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had higher tissue boron concentration (data not
shown). Therefore, the observed large SD values
within a group of animals could be due to the dif-
ference in the blood clearance of the administered
BSH among the animals contributed by the differ-
ences in their sensitivity to BSO and thus the level
of GSH depletion.

Although the mechanism behind the aforemen-
tioned phenomenon is not known, all these findings
indicate a close association between GSH and BSH
metabolism. Metabolic transformation of BSH
in vivo produces BSH metabolites, such as BSH sul-
fenic acid (BSOH), BSH sulfinic acid (BSO(2)H),
BSH disulfide (BSSB), BSH thiosulfinate (BSOSB),
and BSH-S-cysteine conjugate (BSH-CYS) [22]; it
is therefore of our interest to examine if one or more
of these metabolites are involved in GSH depletion
process.

4.2. Delayed tumor growth by BSH-BSO-mediated
BNCT

Although there were apparent differences in
tumor growth between the BSO+ and the BSO-
groups or the BSO— and the control groups, the sig-
nificant difference was observed only between the
BSO+ and the control groups. This unexpected
finding, despite significantly enhanced boron con-
centration in all tissues examined, could be partially
explained by insufficient radiation dose.

The respective tissue boron concentration for the
BSO+ and the BSO~- groups was 11,9 &= 7.8 ppm
and 1.3 + 0.6 ppm. With thermal neutron fluence
of 1.33 x 102 nfem®, Dy for the BSO+ and the
BSO— groups was calculated to be 1.19 Gy and
0.13 Gy, respectively. Since D, = 0.20, D;=0.017,
and D, = 570.8 + 31.0 mGy, the calculated gamma
ray equivalent dosage was 3.72Gy-eq in the
BSO+ group and 1.28 Gy-eq in the BSO— group.
In comparison with 20-100 Gy-eq used in the clini-
cal practice, the therapeutic radiological dosage in
our animal experiments was significantly lower. It
may therefore be necessary to raise the dosage by
increasing the BSH administered or irradiation time
in forthcoming experiments.

In conclusion, this study denotes that the com-
bined use of BSH and BSO in BNCT can induce
sustained and high level of boron in different tissues.
With further improvement, BSH-BSO-mediated
BNCT should allow shorter radiation exposure time
and consequently reduction in irradiation damage
to normal tissues. Since this study was the first par-

tial body irradiation experiment of rats at the JRR-4
reactor, all-around improvement in the experimen-
tal conditions is in progress for our on-going
research.
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Abstract We have applied boron neutron capture therapy
(BNCT) to malignant brain tumors. Here we evaluated the
survival benefit of BNCT for recurrent malignant glioma
(MG). Since 2002, we have treated 22 cases of recurrent MG
with BNCT. Survival time was analyzed with special
reference to recursive partitioning analysis (RPA) classifi-
cation, by Carson et al, (J Clin Oncol 25:2601-2606, 2007).
Median survival times (MSTs) after BNCT for all patients
and for glioblastoma as on-study histology at recurrence was
10.8 months (n = 22; 95% CI, 7.3-12.8 months) and
96months (n=19; 95% CI, 6.9-11.4 months),
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respectively. In our study, MST for the high-risk RPA classes
was 9.1 months (n = 11; 95% CI, 4.4-11.0 months). By
conirast, the original journal data showed that the MST of the
same RPA classes was 4.4 months (n = 129; 95% CI, 3.6-
5.4 months). BNCT showed a survival benefit for recurrent
MG, especially in the high-risk group.

Keywords BNCT - BPA-PET - GBM - MG - RPA

Introduction

We have applied a form of wmor-selective particle radia-
tion, boron neutron capture therapy (BNCT), for malignant
gliomas (MGs) (1, 2] and malignant meningiomas [3, 4].
BNCT comprises a binary approach [5]: a boron-10 ('°B)-
labeled compound is administered that delivers high con-
centrations of '°B to the target tumor relative to the
surrounding normal tissues, This is followed by irradiation
with thermal neutrons. When neutrons collide into '°B
atoms, high linear-energy-transfer (LET) alpha and 'Li
particles are released from the '°B (n, alpha) "Li neutron
capture reaction. The short range (5-9 micrometers) of
thesc particles allows for relatively selective umor killing
without significant damage to the adjacent normal brain
tissue.

The prognosis of recurrent MGs, especially glioblas-
toma multiforme (GBM) is poor [6]. We reported the
effectiveness of BNCT on neuroimages for MGs [1, 2], and
recently reported the survival benefit of BNCT for newly
diagnosed MGs [7]. Unfortunately, the standard treatment
for recurrent MG has not yet been established. Therefore,
evaluation of the survival benefit of BNCT for recurrent
MGs is difficult. Also with limited case numbers like this
study, it is difficult to elucidate some objective assessments
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of the survival benefit of BNCT. To evaluate this in low
and high-risk group of recurrent MGs, we adopted the
recursive partitioning analysis (RPA) classification for
recurrent MG advocated by Carson et al. in a 2007 article
in the Journal of Clinical Oncology, in which the results of
10 recent protocols of phase-1 and -2 trials applied by the
new approaches to brain tumor therapy CNS consortium
(NABTT) for recurremt MG were summarized [8]. They
included six systemic treatment and four local treatment
trials. Originally this RPA classification was not aimed at
the evaluation of the effectiveness of each trial for recur-
rent MG: however, this RPA classification gave us a
uniform background and median survival time (MST) for
cach recurrent MG-type patient at the time of recurrence.
So we classified our recurrent MG patients treated by
BNCT and compared their survival to the MSTs presented
in the above journal.

Patients and methods
Patient enrollment

From 2002 to 2007 we treated a total of 22 cases of
recurrent MG using BNCT. Our eligibility criteria for this
trial were as follows: (1) age 15 years or older; (2) histo-
logically proven supratentorial MG (GBM, AA, AQO, or
anaplastic oligodendroglioma, as on-study histology) that
had proved to be progressive or recurrent after radiation
therapy; (3) depth of the tumor from scalp less than 6 cm
(if the lesion is deeper than 6 cm from the scalp, partial
removal or cyst evacuation was applied to fit this criteria,
see below); (4) no cerebrospinal fluid (CSF) dissemination
at recurrence; (5) estimated life expectancy longer than
3 months, not pregnant or breast feeding, and having a KPS
score of 60 or greater,

Clinical regimen of BNCT

After the confirmation of the tumor progression or recur-
rence of the original lesions on MRI, the patients received a
BPA-PET to assess the distribution of boronophenylala-
nine (BPA) [9, 10]. The lesion/normal brain (L/N) ratio of
BPA uptake can be estimated from this type of study, and
dose planning was performed according to the L/N ratio, as
described previously [1, 2]. If the lesions were deeper than
6 cm from the scalp, partial removal of the mass or cyst
evacuation was applied. At this procedure, air instillation
via an Ommaya reservoir was performed so that the neu-
tron flux would penctrate to the deepest part of the tumor
[11]. Within a month after the surgery, BNCT was
performed.

@ Springer

In protocol 1, the patients were administered 100 mg/kg
of sodium borocaptate (BSH) and 250 mg/kg of BPA for
one hour intravenously 12 h prior and just prior to neutron
irradiation, respectively. In protocol 2. the patients were
administered 100 mg/kg of BSH intravenously for one
hour, 12 h prior to neutron irradiation and 700 mg/kg of
BPA continuously for 6 h before the irradiation. In both
protocols, the neutron irradiation time was determined not
to exceed 13 Gy-Eq to the normal brain by simulation.
Here, Gy-Eq (Gy: Gray) corresponds to the biologically
equivalent X-ray dose that would have equivalent effects
on tumors and on the normal brain, For some deep tumors,
air instillation was performed as stated above just prior to
neutron irradiation.

Patient follow-up

Patients were followed up by bimonthly Gd-enhanced
MRI. When the lesions became enlarged or new lesions
appeared on the follow-up MRI, we applied BPA-PET 10
evaluate the tumor activity [12], If the positron emission
tomography (PET) results suggested tumor progression
(TP), additional treatments were applied. If PET suggested
the high possibility of radiation necrosis (RN), medical
treatments for this pathology or surgical resections were
applied [12, 13).

Patient characteristics

The patients’ age, gross tumor volume (GTV) (Gd-
enhanced lesions on MRI at relapse, use of temozolomide
(TMZ) and absorbed dose by BNCT (minimum tumor dose
and maximum brain dose) are summarized in Table 1. In
12 cases surgery was applied before BNCT, as a form of
cyst evacuation or partial tumor removal to make a cavity
to establish an Ommaya reservoir as described above. Ten
cases were administered TMZ, three before the relapse and
seven after BNCT. Individual information of TMZ usage is

Table 1 Patient characteristics

Description
Age (median (range)) 51 (15-67)
*GTV at the relapse (median (range)) 420 (4.1-64.5) ml
"Reoperated cases at relapse 12
T™Z 10

Before BNCT 3

After BNCT 7

* GTV was measured on contrast-enhanced MRI at the relapse
" Cyst puncture or partial removal to make cavity for air instillation
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Table 2
Case Age Sex Histology RPA by Carson TMZ BNCT  Absorbed dose (Gy-Eq) Survival (months)after Cause of
¥ Tl Oy T Bt ABE T s Mt S
study
| 42 M AA GB I = + 1 15.5 124 43.1 ™
2 57 F AA GB I - + 2 373 8.3 220 D
3 15 F AA AA 2 - =+ 2 56.3 10.7 334 A
4 53 M Olige GB 2 - - 2 739 132 6.9 D
5 51 M AOA AOA 2 - - 2 274 8.1 324 D
6 33 F G2 AA 2 - - 1 127 71 15.0 oc
7 66 M AA GB 3 - - | 344 37 108 RN
8 29 F AA GB 3 - - 1 25.7 59 9.6 B
9 62 M AA GB 3 - - | 234 9.9 25 oc
10 3 M Q2 GB 3 - - | 293 14.2 44 D
11 51 M AA GB 3 + = 2 449 13.6 9.1 ™
12 4 M GB GB 4 - — 1 212 1.1 78 D
13 46 F GB GB 4 - 2 49.2 12.1 128 D
14 4] M GB GB 4 + - 2 54.3 12.7 10.3 D
15 33 M GB GB 35 - - 2 377 13.4 6.0 D
16 45 M GB GB 5 3 - 2 59.0 13.8 114 RN
17 5% M GB GB 7 - - 1 32.8 1.2 8.6 TP
18 50 M GB GB 7 - — | 326 13.6 153 RN
19 63 M GB GB 7 - - 2 347 94 11.0 D
20 67 F GB GB 7 - + 2 58.0 1.7 12.3 D
21 60 F GB GB 7 + + 2 349 715 58 ™
22 54 M GB GB T - + 2 19.7 10.7 74 ™

M, male; F, female; AA, anaplastic astrocytoma; Oligo, oligodendroglioma; AOA, anaplastic oligoastrocytoma; G2, grade 2 astrocytoma; GB,
gliobl RPA, R ive partitioning analysis; TMZ, temozolomode; Gy-Eq, Gray equivalent; Min, mini Max, maximum; BNCT,
boron neutron capture therapy; TP, local tumor progression; A, alive; D, CSF di ination; RN, radiat is; OC, other cause; B, both
dissemination and local tumor progression

listed in Table 2. In Table 2, two histological diagnoses  RPA classification advocated in some journals [8]. These
were prepared. One is initial histology and the other is on-  classifications can be summarized as follows: class 1, not
study histology. Here, on-study histology means the his-  GBM (initial histology), KPS = 80, frontal (tumor loca-
tology that was confirmed at the last surgery for each  tion); RPA class 2, not GBM, KPS > 80, not frontal; RPA

patient, prior to BNCT. class 3,not GBM, KPS < 70;RPA class4, GBM, Age < 50,
KPS > 90;RPA class 5, GBM, Age < 50,60 < KPS < 80;
Statistical methods RPA class 6, GBM, Age > 50, no steroid use; RPA class 7,

GBM, Age > 50, steroid use. Individual class of RPA of our
Continuous data are summarized with medians, ranges and  cases treated by BNCT is listed in Table 2.
P-values. Univariate analysis was performed using chi-
square log-rank testing. Survival distributions (MSTs and  Analysis of the cause of death after BNCT
95% Cls) were estimated using the product limit method.
The analysis was intention-to-treat and included all eligible ~ Unfortunately, 21 out of the 22 patients died during the
patients. Data were entered into Microsoft Excel (Micro-  observation period, as listed in Table 2, The cause of death
soft Corporation) and analyzed using JMP software version  was analyzed with the following categories: local TP, CSF

7 (SAS Institute, Cary, NC, USA). dissemination, RN, and other cause of death. These clas-
sifications were based on Gd-enhanced MRI, BPA-PET,
RPA classification histology of the surgical specimen and autopsy. In one

case, both CSF dissemination and local TP occurred
To objectively evaluate the survival benefit of BNCT for  simultaneously and it was impossible to determine a single
recurrent MG, we classified our BNCT cases accordingtothe  pathology as the major cause of death.
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Fig. 1 Kaplan—Meier survival curves for recurrent MG cases treated
by BNCT. The continuous line shows the survival of all patiems after
BNCT (n = 22). The broken line shows the survival of GBM (on-
study histology) after diagnosis of GBM (n = 19)

Results
Survival after BNCT and after diagnosis

Individual histology (initial and on-study at relapse), RPA
class, TMZ use, BNCT protocol (1 or 2), absorbed dose by
BNCT, survival period after BNCT, and cause of death are
summarized in Table 2. Survival after BNCT (n = 22) and
that from initial GBM diagnosis (n = 19, on-study histol-
ogy as GBM) are shown in Fig. 1. MST after BNCT for all
patients (n = 22) was 10.8 months (95% CI. 7.3-
12.8 months). MST after BNCT for GBM cases as on-
study histology at recurrence (n = 19) was 9.6 months
(95% CI. 6.9-11.4 months). MST after initial GBM diag-
nosis (n=19) was 19.1 months (95% CI, 11.6-
23.0 months).

Survival with special reference to RPA classes
The MSTs (months) of our BNCT cases classified
according to RPA classes are shown in Table 3 and com-

pared in each case with the values from Carson et al.: Class
1 (n=2): 32.6 vs. 25.7 (Carson et al.), Class 2 (n = 4):

Table 3 Comparison of NABTT trials and our BNCT series

23.7vs. 172, Class 3 (n = 5): 9.1 vs. 3.8, Class 4 (n = 3):
10.2 vs. 104, Class 5 (n = 2): 8.5 vs. 6.4, Class 7 (n = 6):
9.8 vs. 4.9. The tendencies in patient survival of our cases
after BNCT were very similar to those of the original report
in terms of RPA classification, Since our cases were so
limited in number, we joined the worst prognosis classes
(Class 3 and 7) together into one class. The MST of our
cases in this combined class was 9.1 months (n = 11; 95%
Cl, 4.4-11.0 months), while that in Carson et al. was
4.4 months (n = 129; 95% Cl, 3.6-5.4 months).

Cause of death after BNCT

We lost 21 cases out of 22. The causes of deaths were CSF
dissemination (10 cases), local TP (5), both (1), RN (3),
and other (2), as shown in Table 2. With regard to RN, we
discuss more extensively in “Discussion”.

Adverse effects of BNCT

No serious adverse effects were observed both in protocols
1 and 2 in this study of BNCT for recurrent MGs, even
though all patients were applied with radiotherapy previ-
ously. Hematuria was reported in the literature using large
amounts of BPA in BNCT [14]. Fortunately, we did not
experience this adverse effect at all, however, three cases in
protocol 2 showed transient decrease volume and turbidity
of urine and fever during the first 24 h after BNCT. We
concluded these side effects were caused by recrystalliza-
tion of BPA in urine. Thereafter, we over hydrated the
remaining patients after BNCT, and no such side effects
were observed again.

Univariate analysis for the survival after BNCT

In Table 4, we analyzed factors for survival after BNCT,
such as sex, age, TMZ or steroid usage, KPS, minimum
absorbed dose in tumors, initial histology, GTV at the
relapse, BNCT protocol (1 or 2) and RPA classes. Among
them, only RPA class (RPA class 3 and 7 or others) showed
a statistical significant influence on survival after BNCT.

All patients RPA 3 +7

MST 95% C1 Number in series MST 95% Cl Number in series
NABTT 7.0 6.2-8.0 n=310 44 3.6-54 n=129
BNCT 10.8 7.3-128 =22 9.1 44-11.0 n=11

* New Approaches to brain tumor therapy CNS Consortium; 10 phase-1 and -2 trials reported by Carson et al. {J Clin Oncol 25:2601-2606,

2007)
MST, Median survival time; CI, confidence interval
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I&tﬁ:&ﬁ’ﬁ’;g& Factor Group Survival (months) P-Value
Median 95% CI
Sex Male (n = 15) 9.1 6.0 1.0 P = 02456
Female (n=T) 128 58 220
Age S50 (n=11) 1.4 6.0 153 P =02482
>50 (n = 11) 9.1 58 12.3
=57 (n = 16) 1.4 74 153 P = 0.0982
>57 (n = 6) 10.8 25
KPS =80 (n = 13) 9.6 6.0 11.4 P =0.1271
>80(n = 9) 128 58
Initial Histology GBM (n = 11) 10.3 6.0 123 P =0.1329
Not GBM (n = 11) 10.8 44 324
T™Z Used (n = 10) 123 58 22.0 P = (.1468
Not used (n = [2) 9.6 44 15.0
Steroid Used (n = 13) 9.6 6.9 114 P =0.1445
Not used (n = 9) 128 25
GTV (ml) 237.2%n = 11) 9.1 44 128 P = 05273
>372(n=11) 10.8 74 153
Minimum tumor =34.0(n = 12) 9.6 25 153 P=09110
Dose (Gy-Eq) >34.0(n = 10) 11.0 6.0 128
237.0(n = 13) 9.6 58 15.0 P = 0.6548
=37.0(n = 9) 11.4 6.0 20
BNCT protocol lin=9 9.6 2.5 15.3 P = 038184
2(n=13) 11.0 69 12.8
RPA class RPA 3&7 (n = 11) 9.1 44 11.0 P = 00216
RPA not 3&7 (n = 11) 128 6.9 - 324

Representative case

A 48-year-old man with a right temporal mass was oper-
ated emergently for consciousness disturbance in a
hospital. The operation was partial tumor removal and
histological diagnosis was GBM. He received fractionated
X-ray radiation therapy (XRT) with a total dose of 80 Gy
and chemotherapy consisting of nimustine and vincristine.
Even during the radiotherapy, the tumor continued to
enlarge, and the patient was referred to our institute for
BNCT (Fig. 2 a, 2'). He was classified as RPA class 4. The
BNCT was performed with the minimum tumor absorbed
dose of 27.2 Gy-Eq, and maximum brain absorbed dose of
11.1 Gy-Eq. One weck after BNCT the mass shrunk rap-
idly (Fig. 2 b, b'). Three months after BNCT, the original
mass became enlarged in Gd-MRI. He was operated on
again. The histology was mainly necrosis with small pocket
of residual tumor cells. He was well for another 4 months.
We lost this case 7.8 months after BNCT and 13.5 months
after initial surgery, due to CSF dissemination (Fig. 2 ¢, ¢).
This is a representative case of recurrent MG treated by
BNCT, with regard to the rapid tumor shrinkage after
BNCT and the occurrence of radiation necrosis and CSF
dissemination as the cause of death,

Discussion

Here we reported the survival benefit of BNCT for recur-
rent MG cases, mainly GBM. The MST after BNCT for
GBM cases as on-study histology at recurrence (n = 19)
was 9.6 months (95% CI, 6.9-11.4 months). In the litera-
ture, we found a summary of a large series of eight phase-2
trials of chemotherapies for recurrent GBM cases [15]. In
this report, the authors mentioned the MST of GBM after
relapse as 25 weeks (5.8 months; 95% CI, 21-28 weeks,
4.9-6.5 months; n = 225). In comparison with this result,
our data for the survival benefit of BNCT in recurrent
GBM was not bad.

As to BNCT for recurrent GBM, two small series have
been reported in the literature. A Swedish group and a
Finnish group reported that MSTs for recurrent GBM after
BNCT were 8.7 (n = 12) [16] and 7.5 months (n = 7)
[17], respectively. Our data in the current report is almost
equal to/somewhat better than the findings in these reports.

Kaplan—Meyer analysis in Fig. 1 showed that MST after
BNCT for all patients (n = 22) was 10.8 months (95% ClI,
7.3-12.8 months). We are not sure whether this result is
reliable, as this is the result of a small series from a single
institute. To evaluate the survival benefit of BNCT in low

4£) Springer



204

J Neurooncol {2009) 91:199-206

Fig. 2 A representative case of
recurrent GBM treated by
BNCT. (a. a') MRI, prior to
BNCT. Gd-enhanced lesions
were at the right temporo-
occipital lobe: (b, b') MRI, 48 h
after BNCT. Marked shrinkage
of the lesions was recognized;
(e, ') MRI, 7 months after
BNCT. CSF dissemination was
prominent

and high-risk group of recurrent MGs, we applied RPA to
our cases as advocated in the literature [8]. Inclusion cri-
teria for our trial and the 10 NABTT phase-1 and -2 trials
reported in Carson et al. were not very different. Our case
numbers for each RPA class were so limited, however, that
the MST of our cases in each RPA class were relatively
better in comparison with original NABTT results, as listed
above. In the original article. RPA class 3 (Not GBM,
KPS = 70) and class 7 (GBM, Age = 50, steroid use)
showed extremely poor prognosis (supplementary
Table 1). The MST of our combined class 3 and class 7
cases was 9.1 months (n = 11; 95% CI, 4.4-11.0 months),
while that in the original article was 4.4 months (n = 129;
95% CI, 3.6-5.4 months). We cannot know whether our
current MST data is significantly better than that of each
NABTT trial because their raw data were not available. But
at least, BNCT showed a good survival benefit even for the
highest-risk group. RPA class 3 and 7.

TMZ is the sole promising drug for GBM so far. A
Swedish BNCT group reported potential TMZ effects with
combination of BNCT at the relapse of GBM [16]. How-
ever, in our univariate analysis, TMZ did not contribute
prominently to the prolongation of survival in our series
(Table 4). In our 22 cases. we used TMZ in 10 cases,
before BNCT in 3 cases (Cases 11, 14 and 16) and after
BNCT in 7 (Cases 1, 2, 3, 13, 20, 21 and 22). For the
former three cases, TMZ could not control the tumor
growth and methylation-specific PCR  showed an

@ Springer

unmethylated O6-methylguanine DNA methyltransferase
(MGMT) promoter [18] (data not shown). We stopped the
administration of TMZ after BNCT as we judged TMZ was
not efficacious for these three cases. Among the latter
seven cases, only two (Cases 1 and 2, both classified as
RPA class 1) showed methylated promoter status for
MGMT, with good prognoses. For the other five cases, we
were not sure of the MGMT expression status of the tumor.
In the high-risk group in our serics (RPA class 3 and 7),
three cases were administered TMZ after BNCT (Cases 20,
21 and 22). Among them, Case 21 and 22 showed a rela-
tively short survival after BNCT. We do not deny the
meaning of TMZ use at relapse; however, in our series for
this high-risk group, the survival benefit of TMZ was
limited, In the literature, TMZ has actually shown modest
survival benefit at relapse of recurrent GBM [19]. Brada
et al. reported only 5.4 months prolongation as MST with
TMZ at relapse in the report.

There are several reports with relatively good results for
recurrent MG, with an MST of around 10 months after the
stereotactic radiosurgery (SRS) [20] or stereotactic radio-
therapy (SRT) [21] at relapse. However, there was big
difference in GTV at the relapse between these SRS or
SRT cases and ours. The median GTV of the former two
was 10.1 and 12.7 ml, while the median GTV of our cases
was 42.0 ml. There might also be a difference as to per-
formance status or age between the SRS or SRT reports
and our cases. The result of re-irradiation for recurrent
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GBM was poor [22]. The MST of this report was 26 weeks
after the treatment. In addition, BNCT can be applied in
only one day. Taken together, BNCT could be one of the
promising radiation treatment options for recurrent MG at
relapse.

We lost many cases of recurrent MGs after BNCT by
CSF dissemination, as we reported (in preparation) and as
shown in Table 2 and Fig. 2. In other words, local control
by BNCT for even recurrent MG was fairly good. There
was a tendency for CSF dissemination to occur in relatively
long-term survivors from diagnosis (data not shown). On
the other hand, a major problem in BNCT for recurrent MG
was the occurrence of RN. We experienced RN by BNCT
especially for recurrent MG, because the patients had been
treated by radiotherapy prior to BNCT. Although BNCT is
cell-selective particle radiation, some particle dose is
inevitably absorbed by the normal brain tissue as shown in
Table 2. The diagnosis of this pathology is difficult; how-
ever, amino acid PET may give us good clue for it, as
stated above [12]. Most of RN could be controlled with
medical or surgical treatments as above; however, we lost
three cases by RN in our series. Preventive medical treat-
ments such as by anticoagulants or by vitamin E must be
considered after BNCT, especially for recurrent cases. This
is not mentioned in other BNCT reports for recurrent MG
[16, 17]; however, it should be seriously considered. In
Swedish reports of BNCT for recurrent GBM, the authors
mentioned a median time to tumor progression of 6 months
after BNCT, but there was no statement as to how TP was
judged in their report. It is very difficult to differentiate RN
and TP on MRI, especially with high-dose radiation
treatment. So we did not apply the analysis of time to
tumor progression in our series. In univariate analysis
(Table 4), there was no correlation of minimum tumor dose
by BNCT and survival after BNCT. Especially for recur-
rent cases, if we increase the minimum tumor dose by
BNCT, the incidence of RN probably increases, as dis-
cussed here. Therefore, it is very difficult to elucidate the
most suitable dose of BNCT at relapse. Regardless, RN is a
serious problem to be overcome in the field of BNCT.

XRT plus concomitant TMZ (Stupp’s regimen) has
been the global standard so far for newly diagnosed GBM
[23]. Pellettieri et al. reported that BNCT at relapse after
Stupp’s regimen might be the best treatment of GBM
[16]. Also in our series BNCT at relapse showed a good
MST after the initial GBM diagnosis of 19.1 months
(n=19; 95% CI, 11.6-23.0 months). But it cannot be
concluded so easily that BNCT at relapse after Stupp’s
regimen is the best for the treatment of GBM because 19
cases in our series were referred to our institute at relapse
with a significant interval after initial treatments. This
interval might prolong the survival after initial GBM
diagnosis at a glance.

In summary, the RPA classification advocated by Car-
son et al. predicted the patient survival trends of our BNCT
series; however, BNCT showed the most prominent sur-
vival benefit in the high-risk group (RPA classes 3 and 7).
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Abstract

Two patients, one with malignant pleural mesothelioma and one with a malignant short spindle cell tumor, received
boron neutron capture therapy (BNCT). In each case, the tumors regressed or remained stable in size for 3—6 months
following BNCT. No acute or late adverse events higher than grade 2 were observed.
© 2008 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 88 (2008) 192—195.
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Boron neutron capture therapy (BNCT) is based on the
following nuclear reaction: non-radioactive isotope '°B
atoms that have absorbed low energy (<0.5eV) neutrons
(thermal neutrons) disintegrate into alpha (*He) particles
and recoiled lithium nuclei ('Li), ["%B(n,«) “Li] [1]. These
particles deposit large amounts of energy along their very
short paths (<10 ym). In BNCT, patients are irradiated with
thermal neutrons following administration of "°B-containing
agents, which have the characteristics of accumulating
selectively in tumors. If a sufficient number of '8 atoms
accumulate in tumor cells with a large gradient of "B
concentration between the tumor cells and normal tissue
cells, subsequent thermal neutron irradiation provides
selective killing of tumor cells with the sparing of normal
tissue cells. Therefore, BNCT has the possibility to deliver
a curative dose to tumors diffusely spreading in radiosensi-
tive organs, such as lung or liver, without causing fatal
adverse effects [2—4]. In this article, we describe the treat-
ment procedure used, its feasibility and the clinical results
in two patients with diffuse or multiple pleural tumors trea-
ted with BNCT.

Case reports

The BNCT procedures were as follows: boronophenylala-
nine (BPA), which has been used as a boron compound in
clinical trials, was administered at a dose of 250 or

500 mg/kg in a BPA-fructose (BPA-f) solution for 1.5-3.0h
through an intravenous route. Immediate neutron irradia-
tion was applied within 15min of finishing administration
of the BPA-f solution. The details of the BNCT procedure
on the treatment day are described in the presentation of
each case below.

Treatment plans were constructed using the Simulation
Environment for Radiotherapy Applications (SERA) system
and JAERI Computational Dosimetry System (JCDS), which
are currently available BNCT treatment planning systems
[5,6]. The total biologically absorbed dose (Gy-Eq) was cal-
culated as the sum of physical dose components multiplied
by the relative biological effectiveness (RBE) and compound
biological effectiveness (CBE) of each dose component using
the following equation:

Diotat (GY-EQ) = Diyo(Gy) % CBEgs + Dproton(GY) % RBEpoion
+ Dy.ray (GY) % RBE,.ay

where D is the physical absorbed dose (Gy), CBEgps=3.8
for tumor, CBEgpa=1.35 for lung, RBEgi0n=2.5 and
RBE,.ray = 1.0

To evaluate the Dgqp, the '°B concentrations in normal
and tumor tissues were estimated. The '°B concentrations
in normal tissue were assumed to be equal to blood '%B con-
centrations during irradiation. The '°B concentration in tu-
mors during irradiation was estimated by multiplying the
'8 concentration in blood by the ratio of tumor to blood

0167-8140/5 - see front matter © 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/].radonc.2008.06.009
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concentrations (T/B ratio). The "°B concentrations in blood
during irradiation were calculated as the mean of '8 con-
centrations in the blood sampled just before and after irra-
diation, since '°B concentrations in blood should decrease
after the finish of injection of BPA, The T7/B ratio was quan-
tified by analyzing p-boronophenylalanine positron emission
tomography ('*F-BPA PET) images. The procedure used for
the 18F-BPA PET study was described in our previous report

[71.

The doses reported in the following sections included
some uncertainties inevitable in BNCT, ascribed to the fol-
lowing reasons: (1) the blood was not sampled during irradi-
ation to estimate the B concentration in the blood; and (2)
T/B ratios estimated on the basis of '*F-BPA PET studies
performed before BNCT are not guaranteed to be applicable
to dose estimation in BNCT, since the schedule for the
administration of '*F-BPA in the PET study was different
from that in BNCT on the treatment day.

The feasibility of the treatment in both cases was re-
viewed and approved by the Institutional Review Board,
Kyoto University Research Reactor Institute (KURRI) or
Japan Atomic Energy Agency (JAEA)., The patients gave
written informed consent to all the activities performed
at the KURRI and JAEA.

Patient 1

A 59-year-old man was presented with a left pleural effu-
sion in March 2002, He had an experience of occupational
exposure to asbestos. In January 2005, he was represented
with a large left pleural effusion and a subcutaneous tumor
at the drainage site of the left chest wall and was admitted
to hospital for further study. Biopsy of the subcutaneous tu-
mor revealed malignant pleural mesothelioma (MPM; epi-
thelial type). He had received radiotherapy (RT)
(2 Gy % 25) for the chest wall tumor. However, a repeat
CT scan showed progressive disease spreading in the left
pleural cavity, and he suffered from left chest pain. Since
he had received renal dialysis, application of chemotherapy
was not planned. He was referred to our center for further
treatment of MPM by BNCT. A "®F-BPA PET study performed
before BNCT showed good accumulation of BPA in the tumor
with a T/B ratio of 3.0.

In the first BNCT, the upper portion of the tumor was
treated with anterior and posterior epithermal neutron
beams at KUR in November, 2005. A 20-cm circle collimator,
which encompassed the upper thoracic portion, was used to
collimate both beams. Following the administration of BPA
at a dose of 250 mg/kg, 40-min irradiation with each beam
was performed. The dose was calculated under the assump-
tion that the "°B concentration in the blood during irradia-
tion was 16 ppm and that in the tumor was 48 ppm,
according to the T/8 ratio of 3.0. The doses delivered to
the tumor volume, which was encompassed in the treat-
ment field, ranged from 10 to 30 Gy-Eq. The maximum dose
delivered to the left lung was 6.5 Gy-Eq.

One month after the 1st BNCT, a 2nd BNCT was per-
formed to treat the lower portion of the tumor. In the 2nd
BNCT, three-port irradiations with anterior, posterior and
left epithermal neutron beams collimated using a 20-cm
collimator were carried out following the administration

of BPA at a dose of 500 mg/kg. The '°B concentration in
the blood was estimated at 29 ppm. The dose delivered to
the tumor volume, which was encompassed in the treat-
ment field, ranged from 10 to 60 Gy. The left lung volumes
receiving =7 Gy-Eq (V) and =10 Gy-Eq (Vyo) were 29.0%
and <1.0%, respectively.

In the post-treatment course, chest pain disappeared the
day after BNCT. Follow-up computed tomography (CT) at 1
and 6 months after the 2nd BNCT confirmed partial regres-
sion (PR) of the tumor (Fig. 1). No adverse effect was ob-
served during irradiation. As grade 1 acute adverse
effects, non-hematotoxic adverse effects, including chill,
fatigue, anorexia and diarrhea, and a decrease in platelets
(89,000/ mm®), were observed. No acute adverse effect
higher than grade 2 was experienced. Consolidation in the
left lower lung irradiated with the 2nd BNCT appeared 1
month after the 2nd BNCT and lasted for 6 months. The
patient had fever and chest pain, which were evaluated as
grade 2 toxicity according to the Radiation Therapy Oncol-
ogy Group (RTOG) scoring system [8]. Radiographic findings
suggested radiation pneumonitis in the region where a dose
greater than 4 Gy-Eq was delivered. No steroid therapy was
applied to treat the radiation pneumonitis. In the upper por-
tion of the left lung field treated with the 1st BNCT, no sign
of radiation pneumonitis was observed. The patient died of
local extension of MPM 12 months after the 1st BNCT.

Patient 2

A 43-year-old man was presented with a 7-cm diameter
lung tumor in the left lung in August 2003. Since, in 2000,
he had received treatment for left seminoma, the lung tu-
mor was suspected to be a metastatic lung tumor from
the seminoma. He received surgical resection of the tumor
and histological examination revealed a malignant short
spindle cell tumor. After the operation, he experienced lo-
cal recurrences of tumors, which were treated with surgical
resection and chemotherapy. In February, 2007, he was re-
ferred to our center for further treatment by BNCT for
recurrent multiple tumors spreading in the left plural space.
A '®F-BPA PET study before BNCT revealed a T/B ratio of
2.0

The first BNCT was performed at the JRR-4 research reac-
tor in JAEA in June, 2006. Three tumors located in the left
lower lung were defined as gross tumor volume (GTV) and
treated with BNCT. Since multi-port irradiation is not possi-
ble during a single session of BNCT, due to a limitation of
the equipment in the irradiation room at JRR4, a single pos-
terior beam collimated by a 15-cm collimator was applied to
the patient following the administration of BPA at a dose of
500 mg/kg. The irradiation time was 24 min. The '°B con-
centration in the tumor during irradiation was estimated
to be 33 ppm. The mean and maximum doses of radiation
delivered to the tumors ranged from 16.2 to 32.7 Gy-Eq,
and from 25.1 to 44.7 Gy-Eq, respectively. The maximum
dose delivered to the left lung was 11.4 Gy-Eq. The left lung
volumes receiving =7 Gy-Eq (V;) and =10 Gy-Eq (Vo) were
3.4% and <1.0%, respectively.

In August, 2006, three tumors located in the upper por-
tion of the left lung were treated with a 2nd round of BNCT.
According to the positions of the tumors, a posterior beam
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Fig. 1. (a) Pretreatment CT images. (b) Follow-up CT after 1 month showing slight regression of tumors. (c) Follow-up CT after 6 months
shawing regression of tumors judged as PR. (d) Follow-up CT after 7 months showing enlargement of the tumors abutting the thoracic spine.

collimated with a 15-cm collimator was selected. Twenty
minute irradiation was carried out following administration
of BPA at a dose of 500 mg/kg. The '°B concentrations in the
blood and tumor during irradiation were estimated to be
25.3 and 51 ppm, respectively. The mean and maximum
doses in the tumors ranged from 5.8 to 13.3 Gy-Eq, and from
8.2 to 32.7 Gy-Eq, respectively. The maximum dose deliv-
ered to the left lung was 5.6 Gy-Eq.

Left back pain, a chief complaint before BNCT, disap-
peared within a few days of the 1st BNCT. Follow-up CTs
at 1 and 3 months after the 1st BNCT revealed regression
of the tumors located in the lower portion of the left lung
(Fig. 2). The tumors in the upper portion, treated during
the 2nd BNCT, remained stable in size at 3 months after
the 2nd BNCT. All tumors were enlarged within 7 months
of BNCT. One month after the 1st BNCT, Grade 1 radiation
dermatitis was detected on the left back skin. No radiation

pneumonitis or other late adverse effects were observed
during the post-treatment course for 16 months. Although
he received proton therapy and chemotherapy for recurrent
tumors, he died of extension of the tumors 18 months after
the 1st BNCT.

Discussion

In this pilot study, our main concern was the occurrence
of lung toxicity. The second BNCT in Patient 1 caused Grade
2 lung toxicity. A focal lung reaction in the lower lung field
was observed 1 month after the 2nd BNCT. Since Vg, the
lung volume irradiated with greater than 20 Gy, has been
adapted as the parameter for normal tissue complication
probability in many studies using conventional fractionate
RT [8,9], V; was assessed as the equivalent parameter for
evaluating lung toxicity in a single-dose treatment in this

Fig. 2. {a) Pretreatment CT images. (b) Follow-up CT after 1 month showing slight regression of the tumors behind the spleen. (c) Follow-up CT

after 3 months showing regression of the tumors judged as PR.
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pilot study, assuming an o/ coefficient of 3.0 for normal
lung tissues according to the linear—quadratic model. In
the 2nd BNCT in Patient 1, the V; was 29.0%, In the other
three BNCTs, in which radiation pneumonitis was not expe-
rienced, the V; ranged from 0 to 3.4%. It is impossible to
draw any conclusions on the provability of lung toxicity in
BNCT from only two cases. Therefore, to reveal the rela-
tionship between lung dose delivered by BNCT and the prob-
ability of lung toxicity, we are preparing for a phase 1 study
treating MPM with BNCT.

The prognosis of MPM has been dismal, and the median
survival length is 9—12 months without intervention [10].
Trimodality therapy, surgical resection followed by chemo-
therapy and radiotherapy, has been applied to MPM patients
with curative intent [11,12]. However, unfortunately, the
proportion of patients capable of surgery is assessed as fewer
than 25% due to medical illness or advanced stage of MPM
[10]. Recently, a new chemotherapeutic regimen for MPM,
pemetrexed plus cisplatin, provided a 41.3% response rate
[13]. However, patients are required to receive chemother-
apy every 21 days until the tumor shows regrowth. Although
it is not certain that BNCT surpasses the response rate of
the new chemotherapy regimen, BNCT has the possibility to
be a very effective treatment modality to palliate the symp-
toms of MPM patients, as suggested in the present cases. In
the two cases in this pilot study, palliation of the symptoms,
chest or back pain, disappeared within a few days of BNCT.
According to the report by de Graaf-Strukowska et al. [14],
RT provides local palliation in at least 50% of patients with
MPM who were treated using a 4-Gy/fraction scheme to a
median dose of 36 Gy. BNCT can deliver an adequate dose
for palliation in single or two-fractionated BNCT on 1 or 2 days
as demonstrated in the present cases, which seems more
beneficial for patients suffering from various symptoms
compared with chemotherapy or conventional radiotherapy.
Since no severe adverse effects were observed in the two
cases, dose escalation may be possible for controlling the
tumor. Further clinical study of BNCT is warranted to shed
new light on the best way to treat inoperable diffuse pleural
tumors such as MPM or pleuritis carcinomatosis.

* Corresponding author. Minoru Suzuki, Particle Radiation
Oncology Research Center, Research Reactor Institute, Kyoto
University 2-1010, Asashiro-nishi, Kumatori-cho, Sennan-gun, Osaka
590-0494, Japan. E-mail address: msuzuki@rri.kyoto-u.ac.jp

Received 10 March 2008; received in revised form 9 June 2008;
accepted 18 June 2008; Available online 22 July 2008

References

[1] Coderre JA, Morris GM. The radiation biology of boron neutron
capture therapy. Radiat Res 1999;151:1-18.

(2] Suzuki M, Sakurai ¥, Masunaga S, et al. Feasibility of boron
neutron capture therapy (BNCT) for malignant pleural meso-
thelioma from a viewpoint of dose distribution analysis. Int J
Radiat Oncol Biol Phys 2006;66:1584—9.

[3] Suzuki M, Sakurai ¥, Hagiwara §, et al. First attempt of boron
neutron capture therapy (BNCT) for hepatocellular carcinoma.
Jpn J Clin Oncol 2007;37:376-81.

[4] Suzuki M, Sakurai ¥, Masunaga 5, et al. Preliminary experi-
mental study of boron neutron capture therapy for malignant
tumors spreading in thoracic cavity. Jap J Clin Oncol
2007;37:245-9.

[5] Wojnecki C, Green 5. A preliminary comparative study of two
treatment planning systems developed for boron neutron
capture therapy: MacNCTPlan and SERA. Med Phys
2002;19:1710-5.

[6] Kumada H, Yamamoto K, Matsumura A, et al. Verification of
the computational dosimetry system in JAERI {JCDS) for boron
neutron capture therapy. Phys Med Biol 2004;49:3353-65.

[7] Aihara T, Hiratsuka J, Morita N, et al. First clinical case of
boron neutron capture therapy for head and neck malignancies
using 18F-BPA PET. Head Neck 2006;28:850-5.

[B] Mehta V. Radiation pneumenitis and pulmonary fibrosis in non-
small-cell lung cancer: pulmonary function, prediction, and
prevention, Int J Radiat Oncol Biol Phys 2005;63:5-24.

[9] Willner J, Jost A, Baier K, Flentje M. A little to a lot or a lot to
a little? An analysis of pneumonitis risk from dose—volume
histogram parameters of the (ung in patients with lung cancer
treated with 3-D conformal radiotherapy. Strahlenther Onkol
2003;179:548-56.

[10] Sterman DH, Albelda SM. Advances in the diagnosis, evalua-
tion, and management of malignant pleural mesothelioma.
Respirology 2005;10:266—83.

[11] Chan MF, Chui CS, Song Y, et al. A novel radiation therapy
technique for malignant pleural mesothelioma combining
electrons with intensity dulated phot Radiother Oncol
2006:79:218-23.

[12] Sterzing F, Sroka-Perez G, Schubert K, et al. Evaluating target
coverage and normal tissue sparing in the adjuvant radiother-
apy of malignant pleural mesotheli helical herapy
compared with step-and-shoot IMRT. Radiother Oncol
2008;86:251-7.

[13] Vogelzang MJ, Rusthoven JJ, Symanowski J, et al. Phase Il
study of pemetrexed in combination with cisplatin versus
cisplatin alone in patients with malignant pleural mesotheli-
oma. J Clin Oncol 2003;21:2636-44.

[14] de Graaf-Strukowska L, van der Zee J, van Putten W, Senan 5.
Factors influencing the outcome of radiotherapy in malignant
mesothelioma of the pleura — a single-institution experience
with 189 patients. Int J Radiat Oncol Biol Phys 1999;43:511-6.




ORIGINAL ARTICLE

Comparison of Postoperative Morphological Changes in
Remnant Pancreas Between Pancreaticojejunostomy and
Pancreaticogastrostomy After Pancreaticoduodenectomy
Yoshito Tomimaru, MD,* Yutaka Takeda, MD,* Shogo Kobayashi, MD.* Shigeru Marubashi, MD,*

Chun Man Lee, MD,* Masahiro Tanemura, MD,* Hiroaki Nagano. MD,* Toru Kitagawa, MD,*
Keizo Dono, MD,* Koji Umeshita, MD,* Kenichi Wakasa, MD,T and Morito Monden, MD*

Objectives: The aim of this study was to compare postoperative
morphological changes in p between icoje-
j y (PJ) and pancreat (P() after pancreatico-
duodenectomy (PD).

Methods: The study subjects were 28 patients with PJ and 14 with
PG, The diameter of the main pancreatic duct (MPD) and pancreatic
parenchymal thickness 2 years after PD were measured on computed

graphy scans and d b the 2 groups,

Results: The preop and postoperative MPD di was
5.2 mm (SD, 2.4 mm) and 42 mm (SD, 2.0 mm) in the PJ group
(P = 0.0422) and 4.8 mm (SD, 3.2 mm) and 5.7 mm (SD, 1.8 mm)
(P = 0.1494) in the PG group, respectively. In those patients with
preoperatively normal-size MPD, MPD after surgery tended to become
dilated relative to before surgery in the PJ group (P = 0.0931), and the
MPD measured postoperatively was significantly larger than preopera-
tively in the PG group (P = 0.0009). A significant atrophy of the pan-
creatic parenchyma was noted postoperatively in both groups (F <
0.0001), but these changes were more severe in the PG group than the
PJ group (P = 0.0018).

(-

Conclusions: Considering the above postoperati phological
changes, PJ seems to be preferable to PG after icoduodencctomy.
Key Words: p icoduod pancreati

pancreaticojejunostomy, morphology, ;tr;uphy. duct dilatation
(Pancreas 2009;38: 203-207)

Pancrcmicodnndenemmy (PD) is the standard procedure for
neoplasms of periampullary lesions." In this procedure, the
cut end of the pancreas is usually anastomosed to either the
jejunum (pancreaticojejunostomy [PJ]) or the stomach (pan-
creaticogastrostomy [PG]). Many previous authors have long
compared these 2 types of anastomoses with regard to the
incidence of pancreatic leakage, which is the leading cause of
complication after PD in the early postoperative period.”* With
regard to the incidence of pancreatic leakage, some prospective
randomized trials reported that there was no difference between
PJ and PG.5*

In addition to the incidence of pancreatic leakage, the
exocrine and endocrine functions of the remnant pancreas have
been compared. There is no significant difference between PJ
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and PG in terms of pancreatic endocrine function, whereas PG
is associated with more severe or equal pancreatic exocrine in-
sufficiency than PJ.*'? In these previous comparative studies,
fasting blood glucose level, glycohemoglobin A, oral glucose
tolerance testing, and the status of diabetes mellitus were used
for evaluation of pancreatic endocrine function, and the presence
of steatorrhea, fecal elastase-1 test, and nutritional status were
used for the evaluation of pancreatic exocrine function, When
comparing the functions of the remnant pancreas, morphological
evaluation of the remnant pancreas is necessary, in addition to
the above parameters, because such function depends on the
volume of pancreatic parenchymal tissue. However, there is
limited information on the morphology of the remnant pancreas
after PD.'*'* In this study, we evaluated postoperative mor-
phological changes in the remnant pancreas between PJ and
PG after PD.

MATERIALS AND METHODS

Between 1999 and 2007, 156 patients who had benign and
malignant neoplasms of periampullary lesions underwent PD
without hepatic resection in the Department of Surgery, Osaka
University Hospital. Among the 156 patients, 17 patients under-
went PD including distal gastrectomy, 96 patients underwent
subtotal stomach-preserving PD, and the remaining 43 patients
underwent pylorus-preserving PD. To exclude the influence of
differences in surgical procedures, only patients who underwent
subtotal stomach-preserving PD and reconstruction by invagi-
nation method were included in this study.

The reconstruction procedure of PJ and PG was chosen
based on surgeons® preference. In the PJ group, the pancreatic
stump was anastomosed and invaginated end-to-end into the
jejunum with interrupted 2-layer sutures: 4-0 absorbable mono-
filament for outer layer between the remnant pancreatic capsule
and jejunal seromuscular layer and for inner layer between the
cut edge of the pancreas and the full thickness of the jejunum. In
the PG group, a gastrostomy of 2 to 3 ¢m in length was made in
the posterior wall of the stomach, and the pancreatic stump was
anastomosed and invaginated with the same interrupted 2-layer
method as PJ. In both groups, a stenting tube was placed in the
main pancreatic duct (MPD) and exteriorized through the
abdominal wall via the wall of the jejunum or stomach. The tube
was removed within 1 postoperative month.

In this study, the morphology of the remnant pancreas was
evaluated 2 years after the surgery. Patients with intraductal
papillary mucinous neoplasm of pancreas were excluded in this
study because their preoperative MPD may be dilated for the
disease itself. Thus, only patients who had survived 2 years or
more without cancer recurrence were included in this study: 28
PJ patients (PJ group) and 14 patients (PG group).

The morphology of the remnant pancreas was examined
using computed tomography.
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TABLE 1. Comparison of Clinical Background Between the P|
and PG Groups

PJ PG P

No. patients 28 14
Age, mean (SD), yrs 64 [8] 62 [9] 03379
Sex (male/female) 13/15 59 0.5083
Origin of tumor

Pancreas 23 11

Bile duct 3 1 0.5439

Papilla Vater 2 1

Duodenum 0 1
Fibrosis (—/+) 9/19 59 >0.9999

The MPD diameter was measured manually in the region
where the maximum MPD diameter was identified. The MPD
was considered dilated if the diameter exceeded 3 mm, '
The pancreatic parenchymal thickness was defined as the
anterior-posterior width of the entire gland minus MPD diameter
and was measured manually in the region of the pancreas where
the maximum MPD diameter was identified. The following
equations were used for our calculations:

Rate of reduction of MPD diameter = (preoperative MPD
diameter — postoperative MPD diameter) / preoperative MPD
diameter

Rate of reduction of pancreatic parenchymal thickness =
(preoperative pancreatic parenchymal thickness — postoperative
pancreatic parenchymal thickness) / preoperative pancreatic
parenchymal thickness

Postoperatively, the degree of fibrosis in pancreatic paren-
chyma was microscopically examined by a pathologist who had
no information on the clinical course of any patient. Then,
patients included in this study were divided into 2 groups:
fibrosis and no fibrosis.

Abdominal computed tomography scans were performed
for postoperative follow-up at regular intervals of 3 to 6 months

in patients with malignancy and 12 to 24 months in those with
benign tumor.

Data were expressed as mean (SD). Differences between
groups were examined for statistical significance using the x’.
Fisher exact test, Mann-Whitney U test, or Wilcoxon signed
rank test. P < 0.05 denoted the presence of a statistically sig-
nificant difference. Statistical analyses were performed using
StatView (version 5.0, SAS Institute Inc, Cary, NC). This study
protocol was approved by the human ethics review committee of
Osaka University Hospital, and a signed consent form was
obtained from each patient.

RESULTS

Table 1 summarizes the clinical profile of patients of the
PJ and PG groups. Patients of the 2 groups were similar with
regard to age, sex, and origin of tumor. Most tumors in our
cohort were malignant (PJ group: 28/28 [100%], PG group:
13/14 [93%]). The incidence of short-time postoperative com-
plications including pancreatic leakage did not differ between
the 2 groups. Fibrosis in pancreatic parenchymal was found
in 19 cases (68%) in the PJ group and 9 cases (64%) in the
PG group (P > 0.9999). Figure 1 shows the preoperative and
postoperative values of MPD diameter, and Figure 2 depicts
the respective values of pancreatic parenchymal thickness.
Table 2 compares the morphological changes between the PJ
and PG groups.

In more than half of the patients, the MPD was dilated
before surgery (PJ group: 20/28 [71%)], PG group: 9/14 [64%)]).
Among 8 patients of the PJ group who showed no preoperative
MPD dilatation, 2 (25%) developed MPD dilatation after
surgery. On the other hand, among 5 patients free of preoperative
MPD dilatation in the PG group, all patients (100%) showed
MPD dilatation afler surgery.

The preoperative MPD diameter of the PJ group (5.2 mm
[SD, 2.4 mm]) was not significantly different from that of the
PG group (4.8 mm [SD, 3.2 mm], = 0.7079). On the other
hand, the postoperative MPD diameter of the PJ group (4.2 mm
[SD, 2.2 mm]) was significantly smaller than that of the PG

(rem) PJ (n=28) o PG (n=14)
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FIGURE 1. Individual data of diameter of the MPD at the time of surgery and 2 years after the surgery.
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FIGURE 2. Individual data of pancreatic parenchymal thickness at the time of surgery and 2 years after the surgery.

group (5.7 mm [SD, 1.8 mm}, £ = 0.0149). In the PJ group, the
MPD diameter after surgery was significantly smaller than that
before surgery (P = 0.0422). On the other hand, the change in
MPD diameter after surgery was not significant in the PG group
(P = 0.1494), Finally, the rate of reduction of MPD diameter was
significantly larger in the PJ (5.1% [SD, 48.3%]) than in the PG
groups (—41.6% [SD, 53.9%], P = 0.0070).

The preoperative pancreatic parenchymal thickness was
similar in the 2 groups (PJ: 11.1 mm [SD, 3.7 mm}, PG: 11.8 mm
[SD, 5.5 mm], P= (.58489), and decreased significantly in both
groups after surgery (PJ: P< 0.0001, PG: P <0.0001), although
the mean values were not different between the 2 groups (PJ:
8.4 mm [SD, 3.4 mm], PG: 6.7 mm [SD, 4.8 mm], P = 0.1770).
However, the rate of reduction of pancreatic parenchymal
thickness was significantly larger in the PG group (46.0% [SD,
25.9%]) than in the PJ group (22.4% [SD, 19.1%], P = 0.0018).

Next, we compared the MPD diameter in those patients of
the PJ and PG groups who had a normal-size MPD preopera-
tively (PJ: n = 8, PG: n= 5) (Table 3). In these patients, the pre-
operative MPD diameter was similar (PJ: 2.5 mm [SD, 0.4], PG:
2.7 mm [SD, 0.2 mm], P = 0.3421). Postoperatively, the MPD
diameter increased in the PJ group (3.1 mm [SD, 1.1 mm]),

although insignificantly (P = 0,0931), whereas it became sig-
nificantly larger in the PG group (5.3 mm [SD, 0.6 mm], P =
0.0009). In addition, the postoperative MPD diameter in the PJ
group was significantly smaller than that in the PG group (P =
0.0015). The rate of reduction of MPD diameter was signifi-
cantly larger in the PJ (—=27.7% mm [SD, 45.0%]) than in the
PG groups (—96.0% mm [SD, 24.4%], P = 0.0070).

Only in patients who had survived 3 years or more without
cancer recurrence, the postoperative temporal changes in MPD
diameter and pancreatic parenchymal thickness were compared
(PJ: n =8, PG: n=7) (Fig. 3). In both groups, the postoperative
changes of MPD diameter and pancreatic parenchymal thickness
started just after the surgery and almost finished by 1 year after
the operation.

DISCUSSION
The results of the present study showed that the postop-
erative MPD diameter was significantly smaller than the pre-
operative MPD only in the PJ group. However, because MPD
was dilated preoperatively in more than half of patients enrolled
in this study, we also examined the change in MPD diameter
in those patients without preoperative MPD dilatation. Such

TABLE 2. Comparison of Morphological Changes Between the P] and PG Groups

PJ (n=28) PG (n=14)
Mean (SD) P Mean (SD) P P
Diameter of the MPD, mean (SD)
Before surgery, mm 5.2[24] 0.0422 48[32) 0.1494 0.7097
After surgery, mm 4.2 [2.0] 5.7[1.8] 0.0149
Reduction rate, % 5.1 [483) —41.6 [53.9) 0.0070
Parenchymal thickness, mean (SD)
Before surgery, mm 1.1 [3.7] <0.0001 11.8 [5.5] <0.0001 0.5849
After surgery, mm B4 [34] 6.7 [4.8] 0.1770
Reduction rate, % 224 (19.1] 46.0 [25.9] 0.0018
205
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TABLE 3. Comparison of Morphological Changes Between the P] and PG Groups in a Subgroup With Nondilated

MPD Preoperatively

PJ (n=8) PG (n=5)
Mean (SD) P Mean (SD) P P
Diameter of the MPD
Before surgery, mm 2.5[04] 0.0931 27102] 0.0009 0.3421
After surgery, mm ERRIN) 53 [0.6] 0.0015
Reduction rate, % =27.7 [45.0] —=96.0 [24.4] 0.0106

analysis found that the MPD diameter after surgery tended to be
larger than before surgery in the PJ group, and significantly
larger in the PG group. To date, few studies have measured MPD
diameter after PD, and their results suggested no significant
difference in the rate of change of MPD diameter between the PJ
and PG groups.”'? On the other hand, Sato et al'” reported that
among 19 patients with PJ, 8 (42%) demonstrated a decline in
MPD diameter, 9 (47%) showed no change, and 2 (11%) devel-
oped MPD dilatation. Furthermore, Lemaire et al'* reported that
postoperative MPD was significantly dilated in patients with PG.
The results of these previous studies are not necessarily
compatible. The different results were probably due to patient
sclection, that is, the cnroliment of patients with preopem-
tive MPD dilatation. In fact, the proportion of patients with
dilated MPD preoperatively has not been reported, and the
change in MPD di has been examined only in patients
with nondilated MPD preoperatively.'*~'* Thus, had the patients
with preoperative MPD dilatation been excluded in the above
studies, the results of the present study could have been similar,

The present study also showed that significant atrophy
of the pancreatic parenchyma occurred after surgery in both
groups, Few studies have examined this issue previously,
although there has been no comparative study of pancreatic

(mm) Main pancreatic duct diameter
8

parenchymal atrophy between PJ and PG. Sato et al'? reported
that parenchymal atrophy of the remnant pancreas occurred in
9 (56%) of 16 patients with P). Lemaire et al'* reported that
pancreatic atrophy assessed by subtracting the MPD diameter
from the total parenchymal thickness tended to develop in pa-
tients with PG, although the study was not comparative. Our
results are consistent with those of the above studies. In addition,
our study showed that the parenchymal atrophic changes in
the PG group were significantly more severe than those in the
PJ group.

The current study also revealed the temporal change in
MPD diameter and pancreatic parenchymal thickness. To date,
there have also been no studies of this issue.

The postoperative MPD dilatation and parenchymal at-
rophy are thought to result from obstruction or stenosis of the

stomosis.'** H . to date, there have been few reports
on pancreatic duct patency after PG. For example, Telford etal'®
showed that total obstruction of the pancreatic duct after PG
occurred in 90% of animals in which the duct had been im-
planted into the stomach. On the other hand, Amano et al'’
reported that in 1 patient among 5 with PG who were followed
up postoperatively for more than 9 years, the anastomotic site
was not detected by gastroscopy because of overhealing by

b+t 1 1 I
4 |
2
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(mm) Pancreatic parenchymal thickness
% ki
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FIGURE 3. The temporal change in the diameter of the MPD and pancreatic parenchymal thickness during 3 postoperative years,
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gastric mucosa. Unfortunately, the anastomotic patency was not
examined in our study. However, taking into consideration that
the anastomosis was performed by the invagination method in all
patients, the patency may depend on different environment of
the sed remnant p in both groups. The post-
operative MPD dilatation and parenchymal atrophy, which was
predominant in the PG group relative to the PJ group, could be
due to the reflux of gastric juice or ingested food into the rem-
nant pancreatic duct or coverage of the anastomotic orifice by
gastric mucosa, which might induce chronic inflammation, ste-
nosis, or obstruction of the anastomotic site.

Postoperative pancreatic function was not examined in this
study. Previous studies indicated no significant differences in
early postoperative complications and pancreatic endocrine func-
tion between PJ and PG, although patients who underwent PG
showed more severe or equal pancreatic exocrine insufficiency
than that of those who underwent PJ.*~'? The difference in
exocrine function may be natural, considering the postoperative
morphological changes in this study.

In summary, only in PJ patients with preoperatively normal-
size MPD the MPD after surgery tended to become dilated after
surgery, whereas the MPD was significantly larger after surgery
than before surgery in the PG group. Furthermore, significant
atrophic changes were noted postoperatively in the pancreatic
parenchyma in both groups, and these changes were signifi-
cantly more severe in the PG group than the PJ group. Consider-
ing these postoperative morphological changes in the remnant
pancreas, PJ may be preferable to PG after PD,
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Background and purpose: To confirm :he [easlhlhty of accelerator-based BNCT [AB-BNCT) for treatment of

mesatheli (MPM), we compared dose distribution and

&

irradiation time between AB-BNCT and reactor-based BNCT (RB-BNCT).

Material and methods: 'We constructed treatment plans for AB-BNCT and RB-BNCT of four multiple liver
tumors and six MPM. The neutron beam data on RB-BNCT were those from the research reactor at Kyoto
University Research Reactor Institute (KURRI). The irradiation time and dose-volume histogram data
were assessed for each BNCT system.

Results: In BNCT for multiple liver tumors, when the 5 Gy-Eq dose as the mean dose was delivered to the Q1
healthy liver tissues, the mean dose delivered to the liver tumors by AB-BNCT and RB-BNCT was 68.1 and
65.1 Gy-Eq, respectively. In BNCT for MPM, when the mean lung dose to the normal ipsilateral lung was

5 Gy-Eq, the mean dose delivered to the MPM tumor by AB-BNCT and RB-BNCT was 20.2 and 19.9 Gy-Eq,
respectively. Dose distribution analysis revealed that AB-BNCT is superior to RE-BNCT for treatment of

deep-seated tumors.

Conclusions: The feasibility of the AB-BNCT system under construction at our institute was confirmed
from a clinical viewpoint in BNCT for multiple liver tumors and MPM.

© 2009 Publi
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Boron neutron capture therapy (BNCT) is based on a nuclear
reaction: non-radioactive isotope 'B atoms that have absorbed
low energy (<0.5 eV) neutrons disintegrate into alpha (*He) parti-
cles and recoiled lithium nuclei (’Li). These particles deposit large
energy along their very short paths (<10 pm), whose lengths are
equal to or shorter than a typical cell size [1,2]. Malignant cells
with '°B are thus destroyed following thermal neutron irradiation
by these high linear energy (LET) particles. If a sufficient number of
198 atoms accumulate in the tumor cells and the gradient of the '°B
concentrations between the tumor and the surrounding normal
tissues is large, then baron neutron capture irradiation will be
selectively delivered to the tumor.

Selective high LET particle irradiation to cancer cells is a unique
property of BNCT, which is an advantage over other radiotherapy
modalities. For the use of this unique property, we have continued
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preclinical studies on application of BNCT to tumors located in
radiosensitive organs, such as liver and lung [3.4]. In our previous
studies, the feasibility of BNCT for treating multiple liver tumors
and inoperable malignant pleural mesothelioma (MPM) was con-
firmed from the viewpoint of dose distribution [5,6]. Based on
these preclinical studies, we have carried out clinical BNCT for
multiple liver tumors and MPM since 2005 at Kyoto University Re-
search Reactor Institute (KURRI). One patient with asbestos-in-
duced MPM and three cases of multiple liver tumors have
already been treated with BNCT |7.8].

To deal with the increasing number of candidates for BNCT,
development of an accelerator-based BNCT (AB-BNCT) system is

n

a prerequisite. Construction of an AB-BNCT system at KURRI was Q2 72

started in June 2008 and was finished in December 2008, To pre-
pare the protocol for clinical studies using the AB-BNCT system,
comparison of the parameters for dose distribution and irradiation
time between Kyoto University reactor (KUR)-based BNCT (RB-
BNCT) and the AB-BNCT is needed. The aim of the present study
was to investigate the advantages of AB-BNCT over RB-BNCT for
multiple liver tumors and MPM.
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