radiotherapy and chemotherapy is usually emgloyed either
for symptomatic or resectability improvement.*” Despite the
use of multimodality therapy, 5-year survival rates of
patients with LRRC remain 22-31% and local control rates
50-71%.%%% On the other hand, CIRT alone has an over-
all survival rate of 42.8% and local control rate of 81% at
5 years.”” By analyzing these 5-year survival rates and local
control rates based on our calculated mean cost of
¥4 803 946 for CIRT and ¥4 611 110 for multimodality
treatment, CIRT seems a cost-effective treatment modality
for LRRC (Table 4). In addition, the wide range of cost and
high cost at GUH (Table 2) was mainly a consequence of
differences in survival (Fig. 1) and variation in days of
admission (Table 2) that could be linked to severity of treat-
ment complications (Table 5). For example, the absolute
total costs for patients #1 and #2 in the multimodality treat-
ment group were higher than the other patients in the same
group (about ¥8 million) due to their long days of admis-
sion (Table 2) including admission to the intensive care unit.
The same applies to patient #8 in the CIRT group (Table 2).
On the other hand, patients #9 and #10 in the multimodality
treatment group had a cost of about ¥1.8 million (Table 2)
because they had the least survival among the group and
died within the first year (Fig. 1).

The present study included all direct costs for 2 years of fol-
low-up from the time of recurrence. Although CIRT yielded bet-
ter outcomes, there was insignificant difference between the
mean costs of both treatment modalities. The calculated ICER
in terms of gain in overall survival probability due to carbon ion
radiotherapy is ¥6428 per 1% increase in survival.

The limitations of this study are that it is retrospective and
that it could not include all indirect costs, such as loss of eco-
nomic productivity during and after the treatment as well as the
cost of intangibles. However, the duration of radiation therapy
and length of hospital stay related to the complications and tox-
icity, are both in favor of CIRT and may provide some clues
regarding indirect costs. Additionally, in the current 2-year fol-
low up study, the local control rate could not be evaluated due
to improper documentation of exact date of distant metastasis at
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Particle Beam Radiotherapy With a Surgical Spacer Placement for
Advanced Abdominal Leiomyosarcoma Results in a Significant Clinical Benefit
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MASAO MURAKAMI, mp, phD,? YOSHIO HISHIKAWA, mp, ph,? AND YONSON KU, M, pho’

!Division of Hepato- Bl’l.]ry-Pdn(lt‘Jll( Surgery, Department of Surgery, Kobe University Graduate School of Medicine, Kobe, Japan
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INTRODUCTION

Leiomysarcoma is a rare malignant tumor originating from smooth
muscle cells. Because of the limited number of cases. the natural
history and optimal treatment have not been clarified. In particular,
prognosis of leiomyosarcoma uru.m.mnb from large vessels including
the inferior vena cava (IVC) and aorta is tleLll'IL])’ poor. Recent data
support an - agg surgical 1 with adjuvant
chemotherapy as the best treatment option for a leiomyc ma from
the IVC [1,2). However, the long-term outcome ol cu esections
for lciomyosarcoma from large vessels has been disappointing. The
5-year survival rates obtained with absolute curative resections were
observed to range from 34.8% 1o 5§3.3% [1,2]. Hines et al.
suggested that radiation therapy after a surgical resection may
survival. 1t should be noted. however, that an absolute

utive

resection was performed in all of their cases and the effectiveness off
chemotherapy and radiotherapy were assessed in the framework of

ment of

adjuvant therapy. There is no report about the tre
unresectable leiomyosarcoma and the overall survival rate.

Particle beam radiotherapy is a new mode of radiotherapy that has
an inherent ge over photon radiotherapy. Particle beams, such
as proton and carbon ion beams, show an increase in energy deposition
with penctration depth up to a sharp maximum at the end of their range
1o form the so-called Bragg peak. It thus permits delivery of higher
doses of radiation (o the tumor. which may lead to profoundly
improved tumor eradication. Recent results from major centers have
shown the therapeutic superiority of particle radiotherapy for various
Kinds of malignant tumors [3.4). However, the application of particle
beam radiotherapy for abdominal malignant wmors is restricted
because most of them come in contact with the intestine that cannot
tolerate the radical dose of particle beams. Several studies have

|n\c~u“ud the risk factors related 1o late gastrointesti tract
rbance after radiotherapy. Ishib et al. [5] assessed that the
dosimetric wils a very i factor in the occurrence of

gastrointestinal bleeding after particle radiotherapy. Gastrointestinal
disturbances, such as uleer formation and colitis, generally occur
within several months after the completion of particle |
However, the imadiated volume of a marginal wmor is normally
limited to make it lower than the maximum dose in order t prevent any
toxicity 1o the nearby gastrointestinal  tr: To overcome  this
limitation, we developed a novel two-step treatment with a surgical
spacer placement and subsequent proton beam  radiotherapy and
achieved a significant clinical benefit for three patients.

© 2009 Wiley-Liss, Inc.

crapy.

METHODS

The treatment strategy is an attempt to keep the intestine away from
the irradiation ficld by spacer placement and o perform proton
beam radiotherapy with a curative intent. Eight Gore-Tex sheets
(20em x 15em x 2mm®) were superimposed and applied as a spacer
to keep safety margin away from the intestine. The spacer was fixed
with the retroperitoneum and peritoneum. During the spacer placement
surgery, no part of the tumor was resected because it was just a first step
Lo allow proton beam radiotherapy.

PATIENT AND RESULTS

We would show the representative case. A 65-year-old female was
diagnosed o have: a far advanced Ieiomyosarcoma  measuring
12 x 12em? that originated from IVC above the level of the aortic
bilurcation because of exter wasion 10 the unresectable nearby
tissues including the spinal cord, the right iliopsoas muscle, right
internal and external iliac arteries, and the right urinary tract. The
tumor did not fullill the indication for a curative resection due to the
poor prognosis of a far advanced leiomyosarcoma. She was then
referred 10 our department to undergo particle beam radiotherapy.
Abdominal MRI after the operation showed the spacer maintained a
sufficient open space between the tumor and intestine (Fi
asterisk: the huge tumor, arrowhead: Gore-Tex spacer sheets around
the wmor) (Fig. 1D, operative finding of the spacer placement).
One month later. she underwent proton beam radiotherapy with
704 GyL in 16 fractions over 24 days at Hyogo Ton Beam Medical
Center (HIBMC). The dose-distribution curve and dose—volume
histogram in treatment planning are shown in Figure 2. Due 10 the
spacer, the digestive tract is Tocated entirely outside the irradiated
volume (Fig. 2A). Dose—volume histogram of the clinical target
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Fig. 1. A-C: Abdominal MRI after the operation for spacer placement. D: The spacer around the tumor using Gore-Tex sheets. The arrowhead
shows the spacer around the tumor, and it maintained a sulficicnt open space between the tumor and the intestine. The asterisk shows the tumor.

volume (CTV) and the intestine are shown. CTV is entirely irradiated
with >90% of the prescribed dose, and the intestine is hardly irradiated
(Fig. 2B). Thus, the spacer placement protected the intestinc. Acule
and late toxicities iated with were cval d using both

volume (%)

Fig. 2.

the Radiation Therapy Oncology Group (RTOG) acute radiation morbidity
scorc and RTOG pean Organization for R h and T

of Cancer late radiation morbidity score [6]. Acute or late treatment-
related toxicities were judged as grade 2. An abdominal MRI taken

Tumor

(-]
=]

F

Intestine

20 40 60

Dose GyE

80 100

A: Treatment strategy for proton bcam radiotherapy with a total dose of 70.4 GyE in 16 fractions. Isodose curves demonstrate 100% of the

prescribed dose at the center and decreasing by 10% of the dosce from the inside out. Duc to the spacer, the digestive tract is located entirely outside
the irradiated volume. B: Dose-volume histogram of the clinical target volume (CTV) and the intestine. CTV is entirely irradiated with >90% of

the prescribed dose, and the intestine is hardly irmadiated.
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Particle Beam With a Surgical Spacer 99

Fig. 3. A,B: Abdominal MRI 6 months after the two-step treatment. The arrowhcad shows the spacer. The asterisk shows the distinct shrinkage

of the tumor.

TABLE L Three Cases of Abdominal Leiomyosarcoma Treated With Two-Step Treatment

Age, sex Tumor origin Tumor size (cm?) Protocol (GyE/Fr) Discase-free survival (days)
62, Male Abdominal aorta 13x13 Proton 80.0/32 406
65, Female Inferior vena cava 12x12 Proton 70.4/16 216
59, Male Thoraco-abdominal aorta 10x7 Carbon 70.4/16 700

6 months after the two-step treatment showed the distinct shrinkage of
the tumor measuring 6 x 6 cm?® (Fig. 3A,B) and the positron emission
tomography scan did not show metastasis to the remote organs
throughout the body (data not shown). Since local control is generally
defined as no sign of re-growth or new tumors in the treatment volume,
this patient was determined to have achieved excellent local control of
a far advanced Iciomyosarcoma with minimal toxicity. We never
remove spacers after particle beam radiotherapy because of the
potential surgical risk. We are therefore now developing new spacers
made of absorbable mesh.

DISCUSSION

Three cases of unresectable abdominal Ieiomyosarcomas orig
ing from the abdominal aorta or the IVC were treated with this two-
step treatment and all of those cases achieved local control of the
primary tumors. From the viewpoint of the discase-free survival,
considerable progress was achieved in all three paticnts (Table I). All
three patients showed grade | dermatitis as an acute (oxi While
two of three patients reported grade 2 dermatitis as a late toxicity.
HBMC is the only facility of particle radiotherapy which both proton
and carbon ion beams are available all over the world and we have
treated patients using either proton or carbon ion beams since 2001.
The policy of choosing beam type at HBMC was as follows: carbon
ions show a more favorable dose distribution than protons, however,
carbon ions can only be delivercd from fixed ports, while a 360°
rotating gantry can be used for protons. Treatment plans for both
carbon ion and proton were made basically. and better one was chosen
for the patient trcatment. This type of approach using surgical
displacers plus photon (also called X-ray) beam rediotherapy has been
previous ployed in other mali such as rectal cancer [7.8).
However. several lines of evidence support our nover strategy. Particle
beams permit favorable dose distributions with a steep dosc fall-off at
the field borders, suggesting more precise dose localization can be
achieved compared with photon beams [4]. Morcover. the use of
photon beam is usuully restricted to pelvic tumors due to the acposit in
surrounding tissues. In contrast, almost no dose of particle bewm is

Journal of Surgical Oncology

deposited in the normal tissue beyond the Bragg peak. We believe
surgical spacer placement can keep safety margin from the intestine
and full-dosc particle beam radiotherapy can be achieved without
serious toxicitics only by this first step. Furthermore, previous
approach  with displacer was utilized for postsurgical adjuvant
radiotherapy in principle. The rate of local tumor control and acute
or late treatment-related toxicities using surgical displacers plus
photon were not presented. Although we need further case-control
study, our results strongly indicate that this new strategy might
potentially be an effective and innovative therapy for unrescctable
abdominal malignant tumors.
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A parameter study of pencil beam proton dose distributions
for the treatment of ocular melanoma utilizing spot scanning
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Abstract The results of Monte Carlo caleulated dose
distributions ol proton treatument of ocular melanoma are
presented. An efficient spot scanning method utilizing
active energy modulation, which also minimizes the
number of target spots was developed. We simulated var-
ious parameter values for the particle energy spread and the
pencil beam diameter in order (o determine values suitable
for medical treatment. We found that a 2.5-mm-diameter
proton beam with a 5% Gaussian cnergy spread was suit-
able for treatment of acular melanoma while preserving
vision for the typical case that we simulated. The energy
spectra and the required proton current were also calculated
and are reported. The results are intended 10 serve as a
guideline for a new class of low-cost, compact aceelerators.
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1 Introduction

Proton beams have the potential o decrease normal tissue
damage and allow dose escalation in cancer therapy,
because the beam profile allows a more localized dose
distribution at the twmor than do traditional X-rays. For
covering (he volume of a target lesion in particle therapy
for cancer, two methods have been employed: passive
scattering and spot scanning. In the passive scatterin
method, secondary neutrons from scatter foils, comper
tors and collimators are a possible source of secondary
malignancy [1]. Spot scanning was first proposed as an
attering methods by Kanai et al. [2]
and was further investigated by Lomax et al. [3]. Spot
scanning utilizes magnetic and mechanical scanning of a
pencil proton beam such that individually weighted Brugg
peaks are distributed under computer control [4). For spot
scanning, there is no need for patient-specific collimators,
th reducing the whole-budy neutron dose 1o the
paticnt. Another advantage is that ‘most of the particles
from the accelerator can be delivered to the patient, rather
than being absorbed by collimators or compensators, and
therefore this method is potentially more efficient.

In this work, we present the results of Monte Carlo
simulations ol proton dose distributions in which we used
parameterized proton beams applied to ocular melanoma.
We hape that the results of this study will serve
for researchers developing proton facilities [

alternative (o passive »

3

a guide
medical
treatment. We comment on the potential relevance of laser-
accelerated protons [5-8] for the treatment of ocular mel-
anoma, which requires lower proton energies than do more
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deeply seated tumors, as well as relatively lower doses
(fewer protons) becausce such tumors are typically small.
However, the results should be applicable to proton therapy
in general.

2 Materials and methods
2.1 Monte Carlo simulation speed improvements

Geantd 9] version 8.0pl was used for thesc simulations.
Geant4 has been validated previously for medical-physics
applications [10]. In order to improve the execution speed,
we modified the particle navigation library following Jiang
and Paganetti [11]. To improve efficiency on a PC cluster,
we also developed a custom parallelization of Geantd [12].
Simulations yield exactly the same results when running in
parallel on a cluster or on a single processor as long as
random-number-generator sced values are maintained and
are sct at the beginning ol cach event.

Following Jiang and Paganeuti [11], four physics pro-
cesses were registered in the Geant4 physics list for proton
interactions: proton elastic scautering (G+Hadronklastic-
Process), proton inelastic scattering (G4Hadronlnelastic-

of each particle in the simulation. The dose accumulation
grid had the same size and dimensions as the CT data:
512 x 512 x 11; ic., we did not subsample or smoothen
the CT values.

A database of depth and lateral dose profile curves was
pre-computed with the use of the Monte Carlo package
Particle and Heavy ITon Transport Code System (PHITS)
[14, 15]. This database was uscd by our planning software
for determining the initial encrgy peak, encrgy spread and
spot spacing. Depth—-dose curves were computed for proton
beams incident on water with cnergies from 30 1o
250 MeV in |-MeV increments. Four values of the
Gaussian energy spread were computed: 0, 5, 10 and 15%,
at a depth resolution of 0.1 mm. Lateral offset tables were
computed for energies from 30 to 200 MeV in 1-MeV
increments, with the use of the same energy spread values,
0, 5, 10, and 15%, and with beam diameters ol 0, 1.25, 2.5,
5 and 10 mm. The tables were stored in a binary format,
which minimized the time necessary for reading of the data
by the planning software.

An initial weighting factor was assigned to each target
spot, which was used for determining the particle count.
The deepest spot (associated with the highest energy) along
a beam is assigned weight 1.0. Shallower spots are then

Proces. ionization  (G4hLowEnergylonisation) and
multiple scattering (G4MultipleScattering). For improved
cfficiency, only secondary protons and ncutrons were
tracked. The energy [rom sccondary electrons was depos-
ited locally because the range was assumed to be less than
1 mm in water. The Geant4 maximum step size was lim-
ited 0 1 mm.

2.2 Radiation treatment simulation software

We developed an application, which investigates  (he
clleets of the proton beam diameter and energy spread on
the dose distribution. The software allows the user o open
a series of DICOM CT images, and specily the target
volume, one or more gantry positions and various beam
characteristics. The user can also enter the particle (i.c.,
event) count. We chose a particle count of 1 million for
this study, which we determined to be sufficient for good
energy deposit distribution statistics with a reasonable
processing time.

We used a series of 11 CT images of a discasc-lree
human head with a slice thickness of 2.5 mm and a pixel
spucing of 0.3125 mm. The CT pixel value (in Hounslield
units) of each voxel was used for determining the voxel
material. Each material was assigned a density and a
chemical composition according to the data provided by
Schneider et al. [13]. The software genertes files, which
specify the different voxel materials snd an event list
containing the initial source position, direction and encrgy

1 weights less than 1.0 bascd on the pre-computed
database of dose distribution curves to achieve a spread-out
Bragg peak (SOBP). The target weight is then used with
the totul particle count for assignment of individual particle
counts for cach targel spot. At this step, the energy spread
and beam diameler are factored in by uddition of small
random values to the initial energy and position of each
particle. In the case of the energy spread, random numbers
are chosen so that the resulting particle energies have a
Gaussian distribution with the specified full width at hall
maximum (FWHM). Another pair of random numbers is
chosen to place the particle within the specilied beam
diameter. Particles are distributed evenly along the beam
axis. The particle list is then written on a file, which is read
by the simulation program.

2.3 Targel spot spacing

We incorporated a spot scanning method where the beam
position and dircction were fixed, while larget spots along
the beam direction were scanned by depth: variation; i.c.,
aclive energy iation for depth modulation. All beams
are assumed o be parallel o each other in this simulation
(Fig. ). This method requires a rapid alteration of the
proton energy.

Our software also has the ability automatically to place
target spots al locations with variable spacing based on the
pre-compuled database ol dose profile curves in water. In
the case of lateral spacing, lateral fall-off curves at the
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Fig. 1 Effect of beam
parameters on target spot
placement and beam spacing.
Blue lines are beams. The
polygon is the planned target
volume (PTV). Red dots are
target spots. # 5-mm beam
diameter and 10% cnergy
spread. b 1.25-mm beam
dizmeter and 0% cnergy spread,
for which more target spots are
generated (color ligure online)

beam’s pre-computed Bragg peak depth are used for
determining the width (FWHM) of the beam, specilying a
“spot. width”. The spot width is mostly alfected by the
beam diameter and by lateral scatter. For depth spacing, the
heam’s pre-computed depth-dose profile curve was used
similarly for specifying a “spot depth™. The spot depth is
affected mostly by the energy spread.

Utilizing spot width and depth alone for spot spacing
results in an uneven dose distribution within the target
region due to under-dosed regions between spots. For
achieving a smooth dose distribution, the spot width and
the spot depth are multiplied by a “spacing lactor”. The
spacing factor is usually less than 1.0 and has the clfect of
placing the spots closer together, i.c., increasing the num-
ber of spots. A spacing factor of (.5, which we found yields
a relatively smooth dose distribution while minimizing the
number of target spots, was used throughout this simula-
tion. A more detailed examination of the effect of the
spacing factor on the dose distribution and the number of
spots is a topic for future investigation.

2.4 Dose distribution optimization

It is difficult w predict the exact dose distribution in
inhomogencous patient volumes based on CT data alone.
Theretore, after the initial Monte Carlo simulition, we tine-
tuned the particle counts assigned 10 cach target spot in the
following way. The dose distribution or each target spot is
calculated with the Monte Carlo simulation program and
stored in separate files, one dose distribution file per target
spot. The individual files are read and summed 1o form a
complete dose distribution. The dose deposited at each
target spot is compared with the dose average in the
planning target volume (PTV). Spots that received less than
the average dose (cold spots) are assigned more particles,
and spots with a higher dose (hot spots) ar or
particles. The process is repeated iteratively until it is
determined that the result cannot be optimized further.
Note that we do not attempt to reduce (he dose deposited in

assigned lew

critical structures: we only attempt o achieve a uniform
dose distribution within the target volume in this optimi-
zation process.

2.5 Target polygon

The s target volume (GTV) was modeled us a semi-
ellipsoid with a semi-sphere base of height 4.8 mm and
basal diameter 13 mm. The minimum tumor-optic disk
distance was 5 mm. The tumor-macula distance was
4 mm. The values were chosen to represent a typical tumor
based on data reported by Dendale et al. [16]. The GTV
was generated in the planning software by speci ion of
the tumor height, base diumeter, eye center and tumor base
position. A 2-mm margin was automatically added to the
perimeter of the GTV to form the PTV. The volume of the
PIV was 734 cm?®. The wrget polygon (PTV) and organs
at risk (OARs) are shown in Fig. 2.

The prescribed dose was set o 54.5 Gy, which is equal
to 60 cobalt Gray equivalent (CGE), assuming a relative
radiobiological effectiveness (RBE) of 1.1. The wmor was
ssumed 1o be free of infiltration of the optic disk or
acula. The dose distribution normalized so that
ninety-five percent of the PTV received at least 100% of
the prescribed dose: “DYS” for the PTV was set to 60
CGE. Four fractions in one week were assumed (o be used,
which is the common practice in conventional proton
therapy. The cffects ol the energy spread and  beam
diameter were investigated with 60 CGE kept for D95 in
cuch caleulation.

3 Results

In the first series of simulations, the effect of the energy
spread of the beam on the dose distribution was investi-
gated. Energy spread values of 5, 10 and 5%
simulated. The beam diwmeter was 2.5 mm in cuch case.
Dose  distributions are shown in Fig. 3. Dose-volume

were
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2 Target polygons and

ns at risk (OARs) used for
this experiment. The inner
target polygon is the GTV. The
GTV is generated automatically
by specifying the location of the
wmor base and cye center. The
size of the GTV is determined
by specifying the basal diameter
and tumor height. The outer
target polygon is the PTV (GTV
plus 2-mm margin). OARs
include the lens, optic nerve
macula, and optic disk (color
figure online)

3 Dose distributions for 5%
bus values of energy spread.
5% (a), 10% (b) and 15% (c).
Isodose lines are 125% of
prescribed dose (75 CGE)
white, 110% (66 CGE) red, 90%
r, 15% (45

mm beam width was used (color
ligure online)

histograms (DVHs) are shown in Fig. 4, and simulation
results are summarized in Table 1. The wble indicates
that, at 5% cnergy spread, the dose to the macula and
optic disc was below the tolerance values lor the case that
we simulated. At 10 and 15%, it was dilficult to preserve
critical structures located behind the distal edge of the
target volume due to the elongated full-off of the depth
prolile curve.

Target spot and beam charz sunm;
Tuble 2. The table shows the effect of energy spread (5, 10
and 15%) on the depth spacing and the number of trget
spots with a constant beam diamcter (2.5 mm). The depth
spacing (the distance between targel spots along a beam) is
i d with increasing energy spread, whereas the
number of target spots is decreased with increasing energy
spread.

In the second serics, the effect of the beam diwmeter on
the dose distribution was investigated. Beam diameter
values of 1.25, 2.5 and 5 mm were simulated. The energy
spread value for each case was 5%. Dosc distributions are
shown in Fig. 5, and DVHs are shown in Fig. 6. Figure 5
illustrates that the volume of hot spots in the PTV increased
when the beam diameter was increased from 1,250
2.5 mm, The simulation results are summarized in Table 3.

ized in

10 O

10% 15%

Dose [CGE]
o 12 24 36 48 60 72 84 96
100 +
i
00~ | Targe!
T
| i
= } cad
& 60 A =5
© i
¢ ! \
3 |F: 4l
3 ;
L 4
~
BO 100 120 140 160
Dose [%]

Fig. 4 DVH of PTV and optic nerve for various energy spread
values. Inall cases o 2.5-mm beam diameter was used (color ligure
online)

The table indicates that a beam diameter of less than or
equal to 2.5 mm would not exceed the tolerance doses for
the case that we studied. At S-mm beam diameter, the dose
to the lens becomes significant.
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ble 4 indicates the effect of the beam diameter (1.25,
2.5 and 5 mm) with a lixed energy spread of 5%. The
maximum and minimum values of the depth spacing were
almost constant, as anticipated trom the fixed cenergy
spread. Also, the beam diameter affected the lateral spac-
ing, as expected. The number of beams and target spots
decreased significantly with an increase in the beam
diameter. For a beam of 1.25 mm, nearly a thousand target
spots were generated by the planning software. Such a
large number of target spots would likely require a lot of
time Lo treal.

A histogram-of particle cnergy lor a typical weatment
plan is displayed in Fig. 7. In general, more particles at the
higher-energy end ot the spectrum are necessary because
more particles are targeted at deeper locations in forming
the SOBP. The energy distribution is also affected by the
target shape and the incident beam direction. The energy

Table 1 Dosimetric characieristics: energy spreiud

Encrgy spread 5% 105 15%
Retina >45 CGE 1% 2% 5%

Lens =10 CGE 0% Wi 0%
Oplic nerve >12 CGE 10% 204 31
Dose at macula (30 CGI) 27(OK) 36 (NG) 42 (NG)
Dose at optic dise (212 CGE) - 11 (OK) LB (OK) 1.3 (OK)
Vo5t 98% 98 Y7%

Percentage volume of PTV, which received 93% of the prescribed
dose (57 CGlz)

Table 2 Target spotand beam characteristios: energy spresd

Energy spread 5% 105 15%
Lateral spacing timm) 13 L3 1.3
Depth spacing, minimum (wm) 0.0 1.7 31
Depth spacing, maximum (1 un) 28 3.8 9.1
Number of beams LY k] KH
Number of target spots 3y 102 0S
Beamlet diameter was 2.5 mm for each case

5 Duse distribution for
alues for beam

1.25 mm (@) 2.5 mm
(h), and 5 mi e). Isodase lines
are 1259 of prescribed dose (75
CGE) white, 110% (66 CGIE
red, 90% (54 CGE) arange,
75% (45 CGE) yellow and 50%
(30 CGE) blue. In all cases, we
used 5% energy spread (color
hgure online)

1.25 mm

distribution is not smooth, partly due to the discrete proton
energy values used for our calculations.

4 Discussion

Many parameters and parameter combinations (such as
beam  diameter, encrgy spread, Tateral spacing, depth
spacing, number of beams and number of target spots) must
be considered in ass g proton treatment of  small
superficial tumors. Realistically, some of the parameters
may need o be predetermined in the clinical equipment
because of mechanical or other limitations. In this study,
we simulated the elfect of energy spread by using a fixed
beam diameter (2.5 mm), and the clfect of the beam
diameter by using a fixed energy spread (5%). These values
were chosen because they seemed to be the most likely
paramcters delivered by an actual accelerator. A more
ry lor determination

thorough parameter survey is nece:
of the elfects of every possible combination ol beam
parameters. '

FFor reducing treatment times, it is desirable to reduce

the number ol target spots in a plan. However, there is a
trade-ofl" between the dose distribution and the number of
target spots. Our results suggest that, if the beam energy
and lateral spacing are predetermined, the energy spread
and beam diameters must be chosen carefully with this in
mind. The clinical significance of dose-volume statistics of
the PTV and organs at risk must be determined for each
patient.

The dose distributions shown here contain many hot
spots (overdose areas). These are caused partially by the
histogram normalization method, where 95% of the target
volume is foreed to receive at least 1005 of the preseribed
dose. Without. normalization, cold spots were prevalent
around the Tateral and distal edges. especially when a large
beam diameter or energy spread was used. The cold spots
became prevalent when the distance from the tumor poly-
gon cdge and nearest target spot was relatively large. This
resulted in DVH curves for the target volume not being as
steep (selective) as they should have been. Several methods
can be cmployed for improving the dose distributions,

2.5 mm
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Dose [CGE]
o 12 24 3 48 G0 72 84 9
100 ~
80 \
| eam Diamator
= | — 1.25 mm
= 60 (Target] 25 mm
g \ Smm
- | I‘
2w -
| x
2
Py I~
20 40 6 80 100 120 140 160
Dose [%]

Fig. 6 DVIH for PTV and optic nerve computed with various values
for beam diameter. In all cases, we used 5% energy spread (color
figure online)

Table 3 Dosimetric characteristics: beam diameter

Beam diameter 125 mm 2.5 mm 5 mm
Retina 245 CGE 0% 0% 1%
Lens =10 CC 0% 0% [P
Optic nerve 0% 156 A
Dose at macula (230 CGE) 13 (OK) 13 (OK) 30 (NG)
Dose at optic disc (212 CGE) 08 (OK) 3.0 (OK) 18 (NG)
Vos! 99% 98% 98%

Pereentage volume of CTV, which received 95% of the prescribed
dose (57 CGE)

Table 4 Spot and beam characteristics: beam diameter

Beam diameter 1.25 mm 25mm Smm
Lateral spacing (mm) 0.7 1.4 2.6
Depth spacing. minimum (mm) 0.7 0.7 0.0
Depth spacing, maximum (mm) 24 2.4 23
Number of beams 206 57 21
Number ol target spots v 213 §7

Energy spread was for cach case

including increasing the number of Monte Carlo events,
decreasing the space between target spots and improving
the optimization algorithm. Furthermore, we used a fixed
spacing [actor of 0.5 in this study. Introduction ol a vari-
able spacing factor lor cach beam may further improve the
homogeneity of dose distributions. The spacing lactor
should be smaller near the polygon edges to prevent cold
spots while maintaining a reasonable total number of spots.
These are topics for uture study.

4.00E1 008

3 008 1.00E+009
e
3 12069009 §
3 006 ; g
Y
K 8
: 5
E 0.04 - 80061008 -3
s
I3 a
z
]
&
7]
14

&
8

0.00E+000
60

3J8 40 42 44 46 48 50 52 G54
Energy [MeV]

Fig. 7 A typical histogram of particle cnergy levels (color ligure
online)

In this work, doses to the macula and to the optic disc
were high and above the clinical limits in some cases. This
is mainly because these structures are located  directly
behind the distal edge of the target volume. Proton spectra
that are closer 1o being monoenergetic may improve the
linal clinical outcome. The effect of energy spread for
deep-seated tumors such as prostate cancer may be dil-
ferent from that for shallow ocular diseases and is yet to be
determined.

The required proton flux can be estimated as lollows.
Consider a shallow tumor volume of 1 ce (1 g). If the
protons deposit an average energy of 50 MeV, then cach
proton delivers about 8 x 10721 or 8 x 107 Gy on
average. Assuming an RBE of 1.1, cach proton delivers
about 9 x 107" CGE. A typical treatiment course consists
ol 60 CGE delivered in four fractions on consecutive days.
I the irradiation time is limited to 1 min, then the aceel-
crator must deliver 15 CGE per min or .25 CGE per ». The
aceelerator must therefore produce about 30 million pro-
tons per second or 4.8 pA. If such a delivery was carried
out in 100 Hz repetitive pulsed laser shots, the required
delivery would be in the order of 3x10° protons per shot.

5 Conclusion

Our simulations show that a 2.5-mm beam diameter and a
5% energy spread can be considered a
ocular ¢

ling point [or
s. The dose distributions suggest that (here is

merit in continuing such parameter studies and considering
further the potential for spot scanning proton sources.
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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

Teut Nisuio, Pu.D.,*! Aya Mivarake, M.Sc.,! Takastr Ocivo, M.D.,* KEncHr NAKAGAWA, MD.,t
NAGAHIRO SATIO, M.D.,§ AND HRoYAsU Esumi, M.D.!

From the *Particle Therapy Division, Research Center for Innovative Oncology, National Cancer Center, Kashiwa; ' Department of

Radiology, Graduate School of Medicine, University of Tokyo; Department of Nuclear Engi ing and M. Grad School
of Engineering, University of Tokyo; §Deputy Director, National Cancer Center, Kashiwa; and ITDix'eclm', 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 showed 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).
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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
(BisGe3012) 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 reconstructed by a back-projection method
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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/em? (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 managed throughout each treatment 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 detection sensitivity. The attenuation 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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