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Sox4 Is An Essential Factor for Maintenance

of of Gli Cells

So far, Sox4 has not been reported to have any role in mainte-
nance of stem cell properties. To study the role of Sox4 in
glioma-initiating cells, we examined the effect of Sox4 knock-
down on stemness of glioma-initiating cells. Sox4-knocked-
down glioma-initiating cells showed less sphere-forming ability
and self-renewal capacity (Figures 6A and 6B), and the size of
CD133"* pool was decreased (72.6% to 41.5% or 41.1%,; Fig-
ure 6C). Moreover, the number of Nestin-positive cells was
decreased, while that of GFAP-positive cells was increased by
Sox4 knockdown (Figure 6D). These results indicate that Sox4
is involved in a crucial pathway for maintenance of stemness
of glioma-initiating cells.

Sox4 Plays an E I Role in

of of Gli Cells by TGF-$

From these results, we hypothesized that Sox4 expression
directly induced by TGF-p promotes Sox2 expression and main-
tains stemness of glioma-initiating cells. To test this hypothesis,
first, we examined the effect of TGF-B inhibitor on glioma-initi-
ating cells infected with adenovirus carrying cDNA of Sox4.
Sox4-o! xpressing glios cells showed resistance
against deprivation of sphere-forming ability by SB431542 (Fig-
ure 7A). Moreover, the number of Nesun-posmve cells and tha( of
GFAP-positive cells of Sox4-0 p d glioma-initi:
cells were minimally affected by SB431542 (anuve 7B). These
data suggest that direct induction of Sox4 expression by TGF-

B plays | roles in of stemness of glioma-
initiating cells.

TGF-B Deprives Gli Cells

of In Vivo Ti rigenic Activity gh

Downr ion of Sox4 Exp

To study the role of TGF-B-induced Sox4 in maintenance of
stemness in vivo, we examined the effects of TGF-B inhibitor
and Sox4 on growth of gli cells (Fig-
ure 7C). As TGF-B is well known to promote proliferation of
bulk glioma cells, SB431542 was used in pretreatment, rather
than successive treatment, to distinguish the effect on differen-
tiation from that on proliferation. The survival of the mice inocu-
lated with SB431542-pretreated glioma-initiating cells was
significantly prolonged compared to mice injected with control
glioma-initiating cells. All mice bearing control glioma-initiating
cells developed neurological signs and displayed large tumors.
In contrast, all mice bearing SB431542-pretreated glioma-initi-
ating cells did not develop neurological signs and the brains
showed no evidence of tumor by pathological examination with
H&E staining. Furthermore, the survival advantage effect of
SB431542 was not observed for Sox4-transduced glioma-initi-
ating cells (Figure 7C). Altogether, we concluded that TGF-§
upregulates Sox2 expression through direct induction of Sox4
to sustain stemness of glioma-initiating cells and that TGF-f
inhibitor blocks this pathway to deprive them of aggressiveness
(Figure 7D).
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Figure 3. Downr of Sox2 Exp! by TGF-8 Inhibitor Is
a Critical Step for D ion of Gli iti Cells

(A) Representative images of TGS-01 cells infected with adenovirus-Sox2 or
LacZ (negative control) and cultured with or without SB431542 (1 uM) for
7 days. The data are presented as the number of glioma spheres formed
(means + SEM of five fields). Scale bars, 100 um.

(B) Marker expression of TGS-01 cells infected with adenovirus-Sox2 or LacZ
and cultured with or without SB431542 (1 uM) for 7 days. Images of Nestin-
positive cells are shown in the left panels. Quantification of Nestin-positive
or GFAP-positive cells among total cells is shown in the right graphs. Error
bars represent SEM. Scale bars, 20 ym.

DISCUSSION

TGF-B was reported to induce epith: hymal it
(EMT) in immortalized human mammary epithelial cells and
increase the ability to form mammospheres (Mani et al., 2008).
These findings suggest a direct link between EMT and the gain
of epithelial stem cell properties of carcinoma. Such a link could
be applied to other carcinoma stem cells than breast CSCs.
However, since glioma cells per se have nonepithelial charac-
ters, the link may not be applied to GSCs.

To analyze roles of TGF-B signaling in glioma stem cells, we
have used glioma tissues obtained from patients with GBM and
they were cultured in serum-free medium (“sphere”). All of the
tenmice injected intracranially with § x 10°TGS-01 “sphere” cells
were killed within 70 days after transplantation, while all of the ten
mice bearing 5 x 10° matched “differentiated” cells had survived
for more than 140 days without neurological signs (M.T., Y.I., and
T.T., unpublished data). These results indicate that populations
with a higher tumorigenic activity were enriched in “‘sphere” cells.
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We have shown here that inhibition of TGF-§ signaling induces
differentiation of glioma-initiating cells and that TGF- malntalns
stemness of these cells through induction of Sox2 exp!

a-tubulin

Figure 4. Sox4 Is a Direct Target Gene of TGF-8 Signaling
(A) Expression levels of Sox2 mRNA after TGF-B (100 pM) treat-
ment for 24 hr. Treatment with cycloheximide (CHX, 3 pg/mi)
was started 30 min before stimulation with TGF-B. Values were
normalized to amounts of GAPDH mRNA. Error bars represent
SEM.

(B) Expression levels of Sox4 mRNA and protein in “Sphere” cells
and “Differentiated” cells. a-tubulin was used as a loading control.
(C) Amount of Sox4 mRNA was determined after TGF-f ligand
(100 pM) or inhibitor (SB431542, 1 uM) treatment for 3 or 24 hr.
Values were normalized to that of GAPDH mRNA. Error bars repre-
sent SEM.

(D) Amount of Sox4 protein was determined after TGF-B ligand
(100 pM) or inhibitor (SB431542, 1 uM) treatment for 24 hr.
a-tubulin was used as a loading control.

(E) Association of Smad complex with the Sox4 promoter. Chro-
matin immunoprecipitation analysis was performed using TGS-01
cells treated with TGF-B ligand (100 pM) or inhibitor (SB431542,
1 uM) for 1.5 hr. Eluted DNAs were subjected to quantitative real-
time PCR analysis (graph) or conventional RT-PCR (figure). In
real-time PCR analysis, values were rmmunznd to the amount of
the first intron of (HPRT)
1. Error bars represent SEM. Input, 1%.

(F) Expression levels of Sox4 were analyzed using cDNAs, which
‘were prepared in the experiments shown in (A).

Bone morphogenetic protein (BMP) 4, another
member of the TGF-p family, promotes differentiation
and depletes the pool of glioma-initiating cells (Picci-
rillo et al., 2006). BMP signaling is known to control
the activity of normal brain stem cells (Lim et al.,
2000), and TGF-p signaling also regulates normal brain
development (Golestaneh and Mishra, 2005; Mufioz-
Sanjuan and Brivanlou, 2002). Altogether, the roles of
TGF-B and BMP signaling in GSCs may reflect those
in normal NSCs, supporting the concept that GSCs
and NSCs are closely related (Vescovi et al., 2006).

Sox2 is well known to be one of the self-renewal
genes, such as Oct4 and Nanog, and to play pivotal
roles in maintaining stemness of embryonic stem cells
(Kamachi et al., 2000). Sox2 null mutant embryocs
cannot give rise to embryonic or trophectoderm line-

ages (Gubbay et al., 1990). Introduction of Sox2 together with
Oct4, Kif4, and c-Myc lo human or mouse adult fibroblasts

Moreover, we have demonstrated that Sox4 is a direct target
of TGF-B and that Sox4 mediates TGF-f-induced Sox2 expres-
sion, Although i of TGF-f signali

dmerennatkm of glioma-initiating cells, addition of TGF-B ligand
failed to induce substantial change in glioma-initiating cells.
It may be because TGF-B ligand is sufficiently produced by
glioma-initiating cells for of their at the
basal level (Figure S5) in spite of the findings that TGF-p signaling

results in luri stem (iPS) cells
(Takahashi and Yamanaka, 2006; Takahashn et al., 2007). Sox2
also plays ial roles in of NSCs (Grah

et al., 2003), and Sox2 defi y causes impaired i

in adult mouse brain (Ferri et al., 2004) Although it was reponed
that glioma tissues highly express Sox2 mRNA compared to
nonmalignant tissues (Ben-Porath et al., 2008; Schmitz et al.,
2007), the role of Sox2 in the development of glioma has not

itself is not saturated (Figures 2A, 2C, 4C, and 4D). Consistent
with these results, overexpression of Sox4 or Sox2 in glioma-
initiating cells did not affect their sphere-forming ability in the

yet been d. In glioma cells, expression levels of Sox2
are linearly and exponentially correlated with those of Nestin
and CD133, respectively (Figure S11A, data set from Lee et al.,
2006). Here, we that of Sox2 ited

presence of autocrine TGF-B signaling. These results ind

that in glioma-initiating cells Sox4 and Sox2 are present at suffi-
cient levels for of their agg inthe p

of autocrine TGF-B signaling.

in depri of igenic activity of glioma-initiating cells.
Our report is the first to show significance of Sox2 in develop-
ment of glioma and maintenance of the aggressive characters
of glioma cells. The results that Sox2 is an essential factor for
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Figure 5. Sox4 Is a Crucial Mediator for
TGF-f-Induced Sox2 Expression

(A) Effects of Sox4 overexpression on expression
of Sox2. TGS-01 cells were infected with adeno-
virus-Sox4 or LacZ 24 hr before harvest. Values
were normalized to the amount of GAPDH
mRNA. Error bars represent SEM.

(B) Effects of Sox4 knockdown on expression of
Sox2. Upper graphs show mRNA levels of Sox2
and Sox4. RNA levels were normalized to amounts
of GAPDH mRNA. Error bars represent SEM.
Lower panels show protein levels of Sox4 and
a-tubulin.

(C) Association of Sox4 with the Sox2 enhancer.
Chromatin immunoprecipitation analysis was per-
formed using TGS-01 cells treated with TGF-B
ligand (100 pM) or inhibitor (SB431542, 1 uM) for
24 hr. Eluted DNAs were subjected to quantitative
real-time PCR analysis. Values were normalized to
the amount of the first intron of HPRT1. Error bars
represent SEM.

(D) TGF-p-induced Sox2 expression under the
condition of Sox4 knockdown. Expression levels
of Sox2 mRNA after TGF- (100 pM) treatment
for 24 hr were determined by real-time PCR.
Indicated siRNAs were transfected 24 hr before
TGF-B treatment.

Sox4

#
slSox4

noma, prostate cancer, lung cancer,
bladder and dullobl:
toma (Aaboe et al., 2006; Lee et al,
2002; Liao et al., 2008; Liu et al., 2006b;
Pramoonjago et al., 2006; Yokota et al.,
2004). The of Sox4 as an e,
however, has not been fully investigated. From our repoﬂ

developing cells are closely associated with each other in their  Sox4 can be defined as an with new h
biological properties. Because Sox2 is a crucial factor for main-  at least in gﬁoblastoma

tenance of other tissue stem cells, it can be st that Sox2 Although we d! that the TGF-B-Sox4-Sox2 path-
also plays sig roles in of other CSCs. way is indisp ble for the of

Although Sox2 is already known to play crucial roles to main-
tain stemness of NSCs, Sox4 has not been reported to have any
function in stem cell properties. So far, Sox4 was reported to be
overexpressed in glioma tissues compared to normal brain
tissues (Tso et al., 2006), but its role in the development of glioma
has not been determined. Here, we have demonstrated that
Sox4 binds to Sox2 enhancer region and plays important roles
in icity of glior g cells. From the
public data sets, we found that gl»oma-hltlatlng cells show
higher expression of Sox2 and Sox4 and that their expression
levels significantly correlate with each other (Figures S11B and
S11C, data set from Lee et al., 2006), suggesting that the TGF-
B-Sox4-Sox2 pathway is widely used in glioma-initiating cells
for ion of their These findings may add a new
player, Sox4, to the concept of stemness.

Sox4 contains a DNA-binding domain known as the HMG box
and has been shown to be a pti ived in
the development of the cardiac outflow tract and the central

glioma-initiating cells, the possibility cannot be excluded that
other p ys are also involved in it. Hedgeh

gl g has been d in the of glioma for
many years. It was reported that Hedgehog-Gli1 pathway regu-
lates the stemness of glioma-initiating cells and that cyclop-
amine, a hedgehog inhibitor, could reduce glioma tumor volume
(Clementetal. 2007) though the mechanisms by which inhibition
of F Gl p diffe of glioma-
initiating cells were not i { d. Cy i
sphere-forming ability of TGS-01 cells, bmthlseffectwasweaker
than that of SB431542, and these two agents failed to show addi-
tive or synergistic effects (Figure $12). Therefore, it is likely that
there are at least two types of GSCs, Hedgehog-Gli1 pathway-
dependent cells and TGF-B-Sox4-Sox2 pathway-dependent
cells. To apply Hedgehog inhibitor and TGF- inhibitor to clinical
stages, it will be necessary to assess GSCs of each patient for
their signal dependency.

While this manuscript was under revision, Pefiuelas et al.

nervous system (Cheung et al., 2000). So far, Sox4 p
sion has been found to be associated with several human cancer
types, including not only glioma but also hepatic cellular carci-

(2009) p thy that TGF-B increases glioma-initi-
ating cell self-renewal through induction of LIF in human glioblas-
toma. Their results agree with our report in terms of the role
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Flgure 6. Sox4 Plays Important Roies in
of of Gli iti

ating Celis

(A} TGS-01 cells were dissociated into single-cell
populations, transfected with control or Sox4
SiRNA duplex, and cultured for 7 days. The data
are presented as the number of glioma spheres
formed (means + SEM of five fields).

N (B) Knockdown of Sox4 expression by siRNA in
TGS-01 cells resutted in a decrease of self-
renewal capacity in limiting dilution assay.

(C) Effects of Sox4 knockdown on CD133*
subpopulation of TGS-01 celis were determined
by flow cytometry.

(D) Quantification of Nestin-positive or GFAP-
positive cells among total cells. Differentiation of
TGS-01 cells by Sox4 knockdown was analyzed
7 days after transfection of control (N.C.) or Sox4
siRNA duplex. Error bars represent SEM.

Nestin

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents
Primary grade IV glioblastoma samples were ob-
tained during surgery from consenting patients,
as approved by the Institutional Review Board at
the University of Tokyo Hospital (Characteristics
of the patients are listed in Figure S1A). Spheres
were cummd in DMEM/F12 serum-free medium
#1 with B27
20 ng/mi of EGF, and 20 ng/mi of bFGF (both
from PeproTech). The antibodies used were as
follows: M hi (C i i-Nesti
(Chemicon), anti-GFAP (Dako), anti-Tuj1 (Cova-
nce), anti-Sox2 (R&D), anti-Sox4 (Santa Cruz),
anti-a-tubulin  (Sigma-Aldrich), ~anti-phospho-
Smad2 (Zymed Laboratories), anti-Smad2/3 (BD
on L i

“Sisoxd

and phycoery
CD133/2 (293C3) antibody (Miltenyi Biotec). SB431542 and cycio-

Although glioma-initiating cells used in our study, TGS-01 and
-04, were deprived of their igenicity in the p of
anti-LIF neutralizing antibody (Figure S13), TGF-B signaling failed
to induce LIF expression (Figure S7). Taken together, TGF-
8 signaling may maintain of glioma-initiating cells
through multiple (at least two) independent pathways.

To target TGF-B signaling in glioma, clinical studies of a TGF-
p2-specific antisense oligonucleotide AP 12009 in recurrent or
refractory high-grade glioma are ongoing (Schlingensiepen
et al., 2008). Our findings indicate that such TGF- inhibitors
should be delivered to GSCs, not only to the tumor bulk. This indi-
cation will thus pursue the realization of new therapeutic strate-
gies, inducing differentiation of GSCs in addition to suppressing
bulk tumor growth. Classical pharmacological therapies cannot
sufficiently eradicate GSCs (Liu et al., 2006a). Moreover, GSCs
were known to be resistant against radiotherapy (Bao et al.,
2006). Our results raise the possibility that TGF-8 inhlbnovs can

heximide were purchased from Sigma-Aldrich. Recombinant human TGF-§
RIl/Fc chimera was from R&D Systems.

Immunostaining

Glioma-initiating cells were seeded on poly-L-omithine (Sigma)- and fibronectin
(Sigma)-coated slide glasses and cultured for 7 days with indicated ligands or
inhibitors in serum~free medium. Cells were fixed with 3.7% paraformaidehyde,
permealized wm- PBS containing 0.3% Triton X-100, and incubated with indi-
cated sanptn were with anti-

nuclear staining.

0 robes)
Stained cells were observed with a confocal microscope (LSM510, Carl Zeiss).

Flow Cytometry

Cells and labeled with a phycoer-
ythrin-conjugated CD133 mbody The expression level was analyzed using
a Beckman Coulter EPICS XL flow cytometer with EXPO32 ADC software.

Sphere-Forming Assay
Glioma-initiating cells were cultured in non-tissue-culture-treated flask (BD
P paps 7 .

beusedina oombmahontherapyw:th lassical ph

ies and to less aggressive. To
achoeve this, we need to develop a method for delivery of TGF-
B inhibitor to GSCs. Delivery of TGF-B inhibitor to GSCs without
affecting the functions of normal brain tissues may improve prog-
nosis of GBM, one of the most lethal malignant tumors.

fields per each sample were counted under a microscope (magnification, x40).

RNA Interference

Small interfering RNAs (siRNAs, see Table S1 for sequences) were plm:naod
from and i into cells using Ol

reagent to the s
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Figure 7. Direct Suppression of Sox4
Expression by TGF-f§ Inmbrtor Isa Crrhcal
Step for DI
Cells In Vitro and In Vivo
(A) TGS-01 cells were dissociated into single-cell
i infected with irus-Sox4 or
LacZ, and cultured with or without SB431542
(1 uM) for 7 days. The data are presented as the
number of glioma spheres formed (means + SEM
of five fields).
(B) Marker expression of TGS-01 cells infected
with adenovirus-Sox4 or LacZ and cultured with
or without SB431542 (1 uM) for 7 days. Quantifica-
tion of Nestin-positive or GFAP-positive cells
among total cells is shown in graphs. Error bars
represent SEM.
(C) Development of gliomas after intracranial
transplantation of 5 x 10* TGS-01 cells infected
with adenovirus-Sox4 or LacZ (negative control)
and treated with or without TGF-B inhibitor
(SB431542, Ipmlorztm Survival of mice (n=6
‘mice for by Kaplan-
Meier analysis (left graph). p value was calculated
using a log-rank test. Right panels show the
results of histological examination of the samples
" =y .

GFAP

was

tion. Tissue sections were stained with hematox-
yiin and eosin. Scale bars, 50 um in the four left
images (%20) or 300 um in the right image (x4).

{D) Model of maintenance of stemness of glioma-
initiating cells by autocrine TGF- signaling. TGF-B
directly induces Sox4 expression. Subsequently,
Sox4 promotes expression of Sox2, which plays

roles in of glioma-
initiating cells, possibly in cooperation wlm mmv
TGF-Bi

blocks this “TGF-B-Sox4-Sox2" pathway, pro-
motes differentiation of glioma-initiating cells,
and deprives them of aggressiveness.

for each cell-plating density was calculated and plotted against the number of
celis per well.

CMV/Sox4 after linearization of it with Pacl. Viral particles were isolated by
three freeze-thaw cycles and ampilified by reinfection to HEK293A cells.

Cell Lysis and Immunoblotting

Cells were lysed with a buffer containing 1% Nonidet P-40, 20 mM Tris-HCI
(pH 7.4), 150 mM NaCl, 1 mM PMSF, 1% aprotinin, and 5 mM EDTA. Proteins
in cleared cell lysates were subjected to SDS-PAGE and transferred to Fluoro

Trans W (Pall). was using the indicated
antibodies.

Quantitative Real-Time PCR

Quantitative real-time reverse PCRwas as

previously {lkushima et al., 2008). All samples were run in triplicate in each
experiment. The primers usod are listed in Table S1. Values were normalized
to that for (GAPDH).

Limiting Dilution Assay

Chromatin was as (Koi-
numa et al., 2008). Following reverse crosslinking, DNA was treated with
proteinase K and purified using a PCR purification kit (QIAGEN). DNA was
eluted in 30 w of TE and used for PCR analysis or quantitative real-time
PCR. PCR primers are listed in Table S1.

Intracranial Proliferation Assay

Viable glioma-initiating cells (5 x 10%) in 5 i of DMEM/F12 medium were
injected stereotactically into the right cerebral hemisphere of 5-week-old
female BALB/c nu/nu mice at a depth of 3 mm. All animal experimental proto-
cols were performed in accordance with the policies of the Animal Ethics
Committee of the University of Tokyo.

Statistical Analysis of Microarray Data
Mcvoamy data were obtained from GEO (http://www.ncbi.nim.nih.gov/geo’)

Sphere cells were dissociated and plated in 96-well plates in 200 u! froe
medium. After a 7 day culture, the percentage of wells not containing spheres

ebi.ac. Data were analyzed
wnh statistical soﬁwm R (http://www.R-project.org).
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Supplemental Data include one table and 13 figures and can be found
with this article online at http://www.cell. il
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THE DEVELOPMENT AND CLINICAL USE OF A BEAM ON-LINE PET SYSTEM
MOUNTED ON A ROTATING GANTRY PORT IN PROTON THERAPY

Tew NisHio, Pu.D..* Ava MivaTAKE, M.Sc.,! Takasu OGiNo, M.D.,* KEnCHI NAKAGAWA, MD.,f
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From the *Particle Therapy Division, Research Center for lnnovauve Oncology, National Cancer Center, Kashiwa; ' Department of
Radiology, Graduate School of Medlcme. University of Tokyo; * D of Nuclear Engi mﬁ and M Graduate School
of Engineering, University of Tokyo; * Deputy Director, National Cancer Center, Kashiwa; and ' Director, National Cancer Center,
Kashiwa

Purpose: To verify the usefulness of our developed beam ON-LINE positron emission tomography (PET) system
mounted on a rotating gantry port (BOLPs-RGp) for dose-volume delivery-guided proton therapy (DGPT).
Methods and Materials: In the proton treatment room at our facility, a BOLPs-RGp was constructed so that a pla-
nar PET apparatus could be mounted with its field of view covering the iso-center of the beam irradiation system.
Activity measurements were performed in 48 patients with tumors of the head and neck, liver, lungs, prostate, and
brain. The position and intensity of the activity were measured using the BOLPs-RGp during the 200 s immediately
after the proton irradiation.

Results: The daily measured activity images acquired by the BOLPs-RGp sh d the proton irradiation volume in
each patient. Changes in the proton-irradiated volume were indicated by differences between a reference activity
image (taken at the first treatment) and the daily activity-images. In the case of head-and-neck treatment,
the activity distribution changed in the areas where partial tumor reduction was observed. In the case of liver treat-
ment, it was observed that the washout effect in necrotic tumor cells was slower than in non-necrotic tumor cells.
Conclusions: The BOLPs-RGp was developed for the DGPT. The accuracy of proton treatment was evaluated by
measuring changes of daily measured activity. Information about the positron-emitting nuclei generated
during proton irradiation can be used as a basis for ensuring the high accuracy of irradiation in proton
treatment. © 2010 Elsevier Inc.

Dose-volume delivery guided proton therapy (DGPT), Beam ON-LINE PET system on rotating gantry port

(BOLPs-RGp), Target nuclear fragment reaction.
INTRODUCTION

Proton therapy is a form of radiotherapy that enables the con-
centration of a dose onto a tumor by the use of a scanned or
modulated Bragg peak. Therefore, it is very important to
evaluate the proton-irradiated volume accurately.

Recently, to ensure the high accuracy of proton therapy,
imaging studies of positron-emitting nuclei that are generated
by target nuclear fragment reactions involving incident pro-
tons and nuclei from a patient’s body have been performed
(1-14). The annihilation gamma rays from the positron-
emitting nuclei were measured by a positron emission tomog-
raphy (PET) system (specifically a beam OFF-LINE PET

system using commercial PET apparatus or PET-computed
tomography [CT] apparatus postirradiation or a beam ON-
LINE PET system in a proton treatment room). The beam
OFF-LINE PET system using the commercial PET-CT appa-
ratus has the advantage of being able to easily acquire fusion
images and the ability to reconstruct three-dimensional im-
ages. However, the time required for the movement of the
patient to the PET room (10-30 min) and the resulting dete-
rioration of the statistical accuracy of the acquired data are
large disadvantages. With the beam ON-LINE PET system,
capturing a large view and the acquisition of three-dimensional
images are difficult because of geometrical problems caused
by the beam direction and the PET apparatus (7, 15, 16).

Reprint requests to: Teiji Nishio, Ph.D., Particle Therapy Divi-
sion, Research Center for Innovative Oncology, National Cancer
Center, Kashiwa 6-5-1 Kashiwano-ha, Kashiwa-shi, Chiba 277-
8577, Japan. Tel: (+81) 4-7133-1111; Fax: (+81) 4-7134-7048;
E-mail: tnishio@east.ncc.go.jp

Conflict of interest: none.

Supported by Health and Labour Science Research Grants from
the Japanese Government.

277

Acknowledgment—The authors would like to thank the staff mem-
bers of the Proton Radiotherapy Department of the National Cancer
Center, Kashiwa for their help and the members of SHI Accelerator
Service, Ltd., and Accelerator Engineering, Inc., for operating of the
proton apparatus. We also acknowledge T. Okamoto of Hamamatsu
Photonics, K. K., T. Tachikawa of Sumitomo Heavy Industries,
Ltd., and H. Oka of SGI Japan, Ltd., for their technical support.

Received Jan 6, 2009, and in revised form May 28, 2009.
Accepted for publication May 29, 2009.

—405—



278 1. J. Radiation Oncology @ Biology @ Physics

The ability to take daily PET images with a high statistical
accuracy while the patient remains in the proton irradiation
room is a large advantage. Besides, availability of a cone
beam (CB) CT system or CT apparatus in the irradiation
room can offer the possibility of daily and in situ monitoring
of the patient’s anatomy. A prototype beam ON-LINE PET
system (BOLPs) was previously constructed for basic research
(10), and verification of the proton-irradiated volume in
a patient’s body was confirmed using a PET apparatus and
a PET-CT apparatus (beam OFF-LINE PET system) (13).

A BOLPs mounted on a rotating gantry port (BOLPs-
RGp) was constructed in our proton treatment room. Activity
measurement and PET imaging were performed in 48 pa-
tients with tumors of the head and neck, liver, lungs, prostate,
and brain during proton treatment at our facility. The position
and intensity of the activity were measured daily using the
BOLPs-RGp immediately after proton irradiation. Using
the activity measurement, we were able to confirm whether
the proton beam irradiation of the tumor was reproducibly
performed during the treatment period. Moreover, changes
in the activity distribution were observed as the volume of
the tumor changed, and these changes were related to the de-
livery dose, changes in the body shape and position of the pa-
tient, and the physiologic changes. The PET images from the
BOLPs-RGp were sufficient to provide high-quality proton
treatment.

METHODS AND MATERIALS

Design of a beam ON-LINE PET system mounted on an
RGp

Via the detection of pairs of annihilation gamma rays emitted
from the generated radioactive nuclei of a patient’s body, the
BOLPs-RGp is designed to determine the position and activity of
the positron-emitting nuclei generated in patients by proton irradia-
tion. Figure 1 is a picture of the BOLPs-RGp. The BOLPs-RGp was
developed as a standardized system for use with proton therapy de-
vices. During proton therapy, the detector heads have many degrees
of freedom and the system allows remote control adaptation to each
new proton beam condition and a patient’s position. As a result, the
measurement of the activity distribution is simple.

A planar positron imaging system (Hamamatsu Photonics K. K.,
Hamamatsu, Japan) (17) was newly arranged for the BOLPs-RGp.
In comparison to the system used previously (10), the 24 detector
units mounted on each detector head were increased to 36 detector
units, and each unit was composed of 11 x 10 arrays of BGO
(BiyGe;0,,) crystals with a crystal size of 2 x 2 x 20 mm?®. Fur-
thermore, the 2,400 crystals were increased to 3,600 crystals. The
gap of each unit became 3.3 mm from 11.0 mm for minimizing
dead space in the detector. The field of view (FOV) became
164.8 x 167.0 mm? from 120.8 x 186.8 mm”. The maximum field
size is 185.0 x 185.0 mm? in the rotating gantry port with the
BOLPs-RGp. Therefore, the FOV can almost cover each treatment
site of the head and neck, liver, lungs, prostate, and brain for a pro-
ton treatment in our facility. However, in case of prostate, the depth
activity distribution is not measured in the entrance of the incident
proton beam. The BOLPs-RGp was mounted on and the center of
its detection area was aligned with the iso-center of the rotating
gantry in the treatment room of the proton therapy facility at our
center. A PET image ted by a back-p tion method

Volume 76, Number 1, 2010

Fig. 1. Setup of the BOLPs-RGp, which is mounted on the rotating
gantry port of our proton treatment room.

along the axis of the proton beam direction is always included in
the FOV of the opposing detectors together with the axis of the ro-
tating angle of the gantry system. The distance between the two
opposing detector heads of the BOLPs-RGp can be adjusted
from 30 to 100 cm. When the activity is not being measured, the
detector head is stored inside the wall of the gantry device. The
position resolution of this system is about 2 mm for the full width
at half maximum in the case of use of *Na point source. The
maximum data collection rate for the coincident detection of pair
annihilation gamma rays is about 4,000 counts/s/cm> (kcps/cmz).
The accuracy of the measurements of activity distribution by this
system was verified by a prototype beam ON-LINE PET system
(10). The measured data are stored using in the software’s list
mode format. The activity image is renewed every second. The
information of the on-off time points of beam irradiation is
recorded in the data, and the image can be restructured according
to this information. The PET data from the irradiation field of
each patient are d throughout each day.

The detection efficiency of the distance between the detector
heads was calibrated by using the thin-flat acrylic container filled
with "*F-solution. The calibration is used for a correction of the im-
aging uniformity and the detecti ivity. The ion coef-
ficient of 511-keV gamma rays in the patient’s body was calculated
by the patient’s CT image data. They are used for a construction of
the activity imaging. The correction of the photon scattering in the
patient’s body is not considered for the activity imaging. Further-
more, the photons scattered in the patient’s body outside the FOV
are detected by the effect of the geometry of the detector head.
Therefore, the activity image is contaminated by about 10% back-
ground in this system. As the result, the position resolution of the
activity distribution will become large more than 2 mm in the clin-
ical case of a proton therapy.

Activity measurement in a patient during proton treatment
The measurement of activity was performed daily in 48 cases in-
volving tumors of the head and neck, liver, lungs, prostate, and brain
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using the BOLPs-RGp. The position and intensity of activity were
measured during the 200 s immediately after proton irradiation us-
ing the trigger signal of the beam-off time. The measurement was
performed using the shortest possible distance between the two op-
posing detector heads of the BOLPs-RGp for each patient. The av-
erage distance of the detector heads was 40 cm for the head and neck
and the brain, 70 cm for the liver and the lungs, and 50 cm for the
prostate. The time of 200 s after proton beam irradiation was chosen
according to the intensity of activity estimated from the results of
other studies (10, 13). The activity data obtained during proton irra-
diation were not used for PET imaging. Various types of back-
ground radiation (X-rays, gamma rays, and neutrons) occur during
proton beam irradiation, and the quality of the activity image be-
comes markedly worse in their presence (2, 10, 15, 16). Further-
more, high radiation decreases the accuracy of the detector.

Veri ion of activity was performed in 18, 4, 15,
10, and 1 cases involving tumors of the head and neck, the liver, the
lungs, the prostate, and the brain, respectively. The typical fractional
dose is 2.5 Gy equivalents (GyE = Gy x the relative biologic effec-
tiveness: [= 1.1 = constant]) for the head and neck, 3.8 GyE for the
liver, 4.0 GyE for the lungs, 2.0 GyE for the prostate, and 2.5 GyE
for the brain in-our facility. The irradiated field is typically planned
with three fields in the head and neck and two fields in other sites.
Furthermore, the typical number of irradiated field per fractional
dose is one in the head and neck, liver, and prostate, and two in
the lungs. The fractional dose was delivered over an irradiation
time of 10-300 s. The proton beam irradiation was synchronized
with the organ motion caused by respiration in the liver and the
lungs.

Procedure for clinical use of activity image

A flow chart of procedure for clinical use of the BOLPs-RGp is
shown in Fig. 2. In the clinical use, the main operation is to take
an activity image every day and compare the activity image of the
first day of treatment with each activity image during the compara-
tively long period of the treatment. If the difference of both the im-
ages is confirmed by reducing of the tumor size and changing of the
body shape, then the new dose distribution is obtained from redose
calculation of the plan on a new CT image acquisition, and the first
proton plan is i diatel d to the new plan.
As a result, proton treatments of high accuracy can be offered to
the patient by keeping of the planned dose delivery.

RESULTS

Estimation of the measurement time for PET imaging

An estimation of an appropriate measurement time for
PET imaging was performed using the measured activity
data from tumors of the head and neck. The proton beam con-
ditions were as follows: an energy of 120 MeV, a spread out
of Bragg peak (SOBP) of 80-mm width, a gantry angle of
340°, a fractional dose of 2.5 GyE, and an irradiation time
of 24 s. The distance between the detector heads was 70
cm, and the detection rate of the activity was 1.5 kcps. The
left panel of Fig. 3 shows the number of detection events
per volume during the detection period after proton beam
irradiation. The statistical error (= standard deviation/mean
value) decreased as the detection time increased. The error
was 2.8% for a 200-s detection time, 3.0% for 150 s, 3.4%
for 100 s, and 4.4% for 50 s. The right panel of Fig. 3 shows
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Fig. 2. Flow diagram of the procedure for the clinical use of the
BOLPs-RGp.

PET images taken using detection times of (a) 0, (b) 50, (c)
100, and (d) 200 s.

PET images of each treatment site

Typical PET images obtained by the BOLPs-RGp are
shown for each case involving tumors of the head and
neck, the liver, the lungs, the prostate, and the brain. Figure 4
shows the calculated dose distribution and the measured ac-
tivity distribution on the first treatment day. The beam irradi-
ation parameters were shown in Table 1. The PET images
were obtained during the 200 s after proton beam irradiation.
The mean detection rates of the activity generated in the pro-
ton beam irradiated volume were 1.58, 1.39, 0.53, 1.08, and
1.85 kcps, respectively. The color line and wash normalized
to the iso-center show the dose distribution and activity dis-
tribution, respectively. By comparing and verifying between
the calculated dose distribution and the measured activity dis-
tribution, it can be confirmed visually and roughly that the
proton beam has irradiated the tumor. In cases of the liver
and the lungs, the length of beam irradiation time is adjusted
according to the stability of respiration on the treatment day
and the patient. By the effect of organ motion, the number of
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Fig. 3. The number of detection events per volume and PET images obtained during the detection period after proton beam
irradiation. The PET images for detection period of (a) 0, (b) 50, (c) 100, and (d) 200 s are shown.

the detection event of the activity measured in the gating win-
dow will became about one third of the total detection events,
and the statistical error will increase. Therefore, the measure-
ment was performed with no synchronization with organ
motion by respiration.

Changes in the activity distribution during the treatment
period

In each treatment site, the activity distribution changed
probably by reduction of the tumor size and changing of
the body shape was conspicuously observed in some cases
of the head and neck.

The verification was performed for a case involving tu-
mors of the head and neck. Proton beam irradiation was per-
formed in three fields of view: Port 1: 123 MeV, 90-mm
SOBP, 350° gantry angle, 0° bed angle; Port 2: 121 MeV,
90-mm SOBP, 10° gantry angle, 20° bed angle; and Port 3:
117 MeV, 80-mm SOBP, 340° gantry angle, 350° bed angle.
The irradiation dose was 2.5 GyE. Figure 5 shows a calcu-
lated proton dose distribution, an activity distribution, and
a depth profile of a 2.5-GyE dose irradiation after a delivery
dose of 2.5 (reference image), 10.0, 17.5, or 32.5 GyE from
Port 1, a delivery dose of 5.0 (reference image), 12.5, 20.0, or
35.0 GyE, from Port 2, and a delivery dose of 7.5 (reference
image), 15.0, 22.5, or 30.0 GyE from Port 3. Changes of the
activity distribution were observed according to changes of
the proton beam range and the dose delivered by previous ir-
radiations resulted in a reduction of the tumor (see the arrow
and the area surrounded by the dotted line in Fig. 5). The
changing values of the activity range for each irradiation field
(Port 1, Port 2, and Port 3) are shown in upper left of Fig. 6.

The activity range was defined by the depth point of 50%
distal falloff in the activity distribution normalized at the
iso-center. The changing value of the activity range fully
exceeded a 10-mm length. Moreover, to observe the changes
in the activity distribution in the depth direction in a similar
manner, the ratio of the integration of the detected numbers
between 20 mm and 70 mm from the iso-center was
expressed as follows:

(dA(D) /dz) dz

= (¢)]
o (4A0)/dz)dz

Here, z is the depth, D is the delivery dose, A(D) is the
depth activity distribution, and A(0) is the reference depth ac-
tivity distribution. The ratio of the delivery dose is shown in
the middle left of Fig. 6. The bottom left of Fig. 6 is the proton
beam irradiation time per fraction dose at each irradiation.
The average of the irradiation time was 30 s, and the differ-
ence of the irradiation time at random was within 3 s.

In this case, anew CT image was scanned and a retreatment
planning was produced after the delivery of 35 GyE of the
prescribed dose of 65 GyE. The volume of the tumor was de-
creased from 184 mL to 125 mL (the arrow in right of Fig. 6
shows the visible tumor reduction), and the maximum beam
range was shortened by 20-mm water equivalent length. In
the other 2 cases of 18 clinical cases of the head and neck,
the changing activity range of more than 10 mm was ob-
served. Similarly, the new CT image acquisition and the re-
treatment planning were immediately performed after the
observation of the changing activity range. The reduction
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Fig. 4. (continued).

of the tumor’s volume was more than 100 mL. Also, in car-
bon therapy, similar observation of the tumor shrinkage has
been reported in (7). The BOLPs-RGp indicated that the pro-
ton irradiation dose was delivered to the brain stem of organs
at risk.

Washout effect of the activity in the treatment period

A histopathologic examination demonstrated that higher
activity was observed in regions containing necrotic liver
cells than in any other region. The upper panel of Fig. 7
shows the calculated dose distribution and the measured ac-
tivity distribution on a CT image taken at the first treatment of
a 3.8 GyE delivery dose. The bottom left panel of Fig. 7

shows the number of detection counts per 20 s of activity
in the regions of interest of areas A and B in the liver. Hence,
the region of interest of area A is the necrotic region of the
tumor, and area B is the normal tumor region. Therefore,
area B-A is equivalent to the area of the tumor minus the ne-
crotic region. The observed decay curves in the region of in-
terest of area A and B-A were fitted well enough using
a double exponential equation. The two half-lives of the dou-
ble exponential fitting were 31 + 8 s and 146 + 20 s in the
area A, and 21 =4 s and 164 + 11 s in the area B-A, respec-
tively. The half-life was longest in the necrotic region of the
tumor. The activity images for the 200 s measurement by the
BOLPs-RGp are shown in the left of Fig. 8. The high activity

Table 1. Summary of proton beam irradiation parameters

s el

Proton energy SOBP Gantry angle Bed angle F I dose Ir time
Treatment site [MeV] [mm] [deg.] [deg.] [GyE] [sec.]
(a) Head and Neck 123 90 0 0 2.5 39
(b) Liver 137 70 270 0 3.8 229
(©) Lungs 145 70 160 0 20 38
(d) Prostate 187 50 270 0 2.0 15
(e) Brain 122 90 330 90 2.5 40
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Fig. 5. The calculated proton dose distribution, measured activity distribution of a 2.5-GyE dose irradiation, and the depth
profile of the measured activity normalized to the iso-center (0-mm depth) of the reference activity after a delivery dose of
2.5-35.0 GyE.

of the necrotic region decreased to same level as the normal
parts of the liver in the last treatment. The ratio F of the de-
tection activity normalized to the activity data from the first
treatment for the delivery doses in the area A and the area
B-A is expressed as follows:

0

F(D) = PO W 2)
[ (anN(D)/ds)ds) [y ds

[* @N(D)/ds)ds/ |, ds

Here, N is the detection number, S 4 is the square of area A,
and Sg is the square of area B. Ratio of the F values normal-
ized at the value in first treatment calculated by using Eq. 2
and proton beam irradiation time per fraction dose are shown
in the right of Fig. 8. The average of the irradiation time at
random was 159 + 77 s. There was no correction in the irra-
diation time and the decrease of the activity shown in Fig. 8.
A decrease in the activity of the necrotic region was observed
after the delivery dose was increased without depending on
the beam irradiation time per fraction dose.

DISCUSSION

This study focused on the development of the BOLPs-RGp
and its clinical use against tumors of the head and neck, liver,
lungs, prostate, and brain in the proton therapy. Quick mea-
surement of the activity generated in a patient’s body after
proton irradiation is feasible by using the BOLPs-RGp. The
elements tracked by the activity imaging are ''C (20.39
min), '°C (19.26 s), *N (9.965 min), *0 (122.2 5), ‘O
(70.61 s), *°P (2.498 min), and **K (7.636 min), and accord-
ing to the results of a simulation by Parodi et al., the "key”
positron emitter nuclei are '1C and 'O (14). The measure-
ment of this activity must be immediately performed after
proton irradiation as the half-life of 'O is about 2 min. As
a result, the information for activity imaging is obtained in
a short period. On the other hand, in the case of a beam
OFF-LINE PET system used with a commercial based PET
or PET/CT apparatus, it is very difficult to measure the activ-
ity of 'O for several minutes even at the start of the activity
measurement after proton irradiation. The main elements
used for activity imaging are '*O for measurements with
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the BOLPs-RGp and ''C for measurements with the beam
OFF-LINE PET system. As a tumor is equivalent to soft tis-
sue, the measurement of the many 'O nuclei generated in
a tumor by proton irradiation is very important for the obser-
vation and evaluation of the changing form and the delivery
dose response of the tumor. '*C is present and ''C is gener-
ated in the adipose tissue. Therefore, high activity is indicated
in the region under the skin when using the beam OFF-LINE
PET system. Furthermore, the BOLPs-RGp has the advan-
tage of taking measurements with the patient in same position
during proton irradiation. However, the CT image for the pa-
tient positioning can not be acquired at the same time as the
activity measurement when using the BOLPs-RGp. This
problem can be solved by the technological introduction of
a CBCT.

At present, the length of activity measurement with the
BOLPs-RGp after proton beam irradiation is 200 s; but, it
may be possible that the measurement time can be shortened
to less than 200 s as a result of this research. However, the
measurement time must be determined with consideration
to the detection efficiency by the delivery dose of each treat-
ment site, the distance between the detector heads, and the
activity measurement synchronized with the organ motion
caused by respiration in the case of the liver and lungs.

The BOLPs-RGp has been used in the daily proton treat-
ment of 48 patients. The monitoring of the accuracy of the
proton beam irradiation was performed by comparing and
verifying the daily activity images with reference activity im-
ages obtained at the start of the proton treatment. Specially,
optimized proton treatment was performed by quickly re-
planning treatment in three clinical cases involving head-
and-neck tumors, because different activity distribution
were observed in the two images during the treatment period.
The decrease of the activity in the region of necrotic cells in
the liver tumor found during the histopathological examina-

tion was linked to an increase in the delivery dose. It is sug-
gested that the increase in the washout effect in the necrotic
region is caused by a decrease in the number of necrotic cells
in the liver because of increased blood flow caused by the
higher proton delivery dose. This effect may indicate
a need to adapt the treatment to the dose response of the tu-
mors in individual patients as well as the observation of the
functional metabolism of organs.

The quality of the activity image is reduced by the large or-
gan motion of the liver and the lungs. In cases of the prostate,
the verification of changes in the activity distribution against
the condition of the bladder and the position of the head of the
femur will be reported in future. Moreover, a study concern-
ing the experimental determination of cross sections of the
target nuclear fragment reaction has been completed, and
asi ion system that includes our cross-section data for
calculating activity distribution in a patient’s body with
a high accuracy has been constructed using a cluster com-
puter system. Many results of the research of the simulation
have been already reported by the study group of Parodi et al.
(12, 14). Finally, the ideal DGPT will be achieved through
these developments and the research.

CONCLUSIONS

A BOLPs-RGp was constructed in our proton treatment
room. The BOLPs-RGp has been used in many clinical cases.
Report of the clinical use with beam ON-LINE PET or in-
beam PET in the proton therapy has been never done before.
The daily activity images obtained indicated the proton irra-
diation volume of the admini d to pati In-
formation about the positron-emitting nuclei provided by the
BOLPs-RGp will be important for improving proton treat-
ment accuracy in the future. DGPT (10) will thereby be
achieved via daily proton treatment using the BOLPs-RGp.
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High—dose rate brachytherapy alone in postoperative soft tissue sarcomas
with close or positive margins
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PURPOSE: In the management of soft tissue sarcomas, perioperative radiation therapy has been
However, a ifi of pc ive

& P

high—dose rate brachytherapy (HDRBT) remains to be studied. Retrospective analysis was per-

METHODS AND MATERIALS: Twenty-five patients with 26 soft tissue sarcoma lesions under-
went postoperative HDRBT using 192]r remote afterloader without external beam radiation therapy.
Ninety-two percent of the lesions were Grade 2 or 3 malignancies, and 50% were resected with
positive surgical margins. The remaining 50% had very close margins. Fourteen lesions were
treated for local recurrences after previous resections. Applicators of HDRBT were placed during
the operation to include only the tumor bed excluding surgical scars. Applied dose was mainly

RESULTS: Five-year local recurrence-free survival was 78.2% in all the 26 lesions. Recurrences
were not seen within the treated volume of HDRBT. Two groups were defined according to the
marginal status and number of prevxous operanons Group 1 was the lesions with a positive margin
g lesions were classified as Group 2. Five-year local
recurrence-free survival was 43.8% and 93.3% in Group 1 and Group 2, respectively with a statis-

CONCLUSIONS: Postoperative HDRBT was effective in controlling local lesions; but in Group 1
lesions, addition of a wide field external beam radiation therapy seems to be necessary to improve
the local control rate. © 2010 American Brachytherapy Society. Published by Elsevier Inc. All

ABSTRACT
used to reduce the risk of local recurrence after
formed to elucidate the role of postoperative HDRBT.
36 Gy/6 fractions/3 d b.i.d.
and foregoing The
tically significant difference (p = 0.004).
rights reserved.

Keywords: High—dose rate py; Soft tissue

Introduction

In the management of soft tissue sarcomas (STSs),
surgical resection is the mainstay of treatment. However,
local recurrence is seen frequently, especially in the
patients with positive surgical margins, a large tumor,
and/or recurrence after foregoing surgery (1, 2). Post- or
preoperative radiation therapy has been demonstrated to
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be effective in reducing the risk of local recurrence
(2—4). Furthermore, the combination of surgery and perio-
perative radiation therapy has changed the management
policy of the STSs from a mutilating radical amputation
to limb-sparing therapy. External beam radiation therapy
(EBRT) is the most frequently used method of radiation
therapy, whereas postoperative radiation therapy using low—
dose rate brachytherapy (LDRBT) has been reported to be
also effective in lowering the local recurrence rate (3, 5). In
contrast, postoperative high—dose rate brachytherapy
(HDRBT) of STS has been published only sporadically
and its clinical significance in the management of STSs
remains to be studied (6—10). In National Cancer Center
Hospital, HDRBT has been used without EBRT in the post-
operative radiation therapy of patients with STSs, whose

1538-4721/$ - see front matter © 2010 American Brachytherapy Society. Published by Elsevier Inc. All rights reserved.

doi:10.1016/j.brachy.2009.07.012

—415—



350 J. Itami et al. / Brachytherapy 9 (2010) 349—353

removal seemed to result in a resection with positive or
close margins. In this study, the role and significance of
postoperative HDRBT alone in the management of STS is
analyzed retrospectively.

Methods and materials

From 1995 to 2008, 25 patients with 26 STS lesions
underwent postoperative HDRBT alone in National Cancer
Center Hospital. There were 10 men and 15 women. In
a male patient with malignant fibrous histiocytoma, the
lesion was managed with operation and postoperative
HDRBT and the tumor recurred proximal to the original
site. The recurred tumor was resected and postoperative
HDRBT was administered repeatedly (Table 1). Median
age was 60.7 years ranging from 9 to 76 years. Primary
sites of the tumors were upper extremity with 12 lesions
and lower extremity with 11 lesions. Primary truncal STS
was seen in three lesions. As for pathology, malignant

Table 1

Age and sex of the 25 patients and characteristics of the 26 lesions
undergoing postoperative high—dose rate brachytherapy for soft tissue
sarcomas

Number
60.7 (range, 9—76)

Characteristics

Median age (y)

Sex

Male:female 11:15
Primary Site

Upper extremity 12

Lower extremity 11

Trunk 3
Histopathology

Malignant fibrous histiocytoma 12

Leiomyosarcoma 3

Synovial sarcoma 3

Liposarcoma 2

Rhabdomyosarcoma 2

Others 4
Malignant grade

1 2

2 9

3 15
Tumor size

Mean 9 cm (range, 1.2—22)

<5cm 9

>5cm 17
Number of previous operations

0 12

>1 14
Status of surgical margin

Positive 13

Negative 13
Chemotherapy

Yes 12

No 14

fibrous histiocytoma was most frequently seen in 12 lesions
followed by leiomyosarcoma in three lesions. Eighty-eight
percent of lesions were diagnosed as Grade 2 or 3 in three-
tiered grade classification. Surgical margins were micro-
scopically positive for sarcoma cells in 13 lesions; whereas
in 13 lesions, resection margins were very close (less than
5 mm) to the tumor because vicinity of the tumor to the
functionally important structures, such as major neurovas-
cular bundles, made it difficult to attain adequate surgical
margins. The maximal tumor size in the pathologic spec-
imen was 9 cm in a mean with a range between 1.2 cm
and 22 cm. Included in the present study were also the
STSs, which recurred after previous surgeries. Fourteen
lesions were treated by resections and HDRBTs for recur-
rences after the previous surgeries. Number of the fore-
going surgeries ranged from one to eight.

Indication of the postoperative HDRBT was determined
preoperatively by a joint meeting of orthopedic surgeons
and radiation oncologists. Postoperative HDRBT was used
to preserve major neurovascular bundles or major muscles,
which are indispensable to maintain the functional integrity
of extremities. During the operation, resection margins
close to or contaminated by tumor were confirmed by both
orthopedic surgeons and radiation oncologists. Surgical
clips were placed to delineate the tumor bed as well as
the resection margins very close to the lesion. The flexible
applicator tubes of HDRBT were placed to cover the tumor
bed with 1—2cm margins in a parallel fashion with
1—1.5cm intervals between the tubes. Applicator tubes
have a closed end and were sutured to the tumor bed.
The open ends of tubes were pulled through the skin and
connected to the remote afterloading machine. Muscular
or adipose tissue flaps of about 5 mm thickness were used
to cover major nerve and/or vascular bundles to avoid direct
contact of the applicators. The tubes were removed after
completion of the HDRBT. Radiation therapy planning
was performed by Plato (version 14.3.7; Nucletron,
Veenendaal, The Netherlands). The coordinates of the tube
applicators were digitized using orthogonal x-rays and/or
CT images. The dwell positions of HDRBT source were
located to cover tumor bed encircled by the surgical clips.
No special efforts were exerted to include all the scar and
drainage sites. Geometric optimization was used to calcu-
late dwell times with a reference poinof 5 mm lateral to
the midportion of the central tube applicator. For HDRBT,
192r afterloading machine was used (microSelectron HDR;
Nucletron, Veenendaal, The Netherlands). All the lesions
but one were irradiated with a fractional dose of 6 Gy,
and the remaining one was treated by 4.5 Gy because
neighboring nerve could not be adequately protected by
the flap. The HDRBT was done b.i.d. with an interval
between the fractions of at least 6 h. Six fractions were
administered in all but one lesion, which was treated with
four fractions because of the accidental early slip out of
the applicators. In 24 lesions, applied dose was 36 Gy,
30 Gy, and 27 Gy each in one lesion (Table 2). Interval
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Table 2
Postoperative high—dose rate brachytherapy for soft tissue sarcomas
Characteristics Number
Interval between OP and BT (days)
Mean 5.3 (range, 1-7)
<5 2
>5 24

Median number of applicators 7 (range, 2—15)

Fractional dose
4.5 Gy
6Gy 25

Number of fractions
5
6

Total dose (EQD?2 for tumor control)
27 Gy (32.6 Gy) 1
30 Gy (40 Gy) 1
36 Gy (48 Gy) 24
74.

2

Mean volume encircled
by the prescribed dose
OP = operation; BT =
2 Gy fraction.

9 cc (range, 18.5—173)

dose with

py: EQD2 = equi

between the operation and the HDRBT was 5.3 days in
a mean, and 24 HDRBTs were commenced between 5
and 7 days after the operation. Number of implanted tube
applicators ranged from two to 15 with a median of seven.
The treated volume encircled by the prescribed dose ranged
from 18.5 to 173 cc with a mean of 74.9 cc. Chemotherapy
was delivered in 12 lesions.

Median followup length was 49.7 months ranging from
4.7 to 187 months. Local recurrence-free survival (LRFS)
was calculated in the 26 lesions, and overall survival
(OS) in all the 25 patients. Local recurrence was defined
as a regrowth of the STS within 5 cm from the operation
scars. LRFS and OS were calculated by Kaplan—Meier
method (11) with a difference between the survival curves
evaluated by a logrank test. Acute morbidities seen within
6 months after HDRBT were classified according to the
National Cancer Institute Common Terminology Criteria
for Adverse Events version 3.0, whereas Radiation
Therapy Oncology Group/European Organization for
Research and Treatment for Cancer criteria were used for
late morbidities (12).

Results

Local recurrence was observed in five lesions. All the
local recurrences occurred outside of the treated volume
of HDRBT. These local recurrences were within the treated
volume, if postoperative EBRT were administered encom-
passing all the surgical scars with 5 cm margins. LRFS of
all 26 lesions was 78.2% in 5 years. According to the
surgical margin status, 5-year LRFSs of positive and nega-
tive margins were 90.9% and 64.6%, respectively, without
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Fig. 1. Local recurrence-free survivals according to surgical margin
status.

a statistically significant difference (p =0.11) (Fig. 1). In
the lesions treated as a primary therapy, LRFS is 90.9%
in 5 years, whereas the recurrent lesions after previous
operations showed 5-year LRFS rate of 66.5% (p = 0.15)
(Fig. 2). The lesions were classified into two groups accord-
ing to the surgical margin status and number of foregoing
operations. Group 1 was defined as recurrent lesions, which
were resected with positive surgical margins. All other
lesions were classified into Group 2. There were eight
lesions in Group 1 and 18 in Group 2. Five-year LRFS
was 43.8% and 93.3% in Group 1 and Group 2, respectively
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Fig. 2. Local free survivals ding to number of previous
operations.
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