
resection followed by temozolomide (TMZ) and radiotherapy
(RT), and then adjuvant TMZ alone (Stupp regimen) (4).
Treatment options for patients with recurrent GBM, however,
are limited and include repeat resection, RT and systemic
chemotherapy, such as TMZ, nitrosoureas, platinum-based
regimens (carboplatin, cisplatin), cyclophosphamide, irinote-
can and etoposide, and appropriate treatment will depend on
the patient and tumor characteristics (5). Currently there is no
standard therapy for recurrent GBM and the estimated

6-month progression-free survival (PFS) rate for patients with

recurrent disease is 9—28% (6—11) with a 1-year survival rate
of 14—32% (6—8,10,11). Therefore, new treatment strategies
for recurrent GBM are needed.

An alternative therapeutic approach is the inhibition of
angiogenesis through the vascular endothelial growth factor
(VEGF), a key regulator of angiogenesis. High levels of
VEGEF are expressed in GBM cells (12,13), and hypoxia
and acidosis, conditions commonly seen in solid tumors,
upregulate VEGF expression in glioma cells in vivo (14).
In a mouse model, monoclonal antibodies to VEGF have
been shown to inhibit the growth of the C6 glioma (15).
Bevacizumab (Avastin®) is a monoclonal antibody that inhi-
bits VEGF and is currently approved for a range of meta-
static cancers (colorectal, non-small-cell lung, breast,
ovarian cancer and renal cancers) (16—19) as well as for
use in adults with recurrent GBM in many countries includ-
ing the USA (20,21). Early Phase II studies in patients with
recurrent GBM showed the efficacy of bevacizumab in com-
bination with irinotecan (22,23). Subsequently, two Phase II
studies (24—26) showed the efficacy of single-agent bevaci-
zumab with regard to response rates and 6-month PFS in
patients with recurrent GBM who had previously received
RT and TMZ. These two studies formed the basis of beva-
cizumab’s approval by the Food and Drug Administration
(FDA) in 2009. Moreover, other studies have shown the
efficacy of bevacizumab in recurrent GBM whether given as
a single agent (27) or combined with irinotecan (28,29) and
other chemotherapies, such as etoposide, carboplatin
and fotemustine (30—33). Given the current evidence for
bevacizumab in recurrent GBM in Western patient popula-
tions, we investigated the efficacy and safety of single-agent
bevacizumab in a Phase II, single-arm, open-label study
(JO22506) in Japanese patients with recurrent malignant
glioma.

PATIENTS AND METHODS

The trial was carried out in accordance with the principles of
Good Clinical Practice and the Declaration of Helsinki; all
patients provided written informed consent prior to any
study-related procedure. The protocol was approved by the
institutional review boards of all participating centers. The
study was registered with the Japan Pharmaceutical
Information Center-Clinical Trials Information (JapicCTI),
trial number: JapicCTI-090841.

ErigmsiLity

Eligible patients were aged >20 years with histologically
confirmed GBM or World Health Organization (WHO) Grade
III glioma, the latter being reconfirmed at the time of surgery
for recurrent glioma. Patients had magnetic resonance
imaging (MRI)-confirmed disease recurrence or progression
with measurable lesions within 2 weeks prior to the first study
treatment and no evidence of acute or subacute cerebral hem-
orrhage and had received prior TMZ and RT for malignant
glioma. Other key inclusion criteria were a Karnofsky per-
formance status (KPS) >70%, a life expectancy of >3
months and adequate hematologic, renal and hepatic function
(i.e. absolute neutrophil count >1500/mm?>, platelet count
>100 000/mm?, hemoglobin >10 g/dl, bilirubin < 1.5 X the
upper limit of normal (ULN), aspartate aminotransferase and
alanine aminotransferase < 2.5 x ULN, serum creatinine <
1.25 x ULN). The following minimum intervals of time must
have elapsed between the termination of therapies and the
start of bevacizumab treatment: RT 8 weeks; surgical therapy
and incisional biopsy 4 weeks; endocrine therapy and im-
munotherapy 3 weeks; post-traumatic intervention (except for
patients with non-healing wounds) 2 weeks; transfusion and
the use of hematopoietic growth factors 2 weeks; aspiration
cytology and needle biopsy 1 week; nitrosoureas 6 weeks,
procarbazine 3 weeks, vincristine 2 weeks and other che-
motherapies 4 weeks and other investigational new drugs and
unapproved drugs 4 weeks. Patients were excluded if they
had: prior treatment with bevacizumab; a history of treatment
with carmustine wafers, stereotactic radiotherapy, proton
therapy or neutron capture therapy; >3 prior regimens for
malignant glioma and inadequately controlled hypertension,
heart disease, symptomatic cerebrovascular disorder, gastro-
intestinal (GI) perforation, fistula or abdominal abscess within
6 months prior to enrollment.

Stupy DESIGN

This single-arm, open-label, Phase I study was conducted at
10 sites in Japan. One cycle of treatment was defined as one
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bevacizumab infusion administered on Day 1 every 2 weeks.
Eligible patients received 10 mg/kg bevacizumab as an intra-
venous infusion administered over 90 (+ 15) min on Day 1
of each cycle, which could be reduced to 30 min by Cycle 3
if no infusion reactions occurred. Treatment continued
until disease progression (PD) or unacceptable toxicity.
Bevacizumab doses were adjusted only for changes of >10%
in body weight during the study. In the event of unacceptable
toxicity, bevacizumab treatment was delayed or discontinued
according to pre-specified criteria. Bevacizumab was discon-
tinued if multiple adverse events (AEs) fulfilling the pre-
specified delay or discontinuation criteria occurred in the
same cycle, if cerebral hemorrhage occurred and if delayed
treatment could not be restarted within 6 weeks of the last
bevacizumab infusion. Patients who discontinued bevacizu-
mab were followed for survival. Bevacizumab was provided
by Chugai Pharmaceutical Co. Ltd (Tokyo, Japan).

ASSESSMENT OF EFFICACY

The primary endpoint was 6-month PFS in patients with re-
current GBM only. Six-month PFS was defined as the per-
centage of patients who remained alive and progression free
at 24 weeks and was chosen based on published evidence
demonstrating its extrapolation to the overall survival (OS)
(6,7). Secondary efficacy endpoints included the l-year sur-
vival, PFS, objective response rate (ORR), duration of re-
sponse (DOR), OS and disease control rate (DCR).

Efficacy was assessed every third cycle (i.e. Cycles 3, 6, 9
etc.). Progression and objective response were determined by
comprehensive evaluation of the results from MRI scans,
corticosteroid dose assessment and neurocognitive function
assessment. They were assessed by an independent radiology
facility (IRF) by reference to Macdonald’s Criteria (34).
Response was classified according to the following categor-
ies: complete response (CR), partial response (PR), no
change (NC) and PD. Confirmation of the response was
determined on two consecutive assessments >4 weeks apart:
patients who were determined as having CR or PR were
defined as responders; patients who were determined as
having NC or PD were defined as non-responders.

Percentage tumor shrinkage was also assessed and was
calculated from the sum of the products of the diameters
(SPD) at baseline and the smallest SPD after baseline.

ASSESSMENT OF SAFETY

AEs were assessed throughout the study and were graded
according to the Common Terminology Criteria for AEs
version 3.0 (35). Body weight, vital signs and laboratory
tests were assessed prior to the start of each cycle.

STATISTICAL METHODS

The efficacy analysis population comprised all patients with
recurrent GBM. Patients with Grade III glioma were also
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evaluated for efficacy, but were not included in the primary
analysis. All patients were evaluated for safety.

Statistical analysis to detect a 6-month PFS of 35% was
established based on data from previous studies [BRAIN
study [24] (42.6% with bevacizumab monotherapy) and the
NCI-06-C-0064E study [26] (29% with bevacizumab mono-
therapy)], in which a 15% threshold for 6-month PFS was
defined. Under these conditions, 28 patients with recurrent
GBM would provide at least 80% power to detect a 20% in-
crease in 6-month PFS from 15 to 35% at the 5% one-sided
significance level. Assuming that other WHO Grade III
glioma patients would be enrolled, the overall target sample
size was 32 patients.

The 6-month PFS, median PFS, OS and DOR were calcu-
lated by the Kaplan—Meier method and confidence intervals
(Cls) calculated by Greenwood’s formula (36). Exact bino-
mial ClIs were used for estimated intervals for response rates.

RESULTS
PATIENTS

Between August 2009 and July 2010, 31 patients were en-
rolled, 29 of whom were included in the efficacy analysis
population. All enrolled patients received a median of 6 bev-
acizumab doses. Treatment was discontinued in a total of 25
patients: 23 (74.2%) due to PD; 2 (6.5%) due to AEs.
Efficacy and safety analyses, except for OS, were performed
after an observation period of >6 months (data cut-off 7
January 2011); the OS analyses, which included data col-
lected through to 22 August 2011, were performed after all
enrolled patients had been observed for >1 year.

DEMOGRAPHIC DATA

The majority of patients (29; 93.5%) had GBM; 2 (6.5%)
had Grade III glioma (Table 1). The median age was 54.0
years (range: 23—72); 10 (32.3%) patients were aged >65
years. The percentage of males to females was well
balanced. Patients were in relatively good health with 61.3%
having a KPS of 90—100, and 64.5% of patients not receiv-
ing corticosteroids at the start of the study. Similar numbers
of patients had experienced 1 [17 (54.8%)] or 2 [14
(45.2%)] relapses.

ErrFicacy OUTCOMES

At the time the PFS and OS analyses were performed, 22
PD events and 21 death events had been reported in the 29
patients with recurrent GBM. The 6-month PES rate in the
29 patients with recurrent GBM (primary endpoint) was
33.9% (90% CI, 19.2—48.5), and this exceeded the 15%
threshold (P = 0.0170). Kaplan—Meier estimates of PFS
showed a steady decline over the initial 6 months with a
median PFS of 3.3 months (95% CI 2.8—6.0) (Fig. 1). The
1-year survival rate for these patients was 34.5% (90%
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Table 1. Demographic and baseline disease characteristics

Parameter All patients (n = 31) GBM (n=29) WHO Grade 11 (n = 2)*
Median age, years (range) 54.0 (23-72) 57.0 (23~72) 32.5 (30-35)
Age groups in years, n (%)

<40 6(19.4) 4 (13.8) 2 (100)

41-64 15 (48.4) 15 (51.7) 0 (0.0)

>65 10 (32.3) 10 (34.5) 0 (0.0)
Gender, n (%)

Male 16 (51.6) 14 (48.3) 2 (100)

Female 15 (48.4) 15 (51.7) 0 (0.0)
KPS, n (%)

7080 12 (38.7) 12 (41.4) 0 (0.0)

90-100 19 (61.3) 17 (58.6) 2 (100)
Relapse/progression status, 1 (%)

First 17 (54.8) 17 (58.6) 0 (0.0)

Second 14 (45.2) 12 (41.4) 2 (100)
Duration of malignant glioma®

Median, months (range) 15.2 (5.6-213.3) 15.0 (5.6-213.3) 46.8 (27.8-65.8)
Time from RT to bevacizumab®

Median, months (range) 13.2 (3.8-209.6) 13.1 (3.8-209.6) 44.8 (25.5-64.1)
Corticosteroid use at baseline, n (%)

Yes : 11 (35.5) 10 (34.5) 1 (50.0)

No 20 (64.5) 19 (65.5) 1 (50.0)

GBM, glioblastoma; WHO, World Health Organization; KPS, Karnofsky performance status; RT, radiotherapy; q2w, every 2 weeks.
*One patient bad anaplastic astrocytoma and one patient had anaplastic oligoastrocytoma.

Time since the initial diagnosis of malignant glioma.

“Time from the last RT to the first dose of bevacizumab.

-~ Bevacizumab 10 mg/kg q2w

-6-month PFS: 33.9% (90% Cl, 19.2-48.5)
Median PFS; 3.3 months (95% C, 2:8-8.0).
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Figure 1. Progression-free survival determined by independent radiology facility in patients with recurrent glioblastoma (GBM).
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Figure 3. Waterfall plot showing the change in tumor size from baseline.

CI 20.0—49.0) with a median OS of 10.5 months (95%
Cl 8.2—12.4) (Fig. 2).

There were eight responders (all PR) with an ORR of
27.6% (95% CI 12.7—47.2). The DCR (0 CR +8 PR + 15
NC) was 79.3% (95% CI 60.3—92.0). The two patients with
WHO Grade HI glioma completed one and two cycles of
treatment, respectively; both experienced PD. Twenty-one
patients (72.4%) with recurrent GBM experienced tumor
shrinkage during the treatment period (Fig. 3), including 13
patients who were classified as non-responders. Of the 11
patients who were taking corticosteroids at baseline, dose
reductions or discontinuation of corticosteroids occurred in 8
patients.

Efficacy endpoints were investigated in different patient
subgroups (Table 2). Patients who were aged <50 years or
<65 years, male, with a high KPS (90—100), on their first

15 20 25 a0

Patientindex -

treatment relapse, not receiving corticosteroid therapy at
baseline, or having been diagnosed with GBM at the initial
diagnosis of malignant glioma, appeared to have a better re-
sponse to bevacizumab freatment than other patients.

SAFETY OUTCOMES

All 31 patients experienced AEs with a total of 220 AEs
reported during the study (Table 3). Serious AEs occurred in
11 (35.5%) patients, the most common being convulsion [2
(6.5%) patients]. Two (6.5%) patients discontinued the study
due to AEs: one patient experienced a Grade 1 cerebral hem-
orrhage, and one patient had Grade 2 neutropenia that meant
re-treatment within 6 weeks was not possible. A total of 13
(41.9%) patients experienced an AE of Grade >3, the most
common being hypertension [3 (9.7%) patients]. No
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Table 2. Six-month PFS and ORR by subgroup in patients with recurrent
GBM

Bevacizumab for recurrent glioma in Japan

Table 3. Adverse events >>Grade 3 and adverse events of special interest to
bevacizumab

Variable Bevacizumab 10 mg/kg, 2w (n = 29)
Six-month PFS, % (95% CI) ORR, %

Age, years

<65 (n=19) 42.1 (19.9-64.3) 36.8

>65 (n=10) 15.0 (0.0-40.2) 10.0
Age, years

<50 (n=11) 45.5 (16.0-74.9) 45.5

>50 (n=18) 26.7 (5.7-47.6) 16.7
Gender

Female (n = 15) 24.0 (1.3-46.7) 20.0

Male (n = 14) 42.9 (16.9-68.8) 35.7
KPS

7080 (n = 12) 16.7 (0.0--37.8) 83

90—100 (n = 17) 47.1 (23.3-70.8) 412
Relapse/progression status

First (n = 17) 46.3 (22.3-70.4) 35.3

Second (n = 12) 16.7 (0.0-37.8) 16.7
Corticosteroid use at baseline

Yes (n=10) 20.0 (0.0—44.8) 10.0

No (n=19) 42.1 (19.9-64.3) 36.8
Initial diagnosis of malignant glioma by site

GBM (n == 23) 43.0 (22.6—63.5) 34.8

Other (n = 6) 0.0 (0.0-0.0) 0.0

PFS, progression-free survival; ORR, objective response rate; Cl, confidence
interval.

incidence of Grade 4 or 5 hypertension was observed. One
patient died of brain edema (Grade 5 AE), which was con-
sidered by the investigator to be related to PD with no causal
relationship with bevacizumab treatment.

A total of 22 (71.0%) patients experienced AEs of special
interest to bevacizumab, comprising proteinuria, hemorrhage,
hypertension, congestive heart failure and venous thrombo-
embolism (Table 3). One Grade 1 cerebral hemorrhage was
observed on MRI; this was asymptomatic and resolved
without treatment. Five (16.1%) patients had Grade 3 AEs
of special interest to bevacizumab, comprising congestive
heart failure [1 (3.2%) patient], venous thromboembolism
[1 (3.2%) patient] and hypertension [3 (9.7%) patients]. No
patients reported the other AEs of special interest to bevaci-
zumab, i.e. reversible posterior leukoencephalopathy syn-
drome, wound-healing complications, GI perforation or
fistulae.

Abnormal laboratory results were reported in 74.2% of
patients. The most common abnormal laboratory result was
proteinuria, which was reported in 41.9% of patients. Abnormal

Patients, n (%) Bevacizamab 10 mg/kg,

q2w (n=31)

All grade Grade >3
Total patients with at least one AE 31 (100.0) 13 (41.9)
[rregular menstruation 3(9.7) 2(6.5)
Pyrexia 7 (22.6) 1(3.2)
Convulsion 309.7) 1(32)
Depressed level of consciousness 1(3.2) 1(3.2)
Hydrocephalus 1(3.2) 1(3.2)
Increased intracranial pressure 1(3.2) 13.2)
Brain edema 1(32) 1(32)
Hemiplegia 1(3.2) 1(3.2)
Appendicitis 1(3.2) 1(3.2)
Urinary tract infection 1(3.2) 1(32)
Delirium 1(32) 1(3.2)
Neutropenia 5(16.1) 1(32)
Leukopenia 5 (16.1) 1(3.2)
AEs of special interest to bevacizumab 22 (71.0) 5(16.1)
Proteinuria 13 (41.9) —
Hemorrhage™® 10 (32.3) ——
Hypertension 10 (32.3) 3.7
Congestive heart failure 1(3.2) 1.2
Venous thromboembolism 1(32) 1(32)

AE, adverse event.

“All events were Grade 1.

®Includes: epistaxis, gingival bleeding, conjunctival hemorrhage, infusion
site hemorrhage, blood urine present, cerebral hemorrhage, hemorrhage
subcutaneous, metrorrhagia.

laboratory results classed as >Grade 3 were observed in two
patients, reported as neutropenia and leukopenia.

DISCUSSION

This is the first clinical trial to investigate the safety and effi-
cacy of single-agent bevacizumab in Japanese patients with
recurrent GBM. Our data demonstrated that single-agent bev-
acizumab 10 mg/kg was effective in terms of the 6-month
PFS, ORR, OS and 1-year survival, and was well tolerated
in this Japanese population. In addition, the majority [21
(72.4%)] of patients with recurrent GBM experienced some
tumor shrinkage during the treatment period.

The observed 6-month PFS of 33.9% and ORR of 27.6%
seen in our study were more favorable than previous pub-
lished data. These data are numerically higher than those
reported for other studies with other chemotherapy and/or
RT regimens (6-month PFS 9-21% and ORR 4-9%)
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(6,7,10,11,37), and comparable with those reported for
single-agent bevacizumab (42.6 and 28.2% for 6-month PFS
and ORR, respectively) (24).

The use of Macdonald’s Criteria was standard when this
study was initiated; however, subsequently the Response
Assessment in Neuro-Oncology (RANO) Working Group
has recommended assessing MRI T2-weighted or fluid-
attenuated inversion recovery (FLAIR) of non-enhancing
lesions in addition to enhancing lesions (38). As the
Macdonald’s Criteria only assess contrast-enhancing lesions,
there are risks that pseudoprogression and pseudoresponses
may be considered real treatment effects. In our study an
IRF assessed the changes in the T2/FLAIR signal, which
was not included in the primary response evaluation based on
Macdonald’s Criteria. No significant increase in the T2/
FLAIR signal was confirmed in the eight responders for the
DOR, and seven out of eight responders exhibited >6 months’
DOR. Based on these results, we are convinced that the object-
ive response seen in our study is not a pseudoresponse.

Of the 29 GBM patients treated, 21 exhibited tumor
shrinkage, including 8 patients who had a PR and 13 ‘non-
responders’ who were determined as NC or PD but exhibited
some benefit with bevacizumab that was not captured by the
response criteria; the maximum percentage of tumor shrink-
age in 6 patients was >50%. The apparent discrepancy
between the number of responders and the number of
patients with tumor shrinkage is likely to be due to the ways
in which the endpoints are calculated. The percentage of
tumor shrinkage is calculated from the SPD at baseline and
the smallest SPD after baseline, whereas for a patient to be
classed as a responder, there had to be a decrease in tumor
volume by >50% in the product of two diameters according
to confirmation MRI performed >4 weeks after an observed
response, as well as no increase in corticosteroid dosage and
no neurologic deterioration. This leads to the difference
between the number of patients with tumor shrinkage and
the number of responders.

The 6-month PFS and ORR results were better for patients
who had experienced one relapse than for those who had
experienced two relapses, which is the same as a previously
published observation (24). In addition, in our study bevaci-
zumab improved the 6-month PFS and the ORR in the sub-
groups of patients who were aged <50 or <60 years
compared with older patients. Although neither our study
nor the previously published study (24) was powered to
detect a statistical difference in these subgroups, the results
could suggest that earlier administration of bevacizumab, or
treatment with bevacizumab in younger patients, may lead to
better tumor response and is something that requires investi-
gation in further clinical trials.

Regarding the survival endpoints, our study showed
results that were better than previously published data. The
median OS of 10.5 months in GBM patients and 9.4 months
in all patients was longer than that reported in other GBM
trials (5.0—7.3 months) (6—8,10,11) and comparable with
data with single-agent bevacizumab (9.3 months) (24,25). In
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addition, the 1-year survival rate for GBM patients (34.5%)
was as good as the published data (14—32%) (6—8,10,11).

In addition to the favorable efficacy measures, a trend was
also observed where 8 of the 11 patients who were taking
corticosteroids at baseline were able to reduce their dose or
discontinue corticosteroids altogether during the course of
the study. This is consistent with other findings that suggest
that bevacizumab may have corticosteroid-sparing effects in
patients with recurrent GBM (39). Corticosteroid reduction
may reduce infection rates and other related toxicities and
therefore is expected to improve the health-related quality of
life for patients.

Bevacizumab was well tolerated in our study and the inci-
dence of AEs of special interest to bevacizumab was similar
to that seen in other published studies with single-agent bev-
acizumab (24-26,40). No new bevacizumab safety signals
were seen in this Japanese population.

In our study, and in the other single-agent bevacizumab
studies (24—26,40), bevacizumab was administered after
prior treatment with TMZ and RT. We observed an apparent-
ly greater benefit with bevacizumab in those patients with
one relapse compared with those who have had two relapses
following treatment with TMZ and RT. It is expected that
bevacizumab may also provide benefit when administered
concurrently with TMZ and RT rather than after TMZ/RT
therapy. Currently, two randomized, double blind, Phase 111
studies are ongoing (AVAglio (41) and RTOG 0825 (42)) in
which the addition of bevacizumab to standard of care (con-
current RT plus TMZ followed by adjuvant TMZ) is being
evaluated in patients with newly diagnosed GBM.

There are many novel targeted agents under investigation
for the treatment of gliomas (43); however, results with
these new agents have been disappointing to date.
Single-target agents alone may not be able to prevent tumor
growth given the multiple pathways involved in many intra-
cellular processes of tumor development. A key to future
improvements in the treatment of gliomas will be the com-
bination of other chemotherapeutic agents or molecular tar-
geted therapies with bevacizumab to block these multiple
pathways. This potential approach needs to be explored in
future clinical trials.

In conclusion, the results of this study show that
single-agent bevacizumab could provide significant clinical
benefit for Japanese patients with recurrent GBM.
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Purpose: This study investigated the clinical impact of *'C-labeled methionine-positron emis-
sion tomography (MET-PET) for stereotactic radiation therapy with intensity modulated radia-
tion therapy (SRT-IMRT) in metastatic brain tumors.

Methods and Materials: Forty-two metastatic brain tumors were examined. All tumors were
treated with SRT-IMRT using a helical tomotherapy system. Gross tumor volume (GTV) was
defined and drawn on the stercotactic magnetic resonance (MR) image, taking into account
the respective contributions of MR imaging and MET-PET. Planning target volume (PTV) en-
compassed the GTV-PET plus a 2-mm margin. SRT-IMRT was performed, keeping the dose for
PTV at 25-35 Gy in S fractions. The ratio of the mean value of MET uptake to the contralateral
normal brain (L/N ratio) was plotted for the PTV prior to SRT-IMRT, at 3 months following
SRT-IMRT, and at 6 months following SRT-IMRT. Tumor characteristic changes of MET
uptake before and after SRT-IMRT were evaluated quantitatively, comparing them with MRI
examination.

Results: Mean + SD L/N ratios were 1.95 + 0.83, 1.18 £ 0.21, and 1.12 + 0.25 in the pre-
SRT-IMRT group, in the 3 months post-SRT-IMRT group, and in the 6 months post-SRT-
IMRT group, respectively. Differences in the mean L/N ratio between the pre-SRT-IMRT group
and the 3-month post-SRT-IMRT group and between the pre-SRT-IMRT group and the 6 month
post-SRT-IMRT group were statistically significant, irrespective of MRI examination.
Conclusions: We showed examples of metastatic lesions demonstrating significant decreases in
MET uptake following SRT-IMRT. MET-PET seems to have a potential role in providing addi-
tional information, although MRI remains the gold standard for diagnosis and follow-up after
SRT-IMRT. The present study is a preliminary approach, but to more clearly define the impact
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of PET-based radiosurgical assessment, further experimental and clinical analyses are required.

Introduction

The higher specificity and sensitivity of ''C-labeled methionine-
positron emission tomography (MET-PET) in imaging of brain
tumors has been demonstrated in previous studies and may be
helpful for detection of the tumor and for assessment of radio-
surgical treatment (1-3). Recently, a technique has been developed
that allows routine integration of PET in stereotactic radiosurgery
4-7).

This stady investigated the clinical impact of MET-PET for
stereotactic radiation therapy with intensity modulated radiation
therapy (SRT-IMRT) in brain metastases. In this preliminary
study, MET-PET images were imported into the planning soft-
ware for SRT-IMRT dosimetry, and the final target volume was
defined and drawn on the stereotactic magnetic resonance (MR)
image. Finally, we investigated the characteristic changes of
MET-PET in tumors for monitoring after SRT-IMRT and evalu-
ated differences between the image changes on MET-PET
compared to those on MRL

Methods and Materials
Patient population

Twenty patients with a total of 42 metastatic brain tumors were
treated with SRT-IMRT at Kizawa Memorial Hospital between
February 2008 and May 2010. Patients and metastases charac-
teristics are shown in Tables 1 and 2. Computed tomography,
MRI, and MET-PET were performed separately within 1 week in
all 20 patients for SRT-IMRT treatment planning. Eight patients
had multiple metastatic brain tumors. Karnofsky performance
status levels were between 70% and 100% (mean, 80%). Our
institutional ethics committee approved the study protocol, and all
patients provided written informed consent.

PET methods

The PET scanner was an Advance NXi Imaging System
(General Electric Yokokawa Medical System, Hino-shi, Tokyo),
which provides 35 transaxial images at 4.25-mm intervals. The
in-plane spatial resolution (full width at half-maximum) was 4.8
mm, and scans were performed in standard 2-dimensional
mode. Before emission scans were performed, a 3-min trans-
mission scan was performed to correct photon attenuation,using
a ring source containing %Ge. A dose of 7.0 MBg/kg MET was
injected intravenously into the cubital vein within 1 min.
Emission scans were acquired for 30-min, beginning 5 min after
MET injection. During MET-PET data acquisition, head motion
was continuously monitored using laser beams projected onto
ink markers drawn over the forehead skin and was corrected as
necessary.
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MRI methods

MRI for radiation treatment planning was performed using 1.5-T
equipment (Signa Horizon LX; General Electric, Waukesha, WI).
Acquisitions were made using a standard head coil without rigid
immobilization. An axial, 3D gradient echo T1-weighted sequence
with contrast medium (0.1 mmol/kg body weight, gadolinium-
diethylenetriamine-pentaacetic acid [Gd-DTPA]; Magnevist,
Schering, Berlin, Germany), and 2.0-mm slice thicknesses were
acquired from the foramen magnum to the vertex, perpendicular to
the main magnetic field.

Treatment protocol

Image registrations were performed using Syntegra software
(Philips Medical System), using a combination of automatic and
manual methods. Quantitative accuracy of the mutual information
registration was evaluated and approved by 3 observers, (ie,
a peurosurgeon, a radiation oncologist, and a nuclear medicine
specialist). The 3 observers delineated gross target volume (GTV)
by using MRI. Planning began with a separate analysis of each
stereotactic imaging modality. A 3D volumetric contour was
drawn on stereotactic MR images, corresponding to the area of
Gd-DTPA enhancement. Then, the stereotactic PET images are
analyzed independently by the 3 observers together. Abnormal
PET signal suitable for target definition corresponded to areas of
increased tracer uptake compared with the surrounding normal
brain. A 3D volumetric PET contour delineating these areas was
drawn on a visnal basis and projected onto the corresponding MR
images. Finally, GTV was defined and drawn on the stereotactic
MR image, taking into account the respective contributions of
MET-PET and MRI, as well as the anatomic location of the tumor
and the functional areas at risk (Fig. 1). The planning target
volume (PTV) of SRT-IMRT encompassed the GTV plus a 2-mm
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margin. SRT-IMRT was performed using HT (helical TomoTher-
apy; TomoTherapy Inc) in 5 fractions, keeping the dose for PTV at
25 Gy in 10 lesions, 30 Gy in 17 lesions, and 35 Gy in 15 lesions.
This dose was prescribed using the 95% isodose line, which
covered the PTV.

Follow-up study

For the follow-up study, each patient underwent a series of MET-
PET and MRI examinations consisting of a baseline examination
prior to SRT-IMRT, at 3 months after SRT-IMRT, and at 6 months
following SRT-IMRT. Patients who died after SRT-IMRT were
excluded from follow-up at that point. In each case, characteristic
changes of MET uptake in lesions post-SRT-IMRT were evaluated
quantitatively.

Quantitative evaluation consisted of measurement of the MET
uptake value at the PTV. As a normal control, several circular
regions of interests with a diameter of 10 mm were located over the
gray matter of the contralateral frontal lobe. The lesion vs normal
(L/N) ratio was defined as the mean counts of radioisotope per pixel
in the lesion of the PTV divided by the mean counts per pixel in the
contralateral normal frontal lobe. The L/N ratio within the PTV was
calculated prior to SRT-IMRT, at 3 months after SRT-IMRT, and at
6 months after SRT-IMRT. Differences between the 3 groups were
examined statistically (see Statistical analysis below).

Fig. 1. Dose map of a representative case with MRI (A) and
[UCIMET-PET (B). In this case, the lesion’s abnormal MET
uptake (yellow line) extended beyond the gadolinium-enhanced
lesion on MRI (red line). We defined GTV including the lesion
of abnormal MET uptake, and the PTV encompassed the GTV-
PET plus a 2-mm margin.
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On MRI, the tumor responses of SRT-IMRT were classified
into 3 types: complete response or partial response (type A), no
change (type B), or progressive disease (type C), all determined by
the changes in the volume of Gd-DTPA enhancement at 3 months
after SRT-IMRT. In cach type classificd by MRI examination, the
L/N ratio of the MET uptake within the PTV was calculated prior
to SRT-IMRT, at 3 months after SRT-IMRT, and at 6 months after
SRT-IMRT.

A definitive diagnosis of recurrent tumor or radiation necrosis
was determined as follows. Recurrence was defined as a case in
which pathologic diagnosis was confirmed by tumor resection or
biopsy. Diagnosis of radiation necrosis was based on pathologic
examination or clinical course. Cases in which lesions showed
spontaneous shrinkage or remained stable in size on MRI after
a long-term follow-up were assumed to be a delayed tumor
response, which could represent radiation necrosis.
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Fig. 2.  (A) The ratio of the mean value of ['CIMET uptake to
the contralateral normal brain (/N ratio) plotted at the PTV prior
to SRT-IMRT, at 3 months after SRT-IMRT, and at 6 months after
SRT-IMRT. (B) Boxplots divide data into 4 qualities. Lower and
upper borders of the box represent the 25th and the 75th percen-
tiles, respectively; the middle line represents the median value.
The difference in the L/N ratio between the pre-SRT-IMRT group
and the 3-month post-SRT-IMRT group was significant
(P<.0001), as was the difference between the pre-SRT-IMRT
group and the 6-month post-SRT-IMRT group (P<.0001).
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Statistical analysis

All data were analyzed using a commercial statistical software
package (StatView, version 5.0J; SAS Imstitute, Cary, NC).
Statistical analysis was performed to compare the L/N ratios
among 3 groups (prior to SRT, at 3 months after SRT, and at 6
months after SRT) by using nonparametric Friedman’s test. For all
statistics, a probability value less than .05 was considered
significant. All data are expressed asmeans & SD.

Results

Follow-up studies were performed in all 42 tumors at 3 months
after SRT-IMRT and in 24 tumors at 6 months after SRT-IMRT.
Eighteen tumors of 8 patients were lost to follow-up 6 months
after SRT-IMRT because those patientsdied from systemic disease
within 6 months after SRT-IMRT.

In 23 of a total of 42 tumors, MRI with PET-based GTV was
larger than MRI-based GTV. The average GTV defined by MRI
alone was 8.01 == 11.83 cm’, and the average GTV defined by MRI
with PET was 8.94 = 12.29 cm®. The average GTV increased by
10.4% when MRI with PET was used vs when MRI alone was used.

Results of the follow-up studies of quantitative analyses in all
tumors are shown in Figure 2. L/N ratios were 1.95 £ 0.83,1.18 &
0.21, and 1.12 &+ 0.25 in the pre-SRT-IMRT group, in the 3 month

post-SRT-IMRT group, and in the 6 month post-SRT-IMRT group,
respectively. Differences in the L/N ratios between the pre-SRT-
IMRT group and the 3-month post-SRT-IMRT group was signifi-
cant (P<.0001) and that between the pre-SRT-IMRT group and the
6-month post-SRT-IMRT group was also significant (P<.0001).

Results of analyses in each type classified by the volume change
of Gd-DTPA enhancement are shown in Figure 3A, B, and C. The
number of tumors in each type was 28, 7, and 7, respectively. In type
A, the L/N ratios were 1.93 4-0.98, 1.14 +0.19, and 1.05 £ 0.14in
the pre-SRT-IMRT, the 3-month post-SRT-IMRT group, and the 6-
month post-SRT-IMRT group. In type B, the L/N ratios were 1.96 4=
0.28,1.17 = 0.26, and 1.11 £ 0.29 in the pre-SRT-IMRT group, the
3-month post-SRT-IMRT group, and the 6-month post-SRT-IMRT
group. In type C, the L/N ratios were 2.04 £+ 0.59, 1.31 £ 0.23,
and 1.30 £ 0.35 in the pre-SRT-IMRT group, the 3-month post-
SRT-IMRT group, and the 6-month post-SRT-IMRT group. In
each of the 3 types, the differences in the L/N ratios between the
pre-SRT-IMRT group and the 3-month post-SRT-IMRT group were
significant (P =.0001 in type A; P=.0003 in type B; and P=.0172
in type C), and those between the pre-SRT-IMRT group and the 6-
month post-SRT-IMRT group were also significant (P=.0005 in
type A; P=.0002 in type B; and P=.0294 in type C).

Local recurrence was defined in two of a total of 42 tumors
after SRT-IMRT. No recurrence was demonstrated in all tumors of
type A. In one tumor of type B, the L/N ratio was decreased from
1.52-1.30 at 3 months after SRT-IMRT, but it was increased to
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s IP=0.0001“ »p. l IP*G;GOO?»” np. ‘
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Fig. 3.

3 months after. 6 months after
SRT-IMRT

SKRT-IMRT

The L/N ratio plotted at the PTV prior to SRT-IMRT, at 3 months after SRT-IMRT, and at 6 months after SRT-IMRT in each type

classified by MRI examination. Complete response or partial response {(A), no change (B), or progressive disease (C), all determined by the
changes in the volume of contrast enhancement 3 months after SRT-IMRT. The number of tumors in each type was 28, 7, and 7,
respectively. In each of the 3 types, differences in the L/N ratios between the pre-SRT-IMRT group and the 3-month post-SRT-IMRT group
was significant (P=.0001 in type A; P=.0003 in type B; and P=.0172 in type C) and that between the pre-SRT-IMRT group and the 6-
month post-SRT-IMRT group was also significant (P==.0005 in type A; P=.0002 in type B; and P=.0294 in type C).
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1.60 in the next 3 months, and marginal tumor recurrence was
defined at 9 months after SRT-IMRT. In one tumor of type C, the
L/N ratio was increased from 1.34-1.71 at 3 months after SRT-
IMRT, and marginal tumor recurrence was defined at 6 months
after SRT-IMRT. In the other 6 tumors of type C, the L/N ratio was
decreased after SRT-IMRT, and lesions showed spontaneous
shrinkage or remained stable in size after a long-term follow-up,
which were assumed to be radiation necrosis. Follow-up terms of
these 6 tumors ranged from 19-43 months. A representative case
of type C is shown in Figure 4. In the acute and subacute phases,
there was no neurologic toxicity from SRI-IMRT in all cases.

Discussion

The use of PET, an imaging technique providing metabolic data,
may play an important role in improving the radiosurgical treat-
ment of malignant brain tumors (1-3, 8-10). In recent PET studies,
analysis of the metabolic and histological characteristics of
a stereotactic biopsy specimen provided evidence that regional
high MET uptake correlated with the presence of viable tumor cells
(11). Baumert et al (12) demonstrated the data correlated MRI
findings with histology, in which an infiltrative growth beyond the
border of the brain metastasis in 63% cases evaluated. Along the
same line, the relationship between pathology and metabolism
found in stereotactic biopsy and the increased knowledge about

MET-PET in brain tumor strengthen the valuable link between
MET uptake and histology. Matsuo et al (13) demonstrated that
there was severe discrepancy between PET- and MRI-defined target
volumes in their report of metastatic brain tumors, and those
findings suggested that MET-PET might significantly improve the
definition of target volumes in patients with brain metastases (13).

Based on those recent PET studies, MET-PET images were
imported in the planning software for the SRT-IMRT dosimetry as
the supplemental information in this preliminary study, and the
final target volume was defined and drawn on the stereotactic MR
image, taking into account the respective contributions of MET-
PET and MRI (Fig. 1). In this report, we describe our preliminary
experience with the complementary use of PET metabolic data in
an HT system, which uses a patented multileaf collimator to
modulate the intensity of the beam, precisely conforming to the
shape of the tumor, so it can deliver IMRT technique (14-18).
There was no acute or subacute ncurologic toxicity from SRT-
IMRT in all our cases.

Data from this study demonstrated the utility of MET-PET
imaging in monitoring the characteristic changes following SRT-
IMRT. By quantitative statistical evaluation, the differences in L/N
ratios between the pre-SRT-IMRT group and 3-month post-SRT-
IMRT group was significant (P<.0001) and that between the pre-
SRT-IMRT group and 6-month post-SRT-IMRT group was also
significant (P<.0001) (Fig. 2). It would seem that those significant
decreases of MET uptake could be secondary to metabolic changes

Fig. 4.

A 53-year-old male patient with non-small cell lung cancer. Gadolinium-enhanced MRI before SRT-IMRT (A) and 3 months after

SRT-IMRT (B), and MET-PET before SRT-IMRT (C) and 3 months after SRT-IMRT (D). Metastatic brain tumor in the left frontal lobe is
demonstrated, showing no Gd-enhancement at all on MRI but high MET uptake on PET (A and C). At 3 months after SRT-IMRT, the
volume of Gd-enhanced lesion on MRI increased, although MET uptake at the lesion distinctly decreased (B and D). The lesion remained
stable in size on MRI after a long-term follow-up, which was assumed to be radiation necrosis.
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of target lesion, which suspected the intensive radiosurgical effi-
cacy to the metabolic condition in tumors. The result suggested that
reduced MET uptake following SRT-IMRT should be attributed to
deactivation and/or obliteration of viable cancer cells after radia-
tion treatment, although other explanations, such as changes in the
vasculature or edema/inflammation, must also be considered for
the reason of reduced MET uptake. From the follow-up study,
marginal tumor recurrence was defined in 2 of 42 tumors, with
increasing MET uptake after SRT-IMRT. Local tumor control by
SRT-IMRT seemed to be favorable from the results of the follow-
up study, so that contouring of the GTV by respective contributions
of MET-PET and MRI were thought to be acceptable. Eighteen
tumors were lost to follow-up at 6 months after SRT-IMRT.
However, we believe that selection bias could be avoided
because the reason patients were lost to follow-up was not from
neurological death by the metastatic brain tumor.

The present analysis demonstrates that MET-PET containing
metabolic information is independent of the morphologic infor-
mation provided by MRI The significant difference of MET
uptake had been demonstrated in the L/N ratio between the pre-
SRT-IMRT group and the post-SRT-IMRT group, irrespective of
the type of MRI examination (Fig. 3). In 6 tumors of type C with
decreasing MET uptake lesions showed spontaneous shrinkage or
remained stable in size on MRI after a long-term follow-up, which
was suspicious for radiation injury rather than tumor recurrence
(Fig. 4). In the previous report, early delayed reactions occurred
from a few weeks to several months later than the subacute
reactions following conventional fractionated radiation therapy or
radiosurgery (19). This was probably due to temporary demye-
lination and vascular damage and may prove fully or partially
reversible. Tumor swelling sometimes occurs in the early delayed
phase and is associated with edema in the surrounding normal
brain. Tumor shrinkage occurs later, with subsidence of the
surrounding edema. Similarly, contrast enhancement at this time,
particularly in the tumor perimeter, reflects a host of reactive
responses and not tumor activity. Sometimes it is not easy to
distinguish this phenomenon from tumor recurrence with
conventional Gd-DTPA-enhanced MR examinations (20).

In the follow-up study after RT, the value of MET-PET was
reported to be a sensitive and accurate technique for differenti-
ating between tumor recurrence and radiation injury following
stereotactic radiosurgery (9). The current study demonstrates the
dynamic change of metabolic condition with MET-PET studies
before and after SRT-IMRT, which seems to be appropriate for the
differential diagnosis of tumor recurrence from radiation injury.
Especially in cases with increasing volume on MRI after SRT-
IMRT, results of the dynamic change of MET-PET studies
might be helpful for clinical diagnoses. We considered the fact
that because MRI has high sensitivity but poor specificity, it
should be used first as a screening test. In the event of suspected
tumor recurrence, additional MET-PET investigation seems to
differentiate between post-treatment changes and tumor recur-
rence and to avoid both under- and overtreatment, although further
studies are needed.

Conclusions

In conclusion, MET-PET seems to have a potential role in
providing additional information for treatment by SRT-IMRT,
although MRI remains the gold standard for the diagnosis and
follow-up of metastatic brain tumors. The present study is
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a preliminary approach, and the sample size of the study seems to
be small for this evaluation, but to more clearly define the impact
of PET-based SRT-IMRT planning and monitoring, further
experimental and clinical analyses are required.
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IMPACT OF [M'CIMETHIONINE POSITRON EMISSION TOMOGRAPHY FOR TARGET
DEFINITION OF GLIOBLASTOMA MULTIFORME IN RADIATION THERAPY
PLANNING

Masayuki Marsuo, M.D.,* Kazumiro Miwa, M.D., Osamu Tanaka, M.D.,* Jun Sumopa, M.D.,!
Hironorr NISHIBORI, M,D.,i Yusuke TSUGE, M.D.,i Hiromiro Yano, M.D.,1I Toru IwaMa, M.D.,”I
SHINYA HAYASH]I, M.D.,§ Hiroaxi Hoshi, M.D.,§ JITSUHIRO YAMADA, M.D.,”'r
Masayuki KANEMATSU, M.D.,§ AND Hiperumi Aovama, M.D #*

*Department of Radiation Oncology, Kizawa Memorial Hospital, Minokamo, Japan; {Chubu Medical Center for Prolonged Traumatic
Brain Dysfunction and Department of Clinical Brain Sciences, Gifu University Graduate School of Medicine, Minokamo, Japan;
Department of Radiology, Kizawa Memorial Hospital, Minokamo, Japan; Departments of INeurosurgery and Radiology, Gifu
University School of Medicine, Gifu, Japan; **Department of Radiology, Niigata University School of Medicine, Niigata, Japan

Purpose: The purpose of this work was to define the optimal margins for gadolinium-enhanced T,-weighted mag-
netic resonance imaging (Gd-MRI) and T,-weighted MRI (T,-MRI) for delineating target volumes in planning ra-
diation therapy for postoperative patients with newly diagnosed g;,lioblastoma multiforme (GBM) by comparison to
carbon-11-labeled methionine positron emission tomography ([*'CIMET-PET) findings.

Methods and Materials: Computed tomography (CT), MR, and [*'CIMET-PET were separately performed for
radiation therapy planning for 32 patients newly diagnosed with GBM within 2 weeks after undergoing surgery.
The extent of Gd-MRI (Gd-enhanced clinical target volume [CTV-Gd]) uptake and that of T,-MRI of the CTV
(CTV-T,) were compared with the extent of [''CIMET-PET (CTV-["'CIMET-PET) uptake by using CT-MRI
or CT-[*'CJMET-PET fusion imaging. We defined CTV-Gd (x mm) and CTV-T, (x mm) as the x-mm margins
(wherex =0, 2, 5,10, and 20 mm) outside the CTV-Gd and the CTV-T,, respectively. We evaluated the relationship
between CTV-Gd (x mm) and CTV- [ CIMET-PET and the relationship between CTV-T; (x mm) and CTV~ |
MET-PET.

Results: The sensitivity of CTV-Gd (20 mm) (86.4 %) was significantly higher than that of the other CTV-Gd. The
sensitivity of CTV-T, (20 mm) (96.4%) was significantly higher than that of the other CTV-T, (x =0, 2, 5, 10 mm).
The highest sensitivity and lowest specificity was found with CTV-T, (x = 20 mm).

Conclusions: It is necessary to use a margin of at least 2 cm for CTV-T;, for the initial target planning of radiation
therapy. However, there is a limit to this setting in defining the optimal margin for Gd-MRI and T»-MRI for the
precise delineation of target volumes in radiation therapy planning for pestoperative patients with GBM. © 2012

Elsevier Inc.

[*'C]Methionine-PET, Glioblastoma, Radiotherapy, Target definition, MRL

INTRODUCTION

Glioblastoma multiforme (GBM) is the most common type
of primary brain tumor in adults, and the treatment of
GBM remains one of the most challenging endeavors in on-
cologic treatment. The current standard of care for newly di-
agnosed GBM is surgical resection, to the extent that it is
feasible, followed by adjuvant radiotherapy and chemother-
apy (1). Several studies over the past few decades have at-
tempted to define the optimal radiation dose for GBM, yet
the results have not been satisfying (2-4).

Highly accurate radiation therapy techniques such as ste-
reotactic radiotherapy, radiosurgery, intensity-modulated ra-

diotherapy, and proton therapy have recently developed.
Improved survival by using such highly accurate radiation
therapy is possible because high-dose irradiation to a limited
target volume eradicates tumor cells while minimizing radi-
ation exposure to normal, functional brain tissue. For this
therapy to succeed, the first premise is that the extent of tu-
mor must be correctly defined. Accurate definitions of the
gross target volume (GTV) and the clinical target volume
(CTV) are crucial.

To determine the radiation therapy treatment volume for
GBM, many studies have used the enhanced area or peritu-
moral edema area on magnetic resonance imaging (MRI)
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or computed tomography (CT), respectively, to determine
initial radiation treatment volume as well as boost volume
(5-7). For instance, the method for target delineation of
GBM at the University of Texas M. D. Anderson Cancer
Center has been to define the CTV as the enhanced area
(GTV) plus 2 cm and the planning target volume (PTV) as
the CTV plus 0.5 cm (5). An alternate method, used by the
Radiation Therapy Oncology Group (RTOG), is to define
the initial field as the peritumoral edema plus 2 cm and the
dose prescribed to this area is 46 Gy. The boost field is
defined as the GTV plus 2.5 cm, and the dose prescribe to
this area is 60 Gy (5-7). However, evidence for the margin
of the enhanced area or the peritumoral edema of the
GBM tumor is not sufficient (5).

Positron emission tomography (PET) has been used for 2
decades to assess the cerebral metabolism of patients with
gliomas (8, 9). Carbon-11-labeled methionine PET ([*'C]
MET-PET) plays an especially important role in improving
diagnostic procedures for treating brain tumors (10). [*'C]
Methionine is not taken up by normal brain tissue to
a marked degree, and the sensitivity of [''CIMET-PET for
detecting glioma tumors appears to be high (11-16). [''C]
MET-PET uptake by normal brain parenchyma is
relatively low, and so [''CIMET-PET shows promise for
assessing cerebral tumor dimensions (17). It has been sug-
gested that ['!CIMET-PET may more precisely outline the
true extent of viable tumor tissue than MRI, whereas MRI
has the capability to better delineate the total extent of asso-
ciated pathologic changes, such as edema, in adjacent brain
areas (18).

‘We undertook the present study of quantified results of
['!CIMET-PET and those of MRI to compare their abilities
to delineate the extent of GBM and to show the implications
of [V'CIMET-PET for treatment planning. Therefore, the ex-
tent of gadolinium (Gd) enhancement on T;-weighted MRI
and the high-intensity area on T,-weighted MRI were com-
pared with the extent of uptake of [*'CIMET-PET by using
CT-MRI or CT-["'C]MET-PET fusion imaging. We con-
ducted this study to investigate the extent to which tumor
growth was present and to quantify this growth in GBM by
comparing MRI and ['CJMET-PET. We assumed [''C]
MET-PET was the gold standard in this study for delineating
the CTV, and we determined the optimal margins of Gd
enhancement and high-intensity areas on T,-weighted imag-
ing. We evaluated the validity of the margins by comparison
with those reported in a study by Jansen et al. (19), which
correlated results of histopathologic observations with CT/
MR images.

METHODS AND MATERIALS

During the 2-year period between April 2006 and December
2008, 32 postoperative patients, newly diagnosed and histologically
confirmed with GBM (Table 1), underwent stereotactic radiother-
apy treatment planning at our department.

CT, Gd-enhanced T;-weighted and To-weighted MRI, and [*'C)
MET-PET were performed separately within 2 weeks after the 32
patients (18 men and 14 women; age range, 21-85 years; mean
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Table 1. Patient characteristics
Characteristics Values

Age (y)

Median 64

Range 21-85
Gender (n)

Male (n) 18

Female () 14
RPA class

11 3

v 19

v 2

A% 1 8
Resection

Gross total resection 16

Subtotal resection 10

Partial resection 6
Tumor location

Frontal 9

Parietal 4

Temporal 12

Thalamus 1

Cerebellum 2

Basal ganglia 2
Two lobes

Parieto-occipital 1

Temporo-occipital 1

Abbreviation: RPA = RTOG recursive partitioning analysis.

age, 64 years) underwent surgery. Steroid doses were not changed
during the week in which MRI and [''CIMET-PET were performed.

Imaging

Computed tomography was performed using helical CTequipment
(Light Speed; General Electric, Waukesha, W1I). Patients’ heads were
immobilized in a commercially available stereotactic mask, and
scans were performed in 2.5-mm-thick slices without a gap.

Magnetic resonance imaging for radiation treatment planning
was performed using 1.5-T equipment (Light Speed; General Elec-
tric, Waukesha, WI). Images were acquired using a standard head
coil without rigid immobilization. Axial, three-dimensional gradi-
ent echo T;-weighted sequences (matrix size, 256 x 256; field of
view, 25 cm x 25 cm) with contrast medium (gadolinium-diethyle-
netriamine-pentacetic acid [Gd-DTPA; Magnevist, Schering, Ber-
lin, Germany}, 0.1 mmol/kg of body weight) at 2.0-mm slice
thicknesses were acquired from the foramen magnum to the vertex,
perpendicular to the main magnetic field. The T»-weighted (2600/
102 [effective]) images were acquired with a 512 x 224 matrix and
a 24-cm field of view with a 6-mm-slice thickness.

The [*'CIMET-PET study was carried out using a standardized
procedure. All patients fasted for at least 5 h before undergoing
[1!CIMET-PET, and they were advised to have only a light break-
fast on the morning of the examination day to ensure standardized
metabolic conditions. The PET scanner used was an Advance NXi
imaging system (General Electric Yokokawa Medical System,
Hino-shi, Tokyo, Japan), which provides 35 transaxial images at
4.25-mm intervals. The crystal width is 4.0 mm (transaxial). The
in-plane spatial resolution (full width at half-maximum) was 4.8
mm, and scans were performed in standard two-dimensional
mode. Before the emission scans were performed, a 3-min trans-
mission scan was performed to correct the photon attenuation, us-
ing a ring source containing 68 Ge. A dose of 7.0 MBqg/kg [*'C]
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Fig. 1. We defined sensitivity, specificity, negative predictive value (NPV), and positive predictive value (PPV) by mak-
ing comparison with the [''CIMET-PET findings, which served as the gold standard in this study.

MET was injected intravenously, depending on the examination.
Emission scans were acquired for 30 min, beginning 5 min after in-
jection of [M'CJMET. During [''C]MET-PET data acquisition, the
patient’s head position was continuously monitored using laser
beams projected onto ink marks drawn over the forehead skin,
and the head position was corrected as necessary.

Image registration was performed using Syntegra software
(Philips Medical System, Fitchburg, WI) and a combination of
aatomatic and manual methods. The quantitative accuracy of the
mutual information registration was evaluated and approved by
three observers, ie., a neurosurgeon, a radiation oncologist, and
a nuclear medicine specialist.

Target volume delineation

The three observers delincated CTV using Gd-enhanced Ty~
weighted MRI alone, T,-weighted MRI alone, and [*'CIMET-
PET alone, respectively. CTV volumes defined by [''CIMET-PET,
Gd-enhanced T;-weighted MRI, and T>-weighted MRI were delin-
eated manually. Gd-enhanced Ty-weighted MRI CTV (CTV-Gd)
was defined as the contrast-enhanced area on the Gd-enhanced
T,-weighted MRI, and the CTV-Gd (x mm) was defined as the
x-mm (where x = 0-, 2-, 5-, 10-, and 20-mm) margin outside the
CTV-Gd. The T,-weighted MRI CTV (CTV-T,) was defined as
the high-intensity area on the T,-weighted MRI, and we defined
CTV-T, (x mm) as the x-mm (x =0-, 2-, 5-, 10-, and 20-mm) margin
outside the CTV-T; area (Fig. 1). The CTV-Gd (x-mm) and CTV-T,
(x-mm) surfaces were then edited to limit expansion into adjacent
skull. The [''CIMET-PET CTV (CTV-[''C]MET-PET) was de-
fined as the area of accumulation of [''CIMET, which was appar-
ently higher than that in normal tissue on ['CJMET-PET. The

858

CTV-[1*C]MET-PET tumor/normal tissue index of 1.3 was consid-
ered the threshold for malignant activity. It is not clear which thresh-
old value for the tumor/normal tissue index should become the
reference value for determining GBM. For primary brain tumor,
some reports have used 1.3 or 1.7 to determine the threshold value
(12, 20). Although we used 1.3 as the threshold for tumor
delineation in this study, the final determination of tumor
delineation was obtained by consensus among three observers,
and they did not necessarily adhere to a uniform threshold value
of 1.3 for the tumor/normal tissue index. The same window
parameters were used for all patients included in the trial.

Analysis

We defined sensitivity, specificity, negative predictive value
(NPV), and positive predictive value (PPV) by making comparisons
with the [ CIMET-PET findings, which served as the gold standard
in this study (Fig. 1). For statistical analyses, the statistical signif-
icance of the differences in the relationship between CTV-Gd
(x mm) and CTV- ["'C]MET-PET and those of the relationship be-
tween CTV-T (x mm) and CTV- ['!\C]MET-PET were examined by
using Tukey’s test for multiple comparisons. A p value of <0.05 was
considered statistically significant. We evaluated the validity of the
margins by comparison with those reported in a study by Jansen
et al. (19), which correlated resuits of histopathologic observations
with CT/MR images.

RESULTS

The clinical characteristics and tumor locations of the 32
patients included in this study are given in Table 1. Patients



