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Proton therapy is one form of radiotherapy in which the irradiation can be concentrated on a tumor
using a scanned or modulated Bragg peak. Therefore, it is very imporiant to evaluate the proton-
irradiated volume accurately. The prolon-irradiated volume can be confirmed by detection of pair
annihilation gamma rays from positron emitter nuclel generated by the target noclear fragment
reaction of irradiated proton nuclei and nuclei i the irradiation target using a positron emission
tomography (PET} appuratus, and dose-volume delivery puided proton therapy (DGPT) can thereby
be achicved using PET images. In the proton treatmeni room, a beam ON-LINE PET system
{BOLPs) was constructed so that a PET apparalus of the planar-type with a high spatial resolution
of about 2 mm was mounted with the feld of view covering the isocenter of the beam irradiation
system. The position and intensity of activity were measured using the BOLDs immediately after
the proton irradiation of a gelatinous water largel containing 15¢) nuclei at different proton irmia-
tion energy levels, The change of the activity-distribution range against the change of the physical
range was observed within 2 mm. The experiments of proten irradiation to a rabbit and the imaging
of the activity were performed. In addition, the proton bemm energy used to irradiate the rabbit was
changed. When the beam condition was changed, the difference between the two imuges acquired
from the measurement of the BOLPs was confirmed to clewly identify the proton-irradiated
volume. © 2006 American Association of Physicists in Medicine. [DOL: 10.1118/1.2365079]

Key words: dose-volume delivery gnided proton therapy (DGPTY, beam on-line PET system

{BOLPs), target nuclear fragment reaction

I. INTRODUCTION

Recently, the use of proton therapy, which is a highly accu-
rate type of radiotherapy, has been spreading throughout the
world. The construction of proton therapy facilities is now
progressing in many couniries, incloding the United States
and countries in Europe and Asin.' In conformal radio-
therapy, image guided radiation therapy (IGRT) is a highly
accurate method of radiotherapy that can precisely irradiate
the tmor by navigation of radiation 18 he delivered based on
images such as CT images and ultrasound imuges.l'3 As a
resull, a high dose of radiation to a tumor may be delivered.
In proton therapy. the depth dose distribution has a Bragg
peak. Becouse of the typical proximity of the proton beam to
critical stroctures, it is beneficial to examine the proton irra-
diated volume and dose distribution during treatment.
Dose-volume delivery guided proton therapy (DGPT) is
achieved by navigating the activity image of the distribution
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and intensity of the positron emitier nuclei generaled by the
target nuclear fragment reaction of irradiated proton nuclei
and other nuclei in the patientfi_ﬁ A beam on-line positron
crission tomography (PET) system {BOLPs), which has a
high position resolution, has been developed and constructed
with the ficld of view covering the isocenter of the beam
irradiation system in the proton treatment room [or DGPT.

The activities of ihe positron emitier noclei generated by
the target fragmentation nuclear reaction in a gelatinous wa-
ier target and a frozen rabbit were measured at several proton
energy levels using the BOLPs. The change between the pro-
ton dose distribution and the activity distribution of the gen-
erated positron cmitier nuelei was confirmed and verified.

This report is orgunized as follows: The performance of
the BOLPs, experimental setup and procedures are described
in See. 11 Measurement and analysis results are presented in
Sec. 1II. Finally, Sec. IV discusses the conclusions made,
based on the results, the usefulaess of the BOLPs, and the
plans for futnre developments.

© 2006 Am. Assoc. Phys. Med. 4190
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Il. MATERIALS AND METHODS
A. Generation of positron emitter nuclei in the target

Many kinds of nuclei, including positron emitter nuclei,
are generated by the target noclear fragment reaction
X(p.x}¥ of the irradiated proton nuclei und target nuclei in
the patient.

Tlhe reaction cross section of oy_y which determines Lhe
rate of generation, depends on the kind of target nuclens
(mass number of A, and alomic number of Z) and relative
kinetic energy of E,. The number of nuclei generated by the
reaction Ny is expressed as follows:

NR(T,-,NI,,G'X_U]') = NP(T;‘-. Ep) : [l - CXP(' GX—!'(AJ-.erEp}
n(A,.z,)- 84, ZN]. (1

Here, T; denotes the time of the prolon irradiation, n is the
number of target nnclei per volume, and & is thin thickness
of the target. N, is the number of incident protons of E, in
the irradiation of T; at each position in the target. The re-
sidual number of positron emitter nuclei in the patient imme-
diately after irradiation, N, depends on T}, and is expressed
using Eq. {1) and decay correction of the activity during the
proton irradiation (refer to Ap]}cndix) as follows:"

Nyl T Tyg,Np,o"‘.m,},)

T ,
= NplT N, 0% .y) L f] — 2T }
% jUL g p-(r.\ ]) |:T’II]2 ( )

i

= 2\ NATLE) - [1 - expl= ay_y(A.Z, E,) - n{ALZ)
v

- SALZY]- [L Al - 2-”7‘”11} ) (2)

T,‘ -In2
Here, T is the half-life time of the generated positron emit-
ter nuclei.

The human body is composed mainly of the nuclei of the
elements of H, C, N, and 0.7 Therefore, the positron emilter
nuclei generated by the target nuclear fragment reaclion are
predicted to be mainly the 150 [half-life time, Typ("*0)
=12225], and YO [T,("0)=70.65), "N [T)("N)
=9.971 min], "'C [75("'C)=20.4 min] nuclel. Moreover.
the *K nuclens [T1,1{33K]m'?.6 min] may be generated from
the Ca nucleus in the bone.

B. Beam on-line PET system

The BOLPs is a system consiructed for the determination
of the position and the activity of the positron emitter nuclei
by the detection of puir annihilation gamma rays from the
nuclei. Two opposing detector heads of a planar positron
imaging system (Humamatsu Photonics K. K., Hamamatsu,
Japan) mounted with BGO scintillators® are used for the
BOLPs. Each detector head consists of 24 detector units, and
each unit is composed of 10X 10 arrays of BGO crystals
with a erystal size of 2X2X20 mm®. The useful field size
for the detection arca is 120.8 % 186.8 mm?, The BOLPs are
mounted with a 500-mm distance between the upper and
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Fi6. 1. Sctup of the BOLPs on the proton beamline in the treatment roon.

lower opposing detector heads and alignment of the center of
the deiection area at the isocenler in the rotating ganiry treat-
ment room of the proton therapy facility at our center.” The
setup is shown in Fig. 1. The position resolution of this sys-
tem is 1.6-2.1 mm for the full width at half maximum
(FWHM) in the experiment using a Na point source, and
the collection rate of the data for the coincident detection of
pair 511-keV gamma rays is over & few thousand counts per
second (keps).”

The activity measured by the BOLPs Npgyp, is expressed
using Eq. (2), decay correction of the activity during the
measurement, and the total detection efficiency Cyyr of the
ROLPs as follows:

NBOLPS(Tif Ti.f’l't Tmijn G:\'—}’)

0

8

=N;3ct{T|'= T]flsz! (Tx_]r) ' [[ - E_TMIT”::‘ ' sZ )
A-ar

= 2 Np{TirEp) ! [1 - CXP{— G'X_‘}:(A,,Z,, Ep) ' NE_A,,Z‘-)
¥

Tin
S BlALZN] - | =

g (1-27TTuzy | . [§ = 277w Tur]
jina

it
3

Here, T, denotes the Uime of the measurcmnent afler the pro-
lon irradiation, £(=0.86) the detection efficiency for a single
S11-keV gamma ray, and {1, the solid angle of the total
detectors. The solid ungle at each point is calculated with the
adjoined detector unit. Therefore, Cyy of the BOLPs with a
500-mm distance between each opposing detector head is
range of (0.3%-0.7%.
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FiG. 2. Proton dose distribution in rhe liver of the rabbit caleulated using the
proton treatment planning system for pln 1 in the projection image (a)
axial {b), sagittal (e), and ceronal (d) planes in two dimensions and three
dimensions {e), rexpectively.

C. Experimental procedures of proton irradiation to a
water target

The proton beams used were monoenergetic Bragg peak
(MONO) beams at 135.8 MeV and fine degraded encrgies in
the shorl beam range of 0.6 mm WEL, L2 mm WEL,
2.3 mm WEL, 4.6 mm WEL, 9.3 mm WEL, and 18.6 mm
WEL against the range of 1358 MeV. The encrgies are
1355 MeV, 1351 MeV, 1344 MeV,  133.0 MeV,
130.2 MeV, and 124.5 MeV, respectively. The MONO beam
size was about 30 nun FWHM.

The target was gelatinous water (99% pure water), and
had a rectangular shape of 10X 10X 40 em®. The MONO
bearn of a very high intensity was dircctly irradiated to the
water target for 5 8, and the irradiated dose was 6.5 Gy at the
target entrance. The activity generated in the targel was mea-
sured over a period of 33 min from the start of the prolon
irrdiation using the BOLPs. Morcover, the 135.8-MeV
MONQ beams were irradiated to the farget by the beam-
irradiated position shifted with 1.0 mm, 2.0 mm, 4.0 mm,
and 8.0 mm for a verification of the lateral distribution of the
activily, The measurements of the lateral distribution were
performed on the same condition as the measurements of the
depth distribution.

The proton dose distributions were meusured at intervals
of | mm using a three-dimensional water phantom with a
75 pl furmer-type chamber, and compared with the distribu-
liong of the activity.

D. Experimental procedures of proton irradiation
to a rabbit

The proton treatment of a patient was simulated using a
frozen rabbit of about 60 cm total length. CT imaging, treat-
ment planning, proton irradiation, and measurements using
the BOLPs were performed using the same rabbil.

1. CT scanning

A frozen rabbit was wrapped with the fixed shell (ES-
FORM: Engineering System Lid., Nagano, Japan) used for
the proton treatment of the head and neck to maintain the

Medical Physics, Vol. 33, No. 11, November 2006

134

4182

shape of the rithbit and 1o mark for the posilioning using a
laser. Nonhelical CT imaging of 3-mm slices was performed
with the x-ray tube at 120 kV and 200 mAs wsing a CT
simulator (CT/Real+DR  system, Toshiba Ltd., Tokyo,
Japan). Views of the CT scanning instrument and the ac-
guired projection image of the rabbil are shown in Fig. 2.

2. Proton treatment planning

The proton treatment planning system, PTPLAN/ndose,
developed in our I’acilitym'}l was used for planning the pro-
ton treatment of the rabbit using the acquired CT image. A
boot-shaped virtwal twmor, which had a bend in the vicinity
of the center and an 8.4-ml volume, was set in the liver of the
rabbit. All of the gross target volumes (GTV), the clinical
target volumes (CTV), and the planning target volumes
(PTV) were sel to be equal to the virmal tomor. The PTV
(=CTV=GTV=virtual tumor} was irradiated with a dose of
4.0 Gy at the reference point with a single irradiation field
from the backside at gantry angles=%0° (plan 1). The maxi-
mum range of the irradiated proton beam in plan | was
82.4 mm WEL, and the energy was 103 MeV. The size of
the irradiation field was 29 mm X 54 mm, and the spread-out
Brugg peak (SOBP) of 30 mm was used for the proton ima-
diation of the rabbit. The patient compensator and collimalor
were produced based on the results of the treatment plan-
ning. Moreover, another treatment plan was made assuming
the partial reduction of the tamor size (plan 2). The maxi-
mum range was changed to 95.0 mm WEL in plan 2. The
irradiated dose in plan 2 was 4.0 Gy a1 the reference point,
which was the same as that in plan 1.

Figure 2 shows the proton dose distribution calculated
using the proton treatmemt planning system in the axial, sag-
ittal, and coronal planes in two dimensions, and in three
dimensions for plan 1.

3. Proton irradiation

The proton irradiation was performed in the rotating gan-
try room at our facility. The positioning of the rabbit was
performed by matching the marker on the fixed shell to the
fager in the treatment room. A 4.0-Gy dose of the
103 MeV/SOBP30 mm proton beam at a 90° gantry angle
was vsed 1o irradiate the PTV in the liver of the rabbit using
the patient compensalor and collimator produced in plans 1
and 2. The irradiated dose is generally daily [fractional dose
lor 2 proton therapy of a liver and lung tumar in our facility.
The proton irradistion time was about 1 min.

4. PET imaging using BOLPs

Figure 1 shows the setup of the rabbil and the BOLPs on
the proton beamline. Both the center of the detection area in
the BOLPs and the reference point in the PTV were matched
up 10 the isocenter. In both plans 1 and 2, the activity gen-
erated in the liver of the rabbit was measured over a period
of 33 min (beam on: | min, beam off: 32 min} from the start
of the proton irradiation using the BOLPs. The measured
data were stored in a computer for image display and for
analysis of the binary formatted data pixels of 1.11-mm size
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Fig. 3. Measured diswributions of positron emitter noclei generated in 1he
water target and the measured dose distribetions by iradiaion of MONO
proten beams al 1358 MeV, 1335 MeV, 1331 MeV, 1344 MeV,
133.0 MeV, 130.2 MeV, and 124.5 MeV: (o) depth doge disiributions, (b)
depth distributions of actvity, (e} lateral dose distributions, (¢) lateral dis-
tributions of activiey.

mapped on a frame of 120.8 X 186.8 mm? every second. The
detection counts yper second were also stored in the data set.
Moreover, the time-dependent changes and the differences
between the PET hmages acquired i plans 1 and 2 were
examined. In the case of this experiment, the internal organ
motion effect and physiclogic washout effect of the positron
emitter nueleus'® are not considered in the PET images.

Il RESULTS

A. Distributions of positron emitter nuclei generated
in the water target

The measured distribution of positron emilter nuclei gen-
erated in the water target and the measured dose distribution
were compared und verified, Figures 3(a) and 3(b) show the
measured depth dose distributions and the measured depth
distributions of positron emitter nuclei in the MONO proton
beam at 1358 MeV and fine degraded energies at
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135.5 MeV (fine degrader; F.D.=0.0 mmWEL), 135.1 MeV
(F.D.=12 mmWEL), 1344 MeV (F.D.=2.3 mmWEL),
133.0 MeV  (ED.=4.6 mmWEL), 130.2MeV (FD.
=03 mmWEL), and 124.5 MeV (F.D.=18.6 mmWEL),
respectively. Similarly, Figs. 3(c) and 3{d) show the mea-
sured lateral distributions and the measured lateral distribu-
tions of the positron emitter nuclei.

Tuble I summarizes the measured physical range {Rp, )
the measured activity range (Ry ), which was defined as the
depth point of the 50% peak of the activity, difference be-
tween their ranges (AR), each difference of physical and ac-
tivity range against each range at 1358 MeV
(AR, AR, ), and their differences (SAR), in the water
target irradiated with the proton MONQ beams. Similarly,
the beam center positions (BCyue.BC,) of the dose and
activity calculated by the measured lateral dose and aclivity
distributions, and difference of each BC (ABC) are shown in
Tuble I

The AR obtained by the measurcment results were about
1 mmWEL to 4 mmWEL, The threshold energy of the reac-
tion calculated by difference of atomic weight is 16 MeV for
the "*O(p, pn) "0 reaction. The threshold energy of 16 MeV
is estimated to be a range difference of about 3 mm WEL ut
the distal edge by the calculated result of a stopping power,
The SAR were reproduced at an accuracy within a difference
of fess than 2 mmWEL in the energy levels. The measured
activity range included a random error about 0.5 mm in the
position of the tarset against the position of the BOLPs. The
ABC were reproduced at an accuracy within a difference of
less than 1| mmWEL. The values of the AR and the SAR
were almost equal to the value of the positional resolution of
the BOLPs.

B. Distributions of pasitron emitter nuclei generated
in the rabbit

1. Changes of PET image according to
measurement time

Figure 4 shows the calculated proton dose distribution and
the measured PET images in the plan 1. The PET images

Tasee I Differences between the measered physical range and the measured uctivily range jo the water Lasget irradiated wilh proton MONO ar different

energy levels.
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Fic. 4. Calculated prolon dose distribution (4} and PET image measured at
1 {b). 2 {c), 4 {c), 10 {e), and 30 min () afier proton imadiation n plan 1.

show the results of the measurements at 1, 2, 4, 10, and
30 min after the proton irradiation. Each number of lotal
detection evenls was 114 583, 194 488, 295 555, 417471,
and 525 474 counts, respectively. The measured activity dis-
tribution corresponded to the irradiated dose distribution.
The distinctness of the PET image increased as the lime of
the measurement using the BOLPs improved by increasing
the delection events. However, further improvement of the
distinctness of the PET hmage was not expected so that over
05% of the total detection events were collected by the mea-
surement of 30 min. The delection counis per second of the
activity generaled in the rabbit is shown in Fig. 5. Mereover,
a large amount of background data of the signal per noise
ratio equal 1o about 1710 among the proton irradiation, were
ircluded in the data collected from the measurement using
the BOLPs. There are secondary X rays, gamma rays, and
neulrony generated by the proton bombarding the device uti-
lized for the formation of the irradiation field in the proton
treatment, Therefore, the PET images were constructed by
using only the detection events after the beam irradiation
stop.

The generated positron emitter nuclei in the rabbit are
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FiG. 5. Detection ceunts per sccond measured using the BOLPs in plan 1.

predicted 1o be mainly the ]50, "0, 13N, and *'C nuclei. The
decay of the activity was mainly 130 for about 5 min after
the proton irradiation, and 50, PN, and 'C at times aver
5 min. However, it 1s possible to approximate the function of
the detection rate CR by dividing it into two elements with a
short and long half-life time, as expressed by the following
equations:

CR() = > [CR(NY];
j:ISO‘MO‘IﬁN'HC]”_
= ¥ [RWL+ X [CRW
J,.:iso_no_. B e
1 \vnos e
— 19779 X (;) +2197 X (;) R (4)

Here, 1 denotes the measurement time, in second, after the
beam stops.

2. Dependence of activity on maximum range

The results of the calculated dose distribution and the
PET images acquired at 10 min using the BOLPs in plans |
and 2 are shown in Fig. 6. In the calculated dose distribution,
the maximum range was $2.4 mmWEL in plan 1, and
95.0 mmWEL in plan 2. The difference of the maximum
range between plans 1 and 2 was 12.6 mmWEL. Both the
measured activity distribution and the dose distribution in
plan 2 reached a deeper point than those in plan . Figure 7
shows the depth profile of the activity distribution wt 10 min
measured using the BOLPs in plans [ and 2. The differences
between the activily range between plans | and 2 al the distal
points of 3000 counts, 4000 counts, and 3000 counts were
t4, 11, and 9 mm, respectively, as shown in Table IL The
results showed a difference between the maximum range of
13 mmWEL.

IV. DISCUSSION AND CONCLUSICNS

In Japan, the proton trealment is generally performed with
the daily fractional dose of 1.8-5.5 Gy and lotal dose of
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Fig. 6. Calculated proton dose distribution [A), (B) und PET imuages ac-
quired at 10 min (a). (b} in plans 1 and 2. respectively.

5973 Gy for each treatment site. The time period of the
treatment is from 2 to 7 weeks, The proton treatment plan-
ning is done with 1-3 irradiation felds. One or two of the
irradiation fields are vsed for a dajly irradiation. During the
perjiod of prolon treatment precise information about changes
of the tumor and the patient condition are important as they
pertain to the turgel volume position with respect to the
beam. If a reduction of the tumor size occurs, a change of the
body shape occurs during the comparatively long period of
the treatiment, and the treatment will be perfonmed with a
dose distribution different from the planned dose distribu-
tion. Figure 8 shows the dose distribution calculated for three
field irradiation from the anterior direction and two neonco-
planar directions in the case of a tumor of the paranasal

100004F T
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—Flan2
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A
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Fio. 7. Depth profile of the activity distribution in the meusurement at
10 min wsing the BCLPs in plans 1 and 2, respectively.
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TabLE I1. Difference between Ihe activity ranges in the plan 1 and 2 at each
poind of the distal activity.

Distal point activity: DPA {counts) 3000 2000 3000
Activity range: AR{Plan, DPA) {mm)

Plan 1 97 93 8g

Plan 2 111 14 98

AR{2.DPA)-AR{1.DPA) {imm} 14 11, I}

sinuses. The irradiation dose is 59 Gy/26 fractions with one
field wrradiation/day. The left and right figures show the dose
distribution Immediately after beginning the treatment and
after the partial reduction of the tumor in the air arca of the
paranasal sinuses, respectively. In the treatment plan, the
dosc is concentrated 10 the tamor and is low to the brain stem
as the organ at risk. However, the conceniration of the dose
1o the tumor is low, and a high dose is delivered to the brain
stem due to the reduction of the tumor during the period of
treatment.

In the experiment using the water target, the values of the
SAR (=ARpil)'S._ AR, = (Rpllys.(O)"Rphys.(P'D')) = (Rum.(o)
~R,.(F.D.))) and the ABC are a very importani index for
evaluation of the utility of the constructed BOLPs, The ex-
perimental results suggest that & change of the range of a few
mmWEL, which is almost equal to the value of the positional
resolution of the BOLPs, will be detected for the change of
aclivily range measured using the BOLPs. The positional
accuracy of #n irradiated dose field will be under 1 mm by
the values of the ABC. With the experimental results using
the rabbit, the information needed for the analysis of the
activity distribution will be obtained by the measurement at
about 4 min after the proton irradiation with the daily frac-
tional dose using a proton treaiment. However, the number of
511-keV unnihilation gamma rays will decrease in a patient.
The attenuation length in waler is about 10 cm. The haif
thickness of the rabbit’s body in this experiment iy about
5 ¢cm WEL. Therefore, the number of gamma rays becomes
about 175%—-6% of the number in the expeniment using the
rabbit so that the pass length of a patient is about 2-20 cm
WEL in ua proton treatment. The effect of the altenuation in

FiG. 8. Proton dese distribution of anterior direction and two noncoplanar
directions in the case of a tumeor of the paranagal sinuses calculated using the
proton freztment planning system. The lell figure shows the dose distribu-
tion immedialeky after the beginning of the treatment. and the right shows
the dose distribution afier purtial reduction of the tumor.
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Fic. 9. Flow diagram of the procedure for the clinical use of the BOLPs.

euch putient will be pecessary for the decision of the mea-
surement time of the BOLPs. Another uncertainty in the fu-
ture BOLPs application to human treatments is the effect of
biologic isotope decay due to blood flow. The physiologic
washoul effect of the positron emilter nucleus that might be
different by a body tissue was not considered in this experi-
ment using the [rozen rabbit. The activity distribution mea-
sured using the BOLPs will extend and become unclear by
the effect. Therefore, the measurement in 2 short time will be
important for a reduction of the effect. The difference in the
physical range of 13 mm WEL was confirmed from the dif-
ference in the measured activity range in the rabbit. The
results suggest that the proton treatment with high accuracy
will be achieved by the DGPT using the BOLPs in the cuse
shown in Fig. 8.

A flow chart of the DGPT in the prolon trealment is
shown in Fig. 9. The main operation is to tuke a PET image
every day and compare the PET image of the fOrst day of
lreatrnent with each PET image during the comparatively
long period of weatment. Wherewith, if the difference he-
tween both images is confirmed by reducing the tumor size
and changing the body shape, then the first proton treatment
plan is immediately corrected to a new plan. As a result,
proton treatments of high accuracy can be offered (o the
patient. In praclice, the daily precision of the patient posi-
tioning and the irradiated beam condition will be evaluated
with the change of the measured activity distribution. The
change will be used for the setup of (he margin in the proton
treatment planning system. Moreover, the vsefulness of this
system will be high in spol scanning proton therapy and
hypofractional proton therapy required for high irradiation
accuracy. Especially, dose volume adapted proton therapy
(DAPT), which can feed back to an optimam trealment on
tie spol, will be achieved as a high precision of the uctivity
calculation in the DGPT using the BOLPs and a speed up of
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Fig. 10, View of (he BOLPy cquipped (o rotate willi the retuting pantry.

the dose caleulation accurately in spot scanning proton
therapy. On the other hand, the proton treatment has shifted
to Lthe treatment of a hypofractional dose and the new proto-
col is ongoing now.

The development of a BOLPs setup directly in the rotat-
ing gantry port shown in Fig. 10 is ongoing now. The dis-
tance of beth the apposed detector arrays set up on the arms,
which move to the parallel direction of a rotation axis and
the direction of @ gantry rotaling, can be adjusted from
300 mm to LO00 mun, Also, the secondary x rays that are the
main component of the hackground during the proton irra-
diation will be attenuvated by the addition of a thin lead
shield. As u result, the measurement of the activity using the
BOLPs might become possible during proton irradiation.
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APPENDIX: DECAY CORRECTION OF ACTIVITY
DURING PROTON IRRADIATION

Intensity of the proton beam provided from a cyclotron
accelerator is almost constanl. Therefore, the number of pos-
itron emitter nuclei Ny is expressed as follows:





