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Proton therapy is one lorm of radiotherapy in which the irradiation can be concenirated on a tamor
using a scanned or modulated Bragg peak. Therefore, it is very important o evaluate the proton-
irradiated volume accurately. The proton-irradiated volume can be confirmed by detection of pair
annihilution gamma rays from positron emitter nuclei generaled by the target nuclear fragment
reaction of irradiated proton nuclei and nuclei in the irradiation target using a positron emission
tomography (PET) apparatus, and dose-volume delivery guided proton therapy {(DGPT) can thereby
be uchieved using PET images. In the proton treatment room, a beam ON-LINE PET system
(BOLPs} was constructed so that a PET apparatus of the planar-type with a high spatial resolution
of about 2 mm was mounted with the field of view covering the isocenter of the beamn irradiation
system. The position and intensity of activity were measured using the BOLPs immediately after
the proton irradiation of a gelatinous waler target containing %0 nucled a different proton irracia-
tion energy levels, The change of the activily-distribution range against the change of the physical
range was observed within 2 mm. The experiments of proton irradiation to a rabbit and the imaging
of the activity were performed. In addition, the proton beam energy used to irradiate the rabbit was
changed. When the beam condition was changed, the difference belween the two images acquired
from the measurement of the BOLPs was confirmed to clearly identify the proton-irradiated
valume. © 2006 American Asseciation of Physicisis in Medicine. [DOL 10.1118/1.2361079]

Key words: dose-volume delivery guided proton therapy (DGPT), beam on-line PET system

{BOLPs), target nuclear [ragment reaction
g 8

L INTROBUCTION

Recently. the use of proton therapy, which is a highly accu-
rale 1ype of radiotherapy, has been spreading throughout the
world. The construction of proton therupy facilities is now
progressing in many countries, including the United States
and countries in Europe and Asia.' In conformal radie-
therapy, image guided radiation therapy (GRT) is a highly
accurate method of radiotherapy that can precisely irradiate
1he turnor by navigation of radiation to be delivered based on
images such as CT images and vltrasound ilmlg,es.l’3 As a
result, a high dose of radiation to a tumer may be delivered.
In proton therapy, the depth dose distribution has a Bragg
peak. Because of the lypical proximity of the proton beam to
critical structures, i1 is beneficial to examine the proton irra-
diated volume and dose distribution during trealment.
Dose-volume delivery guided proton therupy (BGPT) is
achieved by navigating the activity image of the distribution
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and intensity of the positron emitter nuclei generated by the
target nuclear fragment reaction of irradiated proton nuclei
and other nuclei in the putient."“ﬁ A beam on-line positron
emission tomography (PET) system (BOLPs), which has a
high position resolution, has been developed and constructed
with the field of view covering the isocenter of the beam
irradiation system in the proton treatment room for DGPT.

The aclivities of the positron cmitter nuclel generated by
the target fragmentation nuclear reaction in a gelatinous wa-
ter target and a frozen rabbil were measured at several proton
energy levels uging the BOLPs. The change between the pro-
ton dose distribution and Lhe activity distribution of the gen-
erated positron emiiler nuclei was confirmed and verified.

This report is organized as follows: The performance of
the BOLPs, experimental selup and procedures are described
in Sec. [1. Measurement and analysis results are presented in
Sec. [II. Finally, Sec. IV discusses the conclusions made,
based on the resulis, the usefuloess of the BOLPs, and the
plans for future developments.

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

Many kinds of nuclei, incloding positron emitter nuclei,
are generated Dy the target nuclear fragment reaction
X(p.x)Y of the irradiated proton nuclei and target nuclei in
the patient.

The reaction cross section of oy_y which determiney the
rate of generation, depends on the kind of target nucleus
{mass number of A, and atomic number of Z,) and relative
kinetic energy of £,. The number of nuclei generated by the
reaction Ny, is expressed as follows:

NR(Tr'rNj):G-X-—*Y) = N’,(T;, Ep) . {l - C}ip(— O"\-m}-'(A,,Z,,E‘,,)
n(ALZ) - 8A,Z))]. (1

Here, T} denotes the time of the proton irradiation, # is the
number of target nuclei per volume, and & is thin thickness
of the larget. N, is the number of incident protons of E, in
the irradiation of T; at each position in the larget. The re-
sidual number of positron emitler 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 Appendix) as follows:"

Nﬂ“‘(Th Tlll: N,'J= G'.\'—‘)?)

1 Tip 4T
= . S = - — Tin
zy, NR(T,,NP:U"\_,}) T;-In2 (1 —271#hn)

= E Np(TirEp} - [1 - exp(- a:\'—l’(An Zt:Ep) 'JI(A,:Z,)
¥

T:-ln2

i

-84 LZ)]- [L L= 2“Tf“'uz}} . (2)

Here, T3 is the halt-life time of the generated positron emit-
ter nuclei.

The human body is composed mainly of the nuclei of the
clements of H, C, N, and o’ Therefore, the positron emiiter
nuclei generated by the target nuciear fragment reaction are
predicted to be mainly the '*O (half-life tme, Ty,(* 0}
=1222s], and MO [T)n(M0)=706s], PN [Ty.(PN)
=9.971 minl, "C {7},,("'C)=20.4 min] nuclei. Moreover,
the ®*K nucleus [Ty, (**K)=7.6 min] may be generated from
the Ca nueleus in the bone.

B. Beam on-line PET system

The BOLPs is a system constructed for the determination
of the position and the activity of the positron emilier nuclei
by the detection of puir annihilation gamma rays from the
nuclei. Two opposing detector heads of a planar positron
imaging system (Flamamatsu Photonies K. K., Hamamatsu,
Japan) monnied with BGO scintillators® are vsed for the
BOIL.Ps. Each detector head consists of 24 detector units, and
each vait is composed of 10X 10 wrays of BGO crystals
with a crystal size of 2 X2X20 mm®. The useful field size
for the detection area is 120.8 X 186.8 mm?”. The BOLPs are
mounted with a 500-mm distance between the wpper and
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Fig. 1. Setup of (he BOLPs on the proton beamline iu the treatment room.

lower opposing delector heads and alignment of the center of
the detection area at the isocenter in the rotaling gantry treat-
ment room of the proton therapy facility at our center.” The
setup is shown in Fig. 1. The position resolution of this sys-
lem 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 S11-keV gamma rays is over a few thousand counts per
second (keps).

The activilty measured by the BOLPs Npgpp, is expressed
using Eq. (2}, decay correction of the activity during the
measurement, and the total detection cfficiency Cyy of the
BOLPs as follows:

NBULPS( Tie Tl,'2= Tm:Np: Tx— l’J

1)

il

=Nuul(Ti=T”2:Np=U,\'H]’) - 2—T,:;fT|.'2] ey

i

I

R

= )E N,(TLE,) -[1 —exp(= oy_y(A.Z.E,) - n(A.Z)

T
COALZN] - | T (=27 | [ - 27T ]

T:-In2

i

Sl . (3)

Here, T, denoles the time of the measurement afier the pro-
ton irrediation, £(==0.86) the detection efficiency for a single
51l-keV gamma ray, and £, the solid angle of the total
detectors. The solid angle at each point is caleulated with the
adjoined detector unit. Therefore, C,y of the BOLPs wilh
500-mm distance between cach opposing detector head is
range of 0.3%--0.7%.
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Fic. 2. Proton dose distribution ir ibe liver of the rabbit calculated using the
proton treatment planning system for plan 1 in the projection image ta).
axial (b, sagittal (e, and coronal () planes i rwo dimensions and three
dimensions {e), respectively.

C. Experimental procedures of proton irradiation to a
water target

The proion beams used were monocnergelic Bragg peak
(MONG) beams at 135.8 MeV and fine degraded energies in
the short beam range of 0.6 mm WEL, 1.2 mm WEL,
2.3 mm WEL, 4.6 mm WEL, 9.3 mm WEL, and 18.6 mm
WEL against the range of 135.8 MeV. The energics are
135.5 MeV, 135.] MeV, 1344 MeV,  133.0 MeV,
130.2 MeV, and 124.5 MeV, respectively. The MONO beam
size was about 30 mm FWHM.

The targel was gelatinous water (99% pure water), and
had a rectangular shape of 10X 1040 cm®. The MONO
beam of a very high intensity was directly irradiated to the
water target for 5 s, and the irradiated dose was 6.5 Gy al the
target entrance. The activity generated in the target was mea-
sured over a period of 33 min from the start of the proton
irndiation using the BOLPs. Morcaver, the 135.8-MeV
MONO beams were irradialed to the (arget by the beam-
irradiated position shified with 1.0 mm, 2.0 mm, 4.0 mm,
and 8.0 mm for a verification of the latersl distribution of the
activity. The measurements of the lateral distribution were
performed on the same condition as the measurements of the
depth distribution.

The proton dose distributions were meuasured al intervals
of | mm using a three-dimensional water phantom with a
75 ul farmer-type chiamber, and compared with the distribu-
tions of the activity.

D. Experimental procedures of proton irradiation
to a rabhit

The proten tremtiment 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
ke BOLPs were performed using the same rabbit.

1. CT scanning

A frozen rabbit was wrapped with the fixed shell (ES-
FORM: Engineering System Ltd., Nagano, Japan) used for
the proton lrealment of the head and neck to maintain the
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shape of the rabbit and to mark for the positioning using a
laser. Nonhelical CT imaging of 3-mm slices was performed
with the x-ray lube at i20kV and 200 mAs using a CT
simulator (CT/Real+DR  system, Toshiba Ltd., Tokyo,
Japan). Views of the CT scanning instrument and the ac-
quired projection image of the rabbil are shown in Fig, 2.

2. Proton treatment planning

The proton treatment planning system, PTPLAN/ndose,
developed in our fuci!itym'“ was used for planning the pro-
ton treatment of the rabbit wsing the acquired CT image. A
boot-shaped virtual tumor, which had a berd in the vieinity
of the center and an §.4-ml volume, was set in the liver of the
rabbit. All of the gross target volumes (GTY), the clinical
target volumes (CTV), and the plinning targel volumes
(PTV) were set to be equal to the virtual tumor. The PTV
(=CTV=GTV=virtual tumor) was irradiated with a dose of
4.0 Gy at the reference point with a single irradialion fiekl
from the backside al gantry angles=%0° (plan 1), The maxi-
mum range of the irradiated proton beam in pln 1 was
82.4 mm WEL, and the energy was 103 MeV. The size of
the irradiation field was 29 mm X 54 mmn, and the spread-out
Bragg peak (SOBP) of 30 mm was used for the proton irra-
diation of the rabbit. The patient compensator and cellimator
were produced based on the resolts of the treatment plan-
ning. Moreover, another treatment plan was made assuming
the partial reduction of the tumor size (plan 3). The maxi-
mun range was changed to 95.0 mm WEL in plan 2. The
irradiated dose in pian 2 was 4.0 Gy at the reference point,
which was the same as that in plan 1.

Figure 2 shows the proton dose distribution caleulated
using the proton treatment 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 imadiation was performed in the rotating gan-
try room at our fucility. The positioning of the rabbil was
performed by malching the marker on the fixed shell to the
laser in the treatment room. A 4.0-Gy dose of the
103 MeV/SOBP30 mm proton beam at a 90° gantry angle
was used to irradiate the PTV in the liver of the rabbit using
the patient compensator and collimator produced in plans 1
and 2. The irradiated dose is generally daily fractional dose
for a proton therapy of a liver and lung tumor in our facility.
The proton irradiation time was about 1 min.

4. PET imaging using BOLPs

Figure 1 shows the selup of the rabbit and the BOLPs on
the proton beamline. Both the center of the detection area in
the BOLPs und the reference point in the PTV were malched
up to the isocenter. In both plans 1 and 2, the activity gen-
erated in the liver of the rabbil was measured over a period
of 33 min (beam on: 1 min, beam off: 32 min) from the start
of the proton irradiation wsing the BOLPs. The measured
data were stored in a computer for image display and for
analysis of the binary formatted data pixels of [.1E-mum size
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Fii. 3. Measared distibutions of positron emitier nuclei generated in the
water target and the measured dose distributions by irradiation of MONO
proton beams al 135.8 MeV, 1335 MeV. 1331 MeV, 1344 MeV,
133.0 MeV, 130.2 McV, and 124.5 MeV: (1) depth dose disiributions, (b)
depth diseributions of sctivity, (&) laleral dose distributions, (¢) lateral dis-
tributions of aciiviey.

mapped on a frame of 120.8 % 186.8 mm® every second. The
detection counts per second were also stored in the data set.
Morcover, the lime-dependent changes and the differences
between the PET images acguired in plans 1 and 2 were
examined. In the case of this experiment, the inlernal organ
motion effect and physiologic washout effect of the positron
emitter nucleus'? are not considered in the PET images.

ll. RESULTS

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

The measured distribution of positron ermitier nuclei gen-
erated in the waler target and the measured dose distribution
were compared and verified. Figures 3(a) and 3(b) show the
measured depth dose distributions and the measured depih
distributiens of positron emitier 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.=1.2 mmWEL), 1344 MeV {F.D.=2.3 mmWEL),
133.0 MeV  (F.D.=4.6 mmWEL), 130.2MeV  (F.D.
=03 mmWEL), and 124.5MeV (F.D.=18.6 mmWEL),
respectively, Similarly, Figs. 3(c) and 3(d) show the mea-
sured luteral distributions and the measured lateral distribu-
tions of the positron emilter nuclei.

Table I summarizes the measured physical range (Rpy):
the measured activity range (R, ), which was defined ag the
depth point of the 50%% peuak of the activity, difference be-
tween their ranges (AR), each difference of physical and ac-
tivity range against each range at  135.8 MeV
(ARPhyh‘,ARM_), and their dilferences (SAR), in the water
target irradiated with the proton MONO beams. Similarly,
the beam center positions (BC,,.,BC,,) of the dose and
activity calculaled by the measured lateral dose and activity
distributions, and difference of each BC (ABC) are shown in
Table 1.

The AR obtained by the measurement results were ubout
I 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)1*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 al an sccuracy within a difference
of less than 2 mmWEL in the energy levels. The measured
activity range included a random error about £0.5 mm in the
position of the targel 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 positron 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 hmages

TasLe 1. Differences between the messured physical range and the measured activity range in (he water target irradiated with proton MONG at different

energy levels.

Depth distribution Fine degrader (FD,) (mmWEL)
Ry fED) (mmWEL)
R.(ED.) (mmWEL)

ARy AF.D.) immWELF
AR, (FD.) (nmWEL)"®
AR(ED.) (mmWEL)
SARIED.) (mmWELY

13

Lateral distribution BC,,.. (mmj
BC,, (mm)

ABCYmm}

12
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1309 129.9 1274 1228 1134
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FiG. 4. Caleulated proton dose distribution {2} and PET image measured at
1 (b). 2 {c), 4 {d), 10 (&), imd 30 min () after proton irradiation in plan 1.

show the results of the measurements ¢ [, 2, 4, 10, and
30 min alter the proton irradiation. Each number of total
detection events was 114 583, 194 488, 295 555, 417 471,
and 525 474 counts, respectively. The measured activity dis-
tribution cogresponded to the irradiated dose distribution.
The distinctness of the PET image increased s the time of
the measurement using the BOLPs improved by increasing
the delection events. However, further improvement of the
distinctness of the PET image was not expected so that over
95% of the total detection events were collected by the mea-
surement of 30 min. The detection counts per sccond of the
activity generaled in the rabbit is shown in Fig. 5. Moreover,
a large amount of background data of the signal per noise
ratio equal to about 1/ 10 among the proton irradiation, were
included in the data coliected from the measurement using
the BOLPs. There are secondary x rays, gamma rays, and
neutrons generated by the proton bombarding the device uti-
lized for the formation of the irradiation field in the proton
treatnent. Therefore, the PET images were conslrocted by
using only the detection events after the beam irradiation
stop.

The generated positron emitter nuclei in Lhe rabbil are
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Fig. 5. Detection coumts per second mensured wsing the BOLPs in plan 1.

predicted Lo be mainly the 150, M0, BN, and V'C nuclei. The
decay of the activity was mainly 130 for about 5 min after
the proton irradiation, and 30, PN, and "'C at times over
5 min. However, il is possible to approximate the function of
the detection rate CR by dividing it inlo two elements with a
short and long half-life time, as cxpressed by the following
equations:

CR(1) = >

i:lSO.MO,IjN,“C,...

[CR());

= 3[R+ X [CROI
j=Fo Yo, . =P
1 1105 1. HBA7.6
— 19779 X (;) +219.7 X (*;) . (4)

Here, ¢ denoles the measurement time, in second, after the
beam stops.

2, Dependence of activity on maximum range

The results of the caleulited dose distribution and the
PET images acquired at 10 min using the BOLPs in plans 1
and 2 are shown in Fig. 6. In the caleulated dose distribution,
the maximum range was 824 mmWEL in plan I, 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 aclivity distribution and the dase distribution in
plan 2 reached a deeper point than those in plan 1. Figure 7
shows the depth profile of the activity distribution at 10 min
measured using the BOLPs in plans | and 2. The differences
between the activity ramge between plans | and 2 at the distal
points of 3000 counts, 4000 counts, and 5000 counts were
i4, 11, and 9 mm, respectively, as shown in Table I1. The
results showed a difference between the maximum range of
13 mmWEL.

IV. DISCUSSION AND CONCLUSIONS

In Jupan, the proton treatment is generally performed with
the daily fractional dose of 1.8-5.5 Gy and total dose of
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Fig. 6. Calculated prolon dose distribution (A). (B) and PET imuges ac-
quired at 10 min (), (b} in plans 1 and 2. respectively.

59-73 Gy for each treatment site. The time period of the
treatmnent is from 2 o 7 weeks. The prolon treatment plan-
ning is done with 1-3 irradiation fields. One or two of the
irrudiation fields are nsed for a daily irradiation. During the
period of proton treatment precise information about changes
of the tumor and the patient condition are important as they
pertain to the target volume position with respect to the
beamn. If a reduction of the tomor size oceurs, a change of the
body shape occurs dusing the comparatively long period of
the treatment, and the treatment will be performed with a
dose distribution different [rom the planned dose distribu-
tion. Figure 8 shows the dose distribution calculated for three
field irradiation from the anterjor direction and 1wo nonco-
planar directions in the case of a tumor of the paranasal

10099 T
proton besm direetion

8003

wesee Plan B
~— Plan2

6003

Activity {counts]

4000

2002

T Ty
i
L ! i 4¥’%*’5 S

0 50 100 150
Drepth Position fmm]

Fic. 7. Depth profile of the activily distribution in the measurcment at
16 min using the BOLPs in plans 1 and 2. respectively.
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Taste 1), Difference between the activity ranges in the plan 1 and 2 at each
point of the distal activity.

Distal point activity: DPA (counts) 3000 4000 5000
Aclivity range: AR{Plan, DPA) {mm)

Plan ) 97 93 89

Plan 2 11 104 9%

ARI2.DPA)-AR{1.DPA) imm) 14 11 9

sinuses. The irradiaton dose is 59 Gy/26 fractions with one
field irradiation/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 area of the
paranasal simuses, respectively. In the treatment plan, the
dose is concentrated 1o the tumor and is low (o the brain stem
as the organ at risk. However, the concentratien of the dose
to the tumor i low, und a high dose is delivered to the brain
stem due 10 the reduction of the wimor during the periad of
treatiment.

In the experiment using the water target, the values of the
SAR (zARphyx.— AR = (Rphys.{(n ""Rphyx.‘F-D-))_ (Ry(0)
-R,,(F.D.))) and the ABC are a very important index for
evalvation of the utility of the constructed BOLPs. The ex-
perimental results suggest that a change of the range of a few
mmWEL, which is almost equal to the value of the positional
resalution ef the BOLPs, will be detected for the change of
aclivity range meusured vsing the BOLPs. The positional
accuracy of un 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 treatiment. However, the number of
511-keV annihilation gamma rays will decrease in a patieat.
The attenuation length in water is about 10 em. The half
thickness of the rabbit’s body in this experiment is aboul
5 ¢cm WEL. Therefore, the number of gamma rays becomes
about 175%—6% of the number in the experiment using the
rabbit so that the pass length of a patient is about 2-20 cm
WEL in a proton treatment. The ceifect of the atteavation in

F16. 8. Proton dose distribution of anterior direclion and (wo noncoplanar
directions in the case of a tumor of the paranasal sinuses calculated using the
proton sreatment planming system. The Jefl Rguze shows the dose disnibu-
tion immediately after the beginning of the treatment. and the right shows
the dose distribution after partial reduction of the tumos.
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Fis. 9. Flow dingram of she procedure for the clinteal use of Ihe BOLPs.

cach patient will be necessary 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
hiologic isotope decay due to blood Aow. The physiclogic
washout effect of the positron emilter nucleus that might be
different by a body tissue was not considered in this experi-
ment using the frozen rabbit. The activity distribution mea-
sured using the BOLPs will extend und become unclear by
the effect. Therefore, the measurement in a 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 case
shown in Fig. 8.

A flow chart of the DGPT in the proton (remtment is
shown in Fig. 9. The main operation is to take a PET image
every day and compare the PET image of the first day of
treatment with each PET image during the comparaiively
long period of treatment. Wherewith, if he difference be-
tween both images is confirmied by reducing the tumor size
and changing the body shape, then the first proton treatment
plen is immediately cosrected to a new plan. As a result,
prolon treatments of high accuracy can be offered w the
patient. In practice, the daily precision of the patient posi-
toning 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 the margin in the proton
treatment planning system. Moreover, the usefulress of this
system will be high in spot 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 oplinum treatment on
the spot, will be achieved as a high precision of the activity
caleulation in the DGPT using the BOLPs and a speed up of
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BOLPs(rotating type)

FiG. 10 View of the BOLPs equipped Io rotate with the rotaling gantry.

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

The development of a BOLPs setup directly in the rotai-
ing gantry port shown in Fig. 10 is ongoing now. The dis-
tance of both the opposed detector arrays set up on the anms,
which move 10 the parallel direclion of a rotation axis and
the direction of a ganiry rolating, can be adjusted from
300 mm to 1000 mm. Also, the secondary x rays that are the
main component of the background during the proton irra-
diation will be attenuated by the addition of a thin lead
shield. As a 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 constant. Therefore, the number of pos-
itron emitter nuclei Ny, is expressed as follows:
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Abstract

Purpose To assess the effect of altering the method of
administration during negative-balance isolated pelvic
perfusion (NIPP) on the platinum concentration in the
pelvic or systemic circulation.

Methods Twenty female pigs were used in this study.
The abdominal acrta and the infra-renal vena cava
were occluded with two balloon catheters and blood in
the extracorporeal circuit was circulated with twin
rotary pumps. NIPP was then performed with cisplatin
(5 mg/kg) in 15 pigs. Three types of NIPP administra-
tion method (group A: 1 bolus, B: 2 same doses
boluses, C: 3 same doses boluses) were used, five pigs
being subjected to each treatment. The remaining five
pigs were administered cisplatin systemically as a con-
trol study (group D). The platinum concentrations in
the pelvic and systemic circutation were measured and
compared.

Results (1) Pelvic circulation: There was a tendency
for the platinum concentration to increase as the bolus
time decreased. The platinum concentration in groups
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A and B was significantly (P < 0.05) higber than that in
group C. Significant differences (P < 0.05} between
groups A and B until 10 min after the start of NIPP. (2)
Systemic circulation: Significant differences (P < 0.05)
were observed between NIPP groups and D during
NIPP. The platinum concentration in group DD was five
times higher than that in group C. (3) Plasma pelvic to
systemic exposure ratio: there were no significant
differences among the three NIPP groups.

Conclusions The platinum concentrations in the pel-
vic and systemic circulation increased as the bolus time
decreased. The plasma pelvic to systemic exposure
ratio was not influenced by bolus time.

Keywords Isolated pelvic perfusion -
Negative-balance isolated pelvic perfusion - Pig model

Intraduction

During the last four or five decades, there have been
many attempts to enhance fUmMOr response by isolated
pelvic perfusion (IPP) therapy in which anticancer
drugs at high concentrations are delivered to the tamor
tissue as selectively as possible. The first regional per-
fusion technique, initiated by Creech et al. (1958), was
the use of an extracorporeal circuit to deliver a high
concentration of drug to a regional arterial/venous cir-
cuit in an extremity. IPP was first developed by Austen
etal. (1959) and has been used by several medical
groups in an effort to control advanced malignancies of
the bladder, uterus and rectom (Austen etal. 1955
Watkins et al. 1960; Stehlin et al. 1960; Shingleton et al.
1961; Lawrence etal, 1961, 1963; Collins 1989; Wile
and Smolin 1987; Wile et al. 1985; Turk etal. 1993;
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Wangebo and Bellivean 1999; Wanebo et al, 1996, 2003;
Guadagni et al. 1998). However, IPP therapy has not
been used as a therapeutic strategy for advanced pelvic
cancers. Even in an isolated setting, anticancer agents
can easily leak into the systemic circulation (Lawrence
etal. 1961, 1963; Wile and Smolin 1987; Wile et al.
1985; Collins 1989; Turk et al. 1993; Wanebo and Belli-
veau 1999; Wanebo et al. 1996, 2003). Therefore, it is
impossible to perform such therapy in patients with
renal dysfunction and the amount of anti-cancer agents
is strictly lirsited.

‘We hypothesized that drug leakage via highly devel-
oped collateral vessels in the pelvis into the systemic
circulation would be decreased by reducing the blood
pressure in the pelvic venous circulation during TPP
and for this purpose we developed a twin-pump system
for the extracorporeal circuit to modulate the in-out
flow rate in an IPP pig model (Murata et al. 2005). We
devised a novel IPP technique that allowed control of a
negative-balance in—out flow rate, which we refer to as
negative-balance isolated pelvic perfusion (NIPP) and
found that this clearly reduced drug leakage into the
systemic circulation. In the present study, in order to
determine the most appropriate method of administra-
tion, we evaluated the contribution of drug administra-
tion time to plationm concentration in the pelvic and
systemic circulation in a pig model.

Materials and methods
Animal model and geperal anesthesia

All animal experiments were conducted in accordance
with the Guidelines of Nippon Medical Schoel Univer-
sity for Animal Care and Experimentation. Twenty
adult female pigs weighing 34-40 kg (average: 36 kg)
were used in this study and all procedures were per-
formed with the animals under general anesthesia. The
animals were placed supine and general anesthesia was
induced with an intramuscular injection of ketamine
hydrochloride (300 mg/pig) and maintained with sevo-
flurane (Maruishi Pharmaceuntical Co. Ltd., Osaka,
Japan).

Monttoring of the systernic circulation

Peripheral arterial oxygen saturation was maintained
above 90% and monitored with a probe applied to the
ear. Each animal was continuously monitored during
the procedure using electrocardiography. In all 20 pigs,
both internal jugular veins were exposed through a cut-
down incision and two cannula sheaths (5 Fr; Medikit
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Co. Lid. Japan) were inserted into each of them. The
cannula sheath in the right jugular vein was nsed to col-
lect blood samples and to monitor central venous pres-
sure (CVP) and the other sheath was used to
administrate other agents by intravenous drip infusion.
The thyrocervical artery was exposed apd a 5 Fr can-
nula sheath was inserted to monitor blood pressure
during the procedures. CVP and arterial blood pres-
sure were recorded before and at 0, 5, 10, 15,20, 25 and
30 min after the start of perfusion.

Catheter technique and experimental groups

Additional procedures were performed in 15 pigs sub-
jected to NIPP. Both common femoral arteries and
veins were exposed through a cut-down incision and
sheaths (6 and 9 Fr each; Medikit Co. Lid., Tokyo,
Japan) were inserted into each of them, as shown in
Fig. 1 (Muzata et al. 2005). The cannulas had specially
designed side-arms to allow high flow and to keep the
pressure in the pump-system low during withdrawal
and return of the blood through the cannulas. After
systemic heparinization (120 U/kg), two balloon cathe-
ters {30 mm balloon with 5 Fr shaft, Forte Co. Ltd.,
Tokyo, Japan) were placed in the abdominal aorta and
the infrarenal vena cava (IVC) at the level of the 1.3/4
intervertebral space.

Among the 20 pigs, 15 were evaluated for the contri-
bution of drug administration time to platinum concen-
tration in the pelvic and systemic circulation by using
three sets of bolus infusions. After occlusion of the
abdominal aorta and IVC with the two balloon cathe-
ters, blood was withdrawn from the veins with one of
the rotary pumps and returned to the arteries through
the cannulas with the other rotary pump. Five animals
were allocated to each group; a total cisplatin (Nippoa
Kayaku Co. Lid., Tokyo, Japan) dose of 5 mg/kg was

Vena Caval
Oeclusion
Catheter
Aartic
Occlusion

SFr. Sheathy

Fig. 1 Schema of the negative-balance isolated pelvic perfusion
system used in 2 pig model (Murata et al. 2005)
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administered into the reservoir (Fig.1) in one bolus
(group A), in two equal boluses at 0 and 10 min after
the beginning of perfusion (group B), or in three eqgual
boluses at 0, 10 and 20 min after the beginning of per-
fusion (group C). The volume withdrawn was fixed of
20 m¥/min higher then the volume returned (300 ml/
min). The remaining five pigs (group D) were sub-
jected to systemic intravenons administration of cis-
platin in three equal boluses as a control study. In this
group, cisplatin was administered for 1 min per bolus.
‘The reason why we used much higher dose of cisplatin
than that wsed with humans was to obtain a data of
blood kinetics of high cisplatin dose for clinical applica-
tion because there were very few papers with double or
triple doses of cisplatin.

Management of systemic cirenlation

The animals were administered the other agents by
intravenous drip infusion via the cannula sheath in the
left jugular vein during IPP, because the reduction of
blood volume caused by increasing the volume with-
drawn and the volume of the blood samples would
have caused anemia in the pigs. In view of the volume
of blood loss during NIPP, the intravenous drip infu-
sion rate was set at 25 ml/min in each group, The cis-
platin was infused for 30min. In group D, the
intravenous drip infusion rate was set at 5 ml/min. All
results were performed independently five times,

Angjography

Before NIPP, isolated pelvic angiography was per-
formed with the twin rotary pumps in each animal
(n=15) to confirm establishment of the IPP system.
Isolated pelvic angiography was performed by infusion
of non-ionic contrast material (300 mg/m!; iodine, ich-
exol, Daiichi Pharmaceutical Co. 1td., Japan) at a rate
of 5 ml/s through the arteries with a rotary pump and
was withdrawn at a rate of 5 ml/s through the veins
with the other rotary pump. The duration of angiogra-
phy was 30 s and the total volume of contrast material
infused was 100 ml Recording of the fuoroscopic
images on video tape was begun at the start of contrast
material infusion. NIPP was performed after confirm-
ing that no contrast material had entered the inferior
vena cava above the occluding balloon.

Analysis of pharmacokinetics
In NIPP groups, plasma platinum concentration was

measured in blood samples collected from the artérial
and venous sides of the pamp and from the systemic

venous circulation (superior vepa cava) at 0, 5, 10, 15,
20, 25 and 30 min after the start of NIPP. Blood sam-
ples in groups B and C were coBected 10 and 20 min
prior to the second or third injection of cisplatin. In
group D, the plasma platinum concentration was also
measured in blood samples collected from the systemic
venous circulation (superior vena cava) at 0, 5, 10, 15,
20, 25 and 30 min after the start of cisplatin infusion.
Blood samples in group D were collected 10 and
20 min prior to the second or third imjection of cis-
platin.

Statistical analysis

The plasma samples were digested with nitric acid for
analysis of metal species. Platinum concentrations in
the serum were measured by atomic absorption spec-
trophotometry (Varian SpectrAA 300/400). Drug
exposure was measured as the area under the serum
concentratiop-time curve until 30 min after the start of
perfusion. All data are shown as means = SD. Results
were compared by ANOVA with repeated measures
and Games-Howel method as post hoc comparisons.
Differences at P < 0.05 were considered statistically sig-
nificant.

Resulis
Effect of NIPP on the systemic circulation

Hemodynamic parameters, arterial blood pressure
(BP), heart rate (FIR), blood oxygen saturation (SAT)
and CVP were measured during NIFP to evaluate its
effect on the systemic circulation. Each animal was
bemodynamically stable throughout all the procedures.

Pharmacokinetics of the serum platinum corcentration,
in the pelvic circulation

Serum plasma platinum .concentrations in the pelvic
circulation

The maxivnm plasma platinum concentrations in the
pelvic cirenlation on the arterial side (Table 1; Fig. 2)
were 75.0 (15.5) mg/l in group A, 55.8 (7.3) mgl in
group B and 382 (5.6) mg/l in group C. The average
platinum concentration was 43.6 (9.0} mg/l in group A,
37.9 (2.0) mg/l in. group B and 28.3 (1.6) mg/fl in group
C. The maximum plasma platinom concentrations in
the pelvic circplation on the vencus side (Table I;
Fig. 3) were 59.7 (15.8) mg/l in group A, 38.9 (7.4) mg/t
in group B and 29.2 (4.3) mg/l in group C. The average
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