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Clinical results of boron neutron capture therapy on previously
irrediated patients with recurrent malignant glioma

BT O¥EFL i mh

BT Sk 5

AN AT BR !

BT RAT

¥ BRI PR L O TR
K ?&ﬁ B WE Ik
M RS, He ES,
1?(I752I’£T FREESE B R
TS
BE

2 Ry B TIIRIE (BNCT) 1, v % (OB) AP F 2 L,

Ml

LAV THE B BRE A b 15 5 LA B F# e MU L MBS iE T 5,

BRI NREE & 4 L 72 34 B D PSS RS A

SR & AT RICHRET 21T o 70 FETE

PEANREIBNE (3 B AR ML RIS SN T B O ¢ BT I FEEF ST &

FHLTIT27

eI A i311.2 (8.9-12.4) ¥ HTH Y., Ff

SRBEENLF T TV —

TCE11.07 B EBIFCH o7 (vs 4.4) FHRETFIE, BNCTIROMBEBW. 25

oA K- FEVTI FAHE
% B o

- MR OER) &b BT A X

Ay ek

BNCTHEFFEMAT AL WIBMEILLD, KL RTANLONBIZEL
hojze IR, IR E PIEFIRE LABNCTHEFREE LR S 1L, H—HFR
PETFTH L. M TIE, FBETREAICKS 2 E-FIFBNCTO RIF%E

FINRIATR S /2o

key words : #IFEIE

Ui

S HE R R OB HEEMNERBIG I LT
) ﬂ?“@il’m RGBT b IURHE LT
WahH, IhE TORETIXLORNRITHEE
MTho., LYIENIORLLIBHENIE
I, &y FEFETFRHIREE BNCD &,
A E (OB) AR TR RIS L CHRMEL AL
TR B 20 & 1% B AL B R TS NE — 8 A
T LRBECEIINF 2L TEILE
FIH L72ELET (Linear Energy Transfer.

M. 5, kiR, ROTRETR. IR

L AN F — 4 5.) O JEEEREIRAYT
% (figure 1) s

FIRETCH

L ¥&RE TG

FEFEd - FiR T AV /- BNCT CiE#E % 3
M U 7= RS TR R B L0k L, 5 #AYIC
AT F I A 720 AT DORIR & 7 o 72 B,
WERE THMR % 1T o 7= B S EME M R B I RE 7Y
34flC, B4, LHE12801TH B, BNCT
EREE O TIGERIT50.5 (15~74) T, &F

BIEEER 4G : T569-8686 AR &S AZENT2-7

RIREFR K2
e ¥

iy

TEL : 072-683-1221 FAX : 072-683-4064

E-mail : neu046@poh.osaka-med.ac.jp

43

120



M, TR, HEL AT, TR R, BE, EE, ok, R . L BR

e
Rl
e
* g
3 Sa
D -
an & ol @, I %;B
@4, o> oD s 4%#”&@ =
LAY, . TR
. Y T <> £ pgy
e ~‘, -y =B, @ ® T
. D <D
B S S S e R
D R o S+ & oo ©BIIE
£
Eiess ez oosae
s 0‘.4%‘_: . Do@ pig qé‘,”@“""
e e * T =
.

Figure 1 The principle of boron neutron capture therapy (BNCT).

BNCT is a binary approach: A boron-10 (*°B)-labeled compound is administered that delivers high
concentrations of B to the target tumor relative to surrounding normal tissues. This is followed by
irradiation with thermal neutrons or epithermal neutrons that become thermalized at depth in
tissues. About one cell size level short range high energy of the alpha and ’Li particles released from
the B (n, alpha) “Li neutron capture reaction make tumor selective killing without damage for

adjacent normal brain tissue.
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Figure 2 Dose planning of boron neutron

capture therapy (BNCT).

Dose planning of neutron capture therapy for the
tumor (right) and for the normal brain (left). (Gy-
Eq: gray equivalent, star: air instillation to the
tumor remeved cavity)

In this case, tumor volume was 70mL (black area;
tumor; white area; cavity with fluid) and >40Gy
was irradiated for 75% and >30Gy for 87% of
gross tumor volume, Peak dose for normal brain
and skin was 11 and 7 Gy-eq, respectively.

12.47 A). MEERAE O3k 8.6 B, A3k
1174 F) TH o7z, £i#s. BNCTIEHOKPSIC
LT, FRIFLTHy PA7EEBELR
¥, FAREE L/ZNABTT-RPA TR & 172
JRZEDHITHNEBR B (Risk Ratio 1.88, 95% CI:
1.36 - 2.60 p=.0001) ?12B§ L T » BNCT#h%
LBV THAEE LB RES NP o7
(BTBEEERNB 10.37 B, 24t 1134 A,
p=0.18D)c [EBHEFICB L T A v b7 &
% o 28mLRH D H (0=7) TMST = 12.84
B, 8mLUEDOFTI1.0r B &2 Y WEICH
A 5 7o FYAETDH 532mLL LD B
& CEHEEHAIE52mL) OMST ! 11.44
HTCHot, ¥I-FREFOMMI 2GBICIRS
&, FHEGERIE36mL THh D, MST i
10.44 B T& o7z (Table 2),

45

122

BN NABTT-RPA Y 5 A BT Tt
FLFHARBE S1izclass 3+ 7TTOHOMST =
4.4 (36 —5.44 ) # H (Table 1) 423 L.
BNCTEFE#IF11.05 H (7.8~ 1164 H) &

Lol

III. E%

HREYGMEBEOFREIBOTRETH
D SRS BERU R GFED T ol S Y

B FHRFEB OB - R LIThRT
&%, BED O OATFHIMIer AREEEL S
N, FkridohEFcicd, 15 - BROE
P IBNE o SR L 2R R R L
T & 7250 BERATHIAM O BRI B
LHBNCTOESIR S BIF T, BHigkcids
LFE THOWEFE TRE S UV g Lo
ARSI LT X 2T,

NS P L 55 4 S SRR A %
W REMAAR IR 1, SRR o0 A e Aok L
TWB EER L, [EE;Z g L~V TR &
5 HRINERAPHAR L 205, R YEPUTF
i $EHF ¥ (boron neutron capture therapy:
BNCTD (. A2t B 2 W e 35
FFHREBERTH Y, BHERT 2L TS
NBEE I BR S AR R 2 MBI 1R B R R
RAPEE N 50, BNCTOE T, TR
a4z 477 % — 10 (boron-10. °B) {L&4 % I
DRAFRBICBIBICPETFERITL L
&) EBLETO ok F A O & D4
&3 5RE (Wi0um) TRE ShaZ L
£ o TR HEHPER LA BRI O & % 3R
B  5 & v ) | MREY SR R R+
DD HFETREG TS5 TRV EE
WB L UCRETHPRETFR. &4 HE—TiEA
JeBEEHE DB TRV Z & C, TTEPHE -
TIEH TR I % /R binary approach
THHIETHDY,

BNCTiZML X TC#EREEEFET L L
6, EFHEBPICEEEICET T A ERR
JEFBIE B AR RTE L 228§ 2 6 5E R
BHFEEN, ST TICLLHOBERRE -
TEATHNTE LW, & 5w B IERICIKI
eRm L, ARREFRFRORS L MERE



NMgE, RS EEL BT L RE. BE. T sk, #E B, AL BER
NE, FCHERFE (WHOZ L— Fa) IZBvy 2 ENZEFAOE (Mo EBEwERIET
TIHRFEFE (. SNFE CIKBNCT THBELN Hoi,

Table 1 Prognostic factors for survival in adult patients with recurrent glioma enrolled
onto the NABTTclinical trials

survival time

class results of the recursive partitioning analysis (RPA). (median)
1 Initial histology = Not GB, KPS = 80-100, location (Frontal only) 25.7 months
2 Initial histology = Not GB, KPS = 80-100, location (Other) 17.2 months
3 Initial histology = Not GB, KPS = 60-70 3.8  months
4 Initial histology = GB, Age < 50, KPS = 90-100 10.4 months
5  Initial histology = GB, Age < 50, KPS = 60-80 5.6  months
6  Initial histology = GB, Age >= 50, Steroids (No) 6.4 months
7  Initial histology = GB, Age >= 50, Steroids (Yes) 4.9  months

GB, glioblastoma; KPS, Karnofsky performance score.
*Carson et al, J Clin Oncol 25: 2601-6, 2007 2

Table 2 Overview of re-irradiation for recurrent malignant gliomas with large targeted
volumes

tumor volume  overall survival

no of cases Irradiation (median, mL) (median)
Cho et al., 1999 (12) 27GB/ SRS 10 11  months
19 grade 11
15 GB/ fractionated 25 12  months
10 grade ITI SRT
Lederman et al., 88 GB hypofractiona 33 7.0 months
2000 (13) ted SRT
( 38 GB <30 9.4 months )
( 50 GB >30 5.7 months )
months
Voynov et al., 2002 (14) 5GB/ IMRT 35 10.1 months
5 grade III
Hall et al., 1995 (15) 26 GB/ SRS 28 8.0 months
9 grade III
Combs et al., 2005 (18) 53 GB fractionated 48 8 months
SRT
Patel et al., 2009 (17) 10GB fractionated 51 7.5 months
SRT
Kawabata et al, 26 GB BNCT 36 10.3 months

present series

abbreviations: GB, glioblastoma; SRS, stereotactic radiosurgery: SRT, sterectactic radiotherapy; IMRT,
intensity-modulated radiotherapy; BNCT, boron neutron capture therapy
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Clinical results of boron neutron capture therapy on previously
irrediated patients with recurrent malignant glioma

Shinji Kawabata!, Ryo Hiramatsu', Motomasa Furuse!, Yoko Matsushita®,
Gen Futamura!, Hiroyuki Onishi!, Toshihiko Kuroiwa!, Natsuko Kondo?,
Minoru Suzuki?, Yoshinori Sakurai?, Hiroki TanakaZ,

Koji Ono® and Shin-Ichi Miyatake!

Department of Neurosurgery, Osaka Medical College, Takatsuki, Osaka, Japan,
ZKyoto University Reserch Reactor Institute, Kumatori, Osaka, Japan

Abstract: We have applied tumor selective particle irradiation known as boron
neutron capture therapy (BNCT) using the nuclear reaction (*°B(n, alpha)’Li)
to recurrent malignant gliomas (MGs).

We have treated 34 cases of previously irradiated recurrent MGs with BNCT.
As there has been no standard treatment for recurrent MGs so far, it has been
difficult to evaluate the results of BNCT. Here we introduce the survival benefit
of BNCT for recurrent MGs with RPA classification (NABTT, J Clin Oncol.
2007).

The median overall survival (OS) was 11.2 (8.9-12.4) months. In the subgroup
considered to be a poor prognosis, OS was satisfactory with 11.0 (7.8-11.6)
months (.. 4.4 (3.6-5.4)). The prognostic factor in our experienced cases did not
become the tumor size which was on-site histology, steroids / temozolomide
history, tumor location (right < left) with the risk.

Earlier BNCT did not become received widely by a problem to use a nuclear
reactor as a neutron source. In late years, a technical problem was solved, and
clinical trials using the accelerator based BNCT device have been started. In
this report, the treatment result with good clinical results of reactor based
BNCT for a similar target cases were shown.

key words: glioma, boron neutron capture therapy, recurrence, reirradiation
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Abstract The purpose of this study was to distinguish
pseudoprogression (PP) from early true progression in
patients with glioblastoma (GBM) based on the presence of
a mutation in isocitrate dehydrogenase 1 (IDH1). We ret-
rospectively surveyed 32 patients with GBM or GBM with
oligodendroglioma component (GBMO) who underwent
biopsy or maximal tumor resection followed by concurrent
radiotherapy and temozolomide (TMZ). We then selected
patients with early radiological progression in magnetic
resonance imaging within 6 months after concurrent
radiotherapy and TMZ treatment. DNA was extracted from
their tumor blocks. The IDH1 mutation was analyzed in the
genomic region by direct sequencing as a biomarker for PP.
Twenty-eight patients were diagnosed with GBM and four
with GBMO. Eleven patients were discovered to have early
radiological progression. PP was detected in two patients
(6.3 %) diagnosed with GBMO and one patient with GBM.
Both of the GBMO patients with PP had the IDH1 muta-
tion, the one GBM patient with PP and the other eight
patients with early true progression with wild type. The
sensitivity and specificity of the IDH1 mutation for
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detecting PP were 66.7 and 100 %, respectively. This study
suggests the IDH1 mutation may become a novel molec-
ular biomarker for PP. Analyzing the IDH1 mutation, in the
case of recognizing early radiological progression, may
enable distinction of PP from early true progression, and
we could determine the need for second-look surgery.

Keywords Biomarker - Concurrent radiotherapy and
temozolomide - Glioblastoma - IDHI mutation -
Pseudoprogression

Introduction

Glioblastoma (GBM) is one of the most malignant brain
tumors, with patients having a median life expectancy of
13—17 months after diagnosis despite standard treatment of
maximal tumor resection and concurrent radiotherapy (RT)
and temozolomide (TMZ) followed by six courses of
maintenance TMZ [1]. Contrast enhancement on magnetic
resonance imaging (MRI) is a standard tool for assessing
response to treatment. Recently, there have been increasing
numbers of reports of pseudoprogression (PP), which is
difficult to distinguish from early true progression (TP)
based on contrast enhancement on MRI [2]. There are few
effective biomarkers of PP, so many patients may undergo
an unnecessary and potentially harmful second surgery.
Recently, genome-wide mutational analysis revealed
somatic mutations of cytosolic NADP-+-dependent isoci-
trate dehydrogenase 1 (IDHL1) in approximately 12 % of
GBMs [3]. The IDH1 mutation is associated with a
favorable prognosis in adult patients with GBM [3, 4].
Pseudoprogression also indicates a good prognosis [5]. We
investigated the incidence of PP according to the IDH1
mutation.
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Materials and methods
Patients

Between December 2005 and November 2010, a total of 32
patients with GBM or GBM with oligodendroglioma
component (GBMO) who underwent biopsy or maximal
tumor resection and treatment with 60 Gy of brain-local-
ized RT concurrent with continuous TMZ (75 mg/m?*/day)
followed by maintenance TMZ (150-200 mg/m*/day for
5 days, every 28 days) were reviewed. All histological
slides were re-evaluated by two neuropathologists blinded
to the clinical background and outcome of patients, and
classified according to the 2007 WHO classification.
GBMOs are defined based on histological specimens that
identify tumor parts with features of oligodendroglial dif-
ferentiation within typical histological findings of GBM.
The pathological diagnosis did not refer to genetic
information.

Clinical, radiographic and pathological records were
reviewed. All patients underwent MRI exams (T2, T1, T1
with gadolinium, diffusion-weighted images and fluid
attenuated inversion recovery) before and within 48 h after
surgery, within 7 days, and every 2 or 3 months after
concurrent chemoradiation therapy. Patients with early
radiological progression (RP), within 6 months after con-
current treatment, were defined according to MacDonald’s
criteria on MRI. Pseudoprogression was defined as radio-
logical improvement or stability of lesions without further
treatment other than adjuvant TMZ.

IDH1 sequencing and MGMT promotor methylation
status assessment

Tumor DNA was extracted from fixed paraffin-embedded
tissues using the TAKARA DEXPAT kit (Takara) as fol-
lows. After review of hematoxylin-and-eosin-stained slides
to confirm normal and neoplastic tissues, then determina-
tion was made of where sufficient invasive GBM was
present. DNA was also extracted from tumor specimens,
quickly frozen and stored at —80 °C using AllPrep DNA/
RNA Mini Kit (Qiagen). The genomic region spanning
wild-type R132 of IDH1 was analyzed by direct sequenc-
ing using the following primers: IDH1 forward 5-TGC
AAAATCACATTATTGCC and IDHI reverse 5-AATGG
CTTCTCTGAAGACCG. The PCR products were purified
using the LaboPass PCR Purification Kit (COSMO
GENETECH). All sequence reactions were carried out
using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems). The reactions were carried out in an
automated DNA analyzer (3730x1 DNA Analyzer; Applied
Biosystems). O6-Methylguanine-DNA methyltransferase
MGMT) promotor methylation status was also evaluated
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with the methylation-specific polymerase chain reaction
(MSP), which was performed as previously described [6].

Statistical analysis

Sensitivity and specificity for detecting PP with IDHI1
mutation, pathological diagnosis of GBMO or MGMT
promotor methylation status were assessed. Significance of
correlations between the parameters was assessed using
Fisher’s exact test, and values of P < 0.05 were considered
statistically significant.

Results

Eleven (34.4 %) of 32 patients developed early RP. In
these 11 patients with RP, 8 developed true progressions
(TP), whereas three patients were classified as having PP
(Table 1). Two of 11 patients had an IDH1 mutation, and
both mutations were of the R132H type. Two PP patients
had an IDH1 mutation, the other patient had wild-type
IDH1, and the MGMT promotor methylation status could
be determined for two out of three PP patients. Eight
patients with early TP had progressive disease, and died or
developed terminal disease during the investigation. All
early TP patients had wild-type IDHI1, but MGMT pro-
motor methylation statuses were various: three patients
were methylated, and five were unmethylated (Tables 2, 3).
Within early RP group, the sensitivity and specificity of
IDH1 mutation for detecting PP were 67 and 100 %,
respectively; meanwhile, those of MGMT promotor
methylation status were 67 and 63 %, respectively.

Histopathologically, two PP patients were diagnosed
with GBMO and one patient with GBM. Meanwhile, seven
early TP patients were diagnosed with GBM, and one was
diagnosed with GBMO (Table 4). The sensitivity of
GBMO was 67 %, but the specificity was 88 %. Using
Fisher’s exact test, there were no significant associations
between the IDH1 mutation and PP (P = 0.055) mutations,
MGMT methylation status and PP (P = 0.424), or GBMO
and PP (P = 0.156).

Illustrative case

A 44-year-old woman presented with mild hemiparesis on
the left side. MRI with contrast media demonstrated a
heterogeneously enhanced mass in the right parietal region
(Fig. la). Surgical resection was performed, and the
enhanced lesion was totally removed (Fig. 1b). The tumor
was diagnosed as a GBM with an oligodendroglioma
component (Fig. 2a, b). Concurrent TMZ and radiotherapy
was performed, followed by 5 consecutive days of TMZ
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Table 1 Cases developing early radiological progression

Case Pathological diagnosis Course IDH1 MGMT promoter
methylation status

1 GBM True progression Wild type Methylated

2 GBM Pseudoprogression Wild type Methylated

3 GBM True progression Wild type Unmethylated

4 GBM True progression Wild type Unmethylated

5 GBM True progression Wild type Unmethylated

6* GBMO Pseudoprogression Mutation Methylated

7 GBM True progression Wild type Methylated

8 GBM True progression Wild type Unmethylated

9 GBMO True progression Wild type Unmethylated

10 GBMO Pseudoprogression Mutation Unmethylated

11 GBM True progression Wild type Methylated

IDH] isocitrate dehydrogenase 1, GBM glioblastoma multiforme, GBMO glioblastoma with oligodendroglioma component

? Tllustrative case

Table 2 Relevance between IDH1 mutation and pseudoprogression

IDHI mutation PP TP
Mutation 2

Wild type 1 8
Sensitivity 67 %

Specificity 100 %

Fisher’s exact test P = 0.055

Table 3 Relevance between MGMT methylation status and
pseudoprogression

MGMT PP TP
Methylation 2 3
Unmethylation 1 5
Sensitivity 67 %

Specificity 63 %

Fisher’s exact test P =0424

Table 4 Relevance  between  pathological  diagnosis and
pseudoprogression

Pathological diagnosis PP TP
GBMO ’ 2 1
GBM 1 7
Sensitivity 67 %

Specificity 88 %

Fisher’s exact test P =0.156

IDHI isocitrate dehydrogenase 1, GBM glioblastoma multiforme,
GBMO glioblastoma with oligodendroglioma component, MGMT O6-
methylgnanine-DNA methyltransferase

132

administered every 28 days. Early radiological progression
was found 2 months after the concurrent treatment (Fig. 1c)
without clinical deterioration. Spontaneous improvement of
the enhancing lesion was observed without further treat-
ment other than adjuvant TMZ after another 2 months
(Fig. 1d). By immunohistochemistry, the tumor cells
exhibited diffuse IDH1-R132H mutation (Dianova, Ham-
burg, Germany; monoclonal, Clone HO09, diluted 1:50)
(Fig. 2c). Her lesion was revealed to have an IDHI1
mutation also by direct sequencing (Fig. 2d). This patient
has remained free of relapse for more than 3 years.

Discussion

Pseudoprogression was first described by Hoffman et al. [7]
in a group of malignant glioma patients treated with RT
and carmustine. This phenomenon has been increasingly
reported since the standard therapy of concurrent radiation
and TMZ was developed [2, 8-11] but the incidence rates
of PP vary (5.5-46.7 %) among reports [3, 9, 11-13].
Pseudoprogression is defined as the spontaneous improve-
ment of enhancing lesions without further treatment other
than adjuvant TMZ. Some studies have demonstrated that
PP is associated with favorable prognosis [5, 8, 13, 14].
Hence, meaningful biomarkers are desired so that TMZ can
be used more effectively and in order to avoid unnecessary
second-look surgeries for PP. The MGMT promoter
methylation status can predict the incidence and outcome
of PP [8]. Brandes et al. found that its sensitivity for PP
was 66 % and specificity 89 %. Kan et al. reported over-
expression of p53 as a potential biomarker for predicting
the development of PP. Its sensitivity and specificity were
87.5 and 70 %, respectively [13]. Methylated MGMT
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Fig. 1 Pseudoprogression in a 44-year-old woman with a right
parietal glioblastoma with an oligodendroglioma component followed
by concurrent 60-Gy radiotherapy and temozolomide therapy.
Preoperative (a) and postoperative (b) contrast-enhanced MRIs are
shown. The gadolinium-enhanced lesion was grossly resected, but

promoter and p53 overexpression are slightly weak bio-
markers for distinguishing PP from early true progression
in order to decide on courses of treatment. Although
GBMO seems a good biomarker, it would be inadequate
for making decisions because GBMO could include an
early TP case and the diagnosis could fluctuate depending
on the pathologist. Some patients might be diagnosed with
GBM or anaplastic oligodendroglioma. There are few
reports regarding PP and anaplastic gliomas, but Wit et al.
[15] described 3 patients with PP out of 32 malignant
glioma patients after radiotherapy; two had oligodendrog-
lial features (one anaplastic oligodendroglioma and one
anaplastic oligoastrocytoma). Oligodendroglial features
may have some influence on developing PP. Regarding the
IDH1 mutation, both the sensitivity and specificity for
detecting PP were high at 66.7 and 100 %, respectively,
within early radiological progression, and this biomarker
provides a very objective means of assessment. However,
there was no narrowly found statistical significance
between the IDH! mutation and pseudoprogression. If
some additional inspections of larger populations revealed
high specificity of the IDH1 mutation in pseudoprogres-
sion, we could then determine the need for second-lock
surgery when MRI detected early radiological progression.

Can any possible assumption be made to account for the
mechanisms involved in the relationship between the IDH1
mutation and pseudoprogression? Histopathologically, PP
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early radiological progression was found 2 months after concurrent
treatment (¢} without clinical deterioration. Spontaneous improve-
ment of the enhancing lesion was observed without further treatment
other than adjuvant TMZ after another 2 months (d)

resembles radiation necrosis, i.e., a mixture of necrotic
changes and gliosis with few viable tumor cells, in addition
to endothelial thickening, hyalinization and thrombosis of
vessels [5, 11]. Radiation-induced injury to endothelial
cells is thought to be a main cause of acute and subacute
radiation injury. Endothelial cell death induces destruction
of the blood brain barrier (BBB) with vasogenic edema,
ischemia and hypoxia [16]. Also, radiographically, PP
shows enlarging contrast enhancement and edema on
MRI, which suggests destruction of the BBB. The BBB is
composed of capillary endothelial cells surrounded by
basal lamina and astrocytic perivascular endfeet. Is there
any relationship between the IDH1 mtation and MGMT
promoter methylation status and blood-brain barrier dam-
age? It is well known that MGMT promoter methylation
status and IDH1 mutations in the GBM may sensitize tumors
to irradiation and chemotherapy. Therefore, there could be
two hypotheses for PP. The first is that the tumor vessels’
endothelial cells came from GBM stem cells with methylated
MGMT promoter or IDH1 mutation. Wang et al. [17] dem-
onstrated the capability of GBM stem cells for differentiation
along tumor and endothelial lineages. If this was correct, and
the tumor vessels” endothelial cells also had methylated
MGMT promoters or IDH1 mutations, DNA damage could
easily increase, and clinically PP could develop. In our cases,
immunostaining of IDH1 mutations could not be detected in
any type of tumor vessels (Fig. 2c¢). Then, we state the second
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Fig. 2 Pathological findings and molecular biclogical detection of
isocitrate dehydrogenase 1 (IDH1) mutation in a 44-year-old woman
with pseudoprogression 2 months after concurrent 60-Gy radiother-
apy and temozolomide therapy. Photomicrograph shows necrosis with
pseudopalisading pattern (a, H&E, x 100}, and tumor cells with clear
cytoplasm and marked microvascular proliferation (b, H&E, x200).

hypothesis about PP, in which tumor cells with genetic or
‘epigenetic anomalies, which might maintain the BBB,
respond to initial therapy, resulting in the collapse of the
BBB; and then PP would develop.

In summary, in our small seties, there might be a cor-
relation between PP and an IDHI mutation. If this corre-
lation were statistically confirmed in larger populations, we
could avoid unnecessary and potentially harmful second-
look surgery.
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Purpose/Objectives: To assess the effect and toxicity of hypofractionated high-dose intensity
modulated radiation therapy (IMRT) with concurrent and adjuvant temozolomide (TMZ) in
46 patients with newly diagnosed glioblastoma multiforme (GBM).

Methods and Materials: All patients underwent postsurgical hypofractionated high-dose IMRT.
Three layered planning target volumes (PTVs) were contoured. PTV1 was the surgical cavity
and residual tumor on TI1-weighted magnetic resonance images with 5-mm margins, PTV2
was the area with 15-mm margins surrounding the PTV1, and PTV3 was the high-intensity area
on fluid-attenuated inversion recovery images. Iiradiation was performed in 8 fractions at total
doses of 68, 40, and 32 Gy for PTVIL, PTV2, and PTV3, respectively. Concurrent TMZ was
given at 75 mg/mzlday for 42 consecutive days. Adjuvant TMZ was given at 150 to 200 mg/
m?%/day for 5 days every 28 days. Overall and progression-free survivals were evaluated.
Results: No acute IMRT-related toxicity was observed. The dominant posttreatment failure
pattern was dissemination. During a median follow-up time of 16.3 months (range, 4.3-
80.8 months) for all patients and 23.7 months (range, 12.4-80.8 months) for living patients,
the median overall survival was 20.0 months after treatment. Radiation necrosis was
diagnosed in 20 patients and was observed not only in the high-dose field but also in the
subventricular zone (SVZ). Necrosis in the SVZ was significantly correlated with prolonged
survival (hazard ratio, 4.08; P=.007) but caused deterioration in the performance status of
long-term survivors.

Conclusions: Hypofractionated high-dose IMRT with concurrent and adjuvant TMZ altered the
dominant failure pattem from localized to disseminated and prolonged the survival of patients
with GBM. Necrosis in the SVZ was associated with better patient survival, but the benefit of
radiation to this area remains controversial. © 2014 Elsevier Inc.
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Introduction

Glioblastoma multiforme (GBM) is the most common primary
malignant brain tumor. Surgical removal followed by radiation
therapy with concurrent and adjuvant temozolomide (TMZ) is
the standard treatment for newly diagnosed GBM. Although
TMZ can improve patient outcomes, the prognosis remains
poor, and the median survival is omnly 14.6 months after
treatment {1}.

The failure pattern after standard treatment is local (2}, and
intensive treatment targeting localized lesions is required to
improve the outcome in patients with GBM. We initiated a phase 2
trial of hypofractionated high-dose intensity modulated radiation
therapy (IMRT) with concurrent and adjuvant TMZ for better
control of GBM in 2006. In the present study, we investigated the
efficacy and safety of our intensive IMRT using TMZ in patients
with GBM.

Methods and Materials
Patients

This single-institution prospective study was approved by the
ethics committee of our institution. Eligibility criteria included
newly diagnosed and pathologically confirned GBM without an
enhanced lesion beside the cerebrospinal fluid (CSF) space on
baseline magnetic resonance imaging (MRI), age >18 years, and
normal liver, kidney, and bone marrow function.

Surgical removal

Before registration, surgical tumor removal was performed in all
patients. The extent of resection was not part of the inclusion
criteria but was calculated by comparing preoperative and post-
operative MRI. Gross total resection was defined as removal of
>95% of the enhancing tumor.

The methylation status of the O-6-methylguanine-DNA meth-
yitransferase (MGMT) gene promoter was determined by
methylation-specific polymerase chain reaction analysis {3).

Hypofractionated high-dose IMRT

Computed tomography (CT) simulation with a 2-mm slice
thickness was performed for all patients. MRIs of fluid-attenuated
inversion recovery (FLAIR) images and contrast-enhanced TI-
weighted images were also obtained before planning and were
fused to the simulated CT images for target delineation. A
simultaneous integrated boost techmique was used to deliver
different radiation doses to layered targets. The gross tumor vol-
ume (GTV) was defined as the contrast-enhancing residual tumor
plus the entire surgical cavity on MRI. The planning target volume
L (PTV1) was defined as the GTV plus a 5-mm margin, PTV2as a
15-mm margin surrounding PTV1, and PTV3 as the high-intensity
region on FLAIR images without margins. Irradiation was deliv-
ered in 8 fractions over 10 days (total dose of 68 Gy in 8.5-Gy
fractions to PTV1, 40 Gy in 5.0-Gy fractions to PTV2, and 32 Gy
in 4.0-Gy fractions to PTV3). IMRT was performed with either
multiple static intensity-modulated beams or intensity-modulated
dynamic arcs.
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Concurrent and adjuvant chemotherapy

All patients underwent concurrent and adjuvant TMZ. This agent
was administrated orally, once daily, at 75 mg/m? for 42 consec-
utive days. This treatment was begun within [ week after regis-
tration, and IMRT was performmed during this course of
chemotherapy. Adjuvant TMZ was administered at 150 to 200 mg/
m? orally, once daily, for 5 consecutive days every 28 days, for a
total of 12 cycles or until tumor progression.

Patient follow-up

The failure patterns were classified as follows: local (at the
regional tumor), distant (intraparenchymal, but distant from the
original tumor site), and disseminated (distant from the original
tumor and exposed to the CSF space) (Fig. {). Contrast-enhanced
MRI was performed within 14 days before IMRT to obtain
baseline images, then at intervals of 1 or 2 months after IMRT. If
an enhanced lesion appeared, C''-methionine positron emission
tomography (Met-PET) was performed, and the uptake of
methionine was semiquantitatively evaluated by the ratio of up-
take in the lesion to that in the contralateral normal brain (T/N
ratio). Enhancing lesions with a T/N ratio of >1.8 were diagnosed
as tumor progression, and lesions with a ratio of <I1.8 were
diagnosed as radiation necrosis. The lesion was diagnosed as
tumor progression regardless of methionine uptake when viable
cells were revealed in the specimen at the second surgery. When
Met-PET was not available, daily dexamethasone was adminis-
tered orally, and MRI was performed 4 to 8 weeks later. The lesion
was diagnosed as necrosis when it shrunk on MRI but as recur-
rence in other cases.

Hematologic and nonhematologic toxicities were evaluated
monthly. Toxicities were graded according to the Common Ter-
minology Criteria for Adverse Events, version 4.0.

Statistical analysis

The primary endpoint of this study was overall survival (OS); the
secondary endpoints were progression-free survival and safety.
Survival curves were drawn by the Kaplan-Meier method, and a 2-
sided log—rank test was used for anmalysis. Cox’s proportional
hazard model gave estimates for the hazard ratios (HRs). All
analyses were performed on an intention-to-treat basis with JAMP
software (version 10.0.2).

Results
Patients

Between August 2006 and August 2012, a total of 46 patients
were enrolled in this study. Their median age was 65.5 years
(range, 40-80 years), and 27 of the 46 patients (59%) were Ra-
diation Therapy Oncology Group recursive partitioning analysis
(RTOG RPA) class Vor V1. The location of the tumor according to
the classification of Lim et al {4} was as follows: group 1 in 18
patients, group 2 in 12, group 3 in 13, and group 4 in 3; the
enhanced lesion contacted the subventricular zone (SVZ) in 30
patients (65%). The patient characteristics are summarized in
Table 1.
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Fig. 1.

Failure patterns and radiation necrosis patterns. Three different patterns of failure were evident: local (A), distant (B), and

disseminated (C). Two different patterns of radiation necrosis were evident: regional necrosis (D) and necrosis in the subventricular zone
(E). Enhanced magnetic resonance imaging (MRI) performed before (left) and after (imiddle) surgery and at the reappearance of enhanced
lesions on MRI was demonstrated with isodose maps and methionine-positron emission tomography.

At the time of the last follow-up visits, the median follow-up
periods were 16.3 months (range, 4.3-80.8 months) for all
patients and 23.7 months (range, 12.4-80.8 months) for living
patients.

Hypofractionated high-dose IMRT

All patients were treated according to the protocol. The median
PTV1 was 80.9 cc (range, 26.5-267.2 cc), the median PTV2 was
160.7 cc (range; 78.5-374.3 cc), and the median PTV3 was 0.6 cc
(range, 0.0-65.9 cc).
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Concurrent and adjuvant TMZ

Temozolomide was administered to all patients concurrently with
IMRT but was withdrawn 12 days after initiation in 1 patient
because of a grade 3 skin rash. In addition to this patient, adjuvant
chemotherapy was abundant in 4 patients because of adverse
events of TMZ: grade 3 pneumonitis in 1, grade 3 fatigue in 2, and
grade 3 bone marrow suppression in 1. In addition to those 5
patients, TMZ was discontinued in 5 patients because of perfor-
mance $tatus deterioration. Among the remaining 36 patients, 12
cycles of TMZ were completed without tumor progression in 13



