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In proton radiotherapy, the irradiation dose can be concentrated on a tumor. To use this radiotherapy
efficiently in the clinical field, it is necessary to evaluate the proton-irradiated area and condition.
The proton-irradiated area can be confirmed by coincidence detection of pair annihilation gamma
rays from B* decayed nuclei generated by target nuclear fragment reaction of irradiated proton
nuclei and nuclei in the irradiation target. In this study, we performed experiments of proton
irradiation to a polyethylene (PE:CH,) target containing '2C nuclei, which is a major component of
the human body, and a gelatinous water (H,0) target containing 180 nuclei at different proton
irradiation energy levels under different beam conditions of mono-energetic Bragg peak and spread-
out Bragg peak. The distribution of the activity in the target after proton irradiation was measured
by a positron emission tomography (PET) apparatus, and compared with the calculated distribution.
The temporal dependence of the activity distribution during the period between the completion of
proton irradiation and the start of measurement by the PET apparatus was examined. The activity
by clinical proton irradiation was 3 kB/cc in the PE target and 13 kB/cc in the water target,
indicating that the intensity was sufficient for the evaluation of the distribution. The range of the
activity distribution against the physical range was short (several millimeter water equivalent
length), indicating the presence of target dependence. The range difference in the water target was
slightly large with time dependence until the start of measurement. The difference of the lateral
widths with full width half at maximum in the distributions of the measured irradiated dose and

activity was within 1 mm. © 2005 American Association of Physicists in Medicine.

[DOI: 10.1118/1.1879692]

Key words: proton radiotherapy, PET apparatus, B* decayed nuclei, target fragment reaction,
partial nuclear cross section, beam range verification, beam FWHM verification

I. INTRODUCTION

Recently, use of heavy charged particle radiotherapy has
been spreading throughout the world, and in Japan, proton
radiotherapy has been performed at the National Cancer Cen-
ter (Kashiwa), Tsukuba University, Wakasawan Energy Re-
search Center, and Shizuoka Cancer Center, carbon radio-
therapy at the National Institute of Radiological Sciences,
and proton and carbon radiotherapy at Hyogo Ion Beam
Medical Center.! In heavy charged particle radiotherapy, tar-
gets in patients can be irradiated by a charged particle beam,
but without accurate control, the beam may miss the targets.
To take advantage of heavy charged particle beams, it is very
important to directly evaluate the irradiated area and condi-
tion in patients.

Radioactive ion beam generation technologies have been
developed in the past dozen or so years, and used for basic
physical studies.? Medical application of the beam was first
performed by LBL (Lawrence Berkeley Laboratory) in the
USA,’ and the application of the beam is currently being
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studied at the National Institute of Radiological Sciences.*
Incident radioactive ion beams of g% decayed nucleus
(positron-emitting nucleus) stop around a range in the
patient, and beam-stopping points can be determined by si-
multaneous measurement of pair annihilation gamma rays
emitted from the beams. GSI (Gesellschaft fur Schwerionen-
forschung) in Germany has been studying the determination
of beam-stopping points in the patient using S8+ decayed nu-
clei (mainly 11C) generated by beam nuclear fragment reac-
tion of clinical carbon nuclei beams (stable carbon, >C) in
the patient,é’7

In the present study, to establish optimal proton radio-
therapy, the proton-irradiated area, condition, and dose dis-
tribution in the patient were examined using target nuclear
fragment reaction caused by proton beams.>!! The positions
and number of B+ decayed nuclei were determined by simui-
taneous measurement using a positron emission tomography
(PET) apparatus to detect pair annihilation gamma rays emit-
ted from B* decayed nuclei generated by target nuclear frag-

© 2005 Am. Assoc. Phys. Med. 1070
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ment reaction, and physical parameters containing informa-
tion about the proton-irradiated area, condition, and the
proton dose distribution were determined. The amount and
distribution of B decayed nuclei generated in PE (CH,) and
water (H,0) targets by target nuclear fragment reaction after
mono-energetic Bragg peak (MONO) or spread-out Bragg
peak (SOBP) beam irradiation at different proton beam en-
ergies as using a PET apparatus were measured, and were
compared with the calculated level. It was confirmed that the
distribution of the activity could be statistically obtained by
the measurement using a PET apparatus.

This paper is organized as follows. Experimental setup
and procedures are described in Sec. II. Measurement and
analysis results are presented in Sec. III. Section IV dis-
cusses conclusions of this study and advantage of the com-
bination system with the use of 8" decayed nuclei generated
by the nuclear fragment reaction and PET apparatus in pro-
ton radiotherapy.

lIl. MATERIALS AND METHODS

A. Target nuclear fragment reaction

Target nuclear fragment reaction occurs by collision of
nuclei with a relative energy of more than several tens of

Medical Physics, Vol. 32, No. 4, April 2005
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megaelectron volts per nucleus, and generates B+ decayed
nuclei. The threshold energies of the reaction calculated by
difference of atomic weight are 19 and 16 MeV for
2C(p,pn)''C and °O(p, pn)'®0, respectively.

Since incident protons in proton beams do not fragment,
target nuclear fragment reaction of nuclei in the target
X(p,x)Y is induced by incident protons. The reaction cross
section, which depends on the relative kinetic energy of col-
lided nuclei, increases with decreases in the energy at a rela-
tive kinetic energy of less than several hundred megaelectron
volts, peaks at about 50 MeV, and then often decreases rap-
idly.

B. Detection of 8+ decayed nuclei generated in the
target

Transport time between the proton irradiation area and
PET imaging area, which were located in the same
building,12 took a minimum of 2 min. ‘

The clinical PET apparatus (PET/Advance, GE Yokogawa
Inc.) used for this study in our institution was a detection
system with 12096 BGO with a crystal size of 4X8

Fi6. 2. Two-dimensional distributions
of B* decayed nuclei in the PE target
measured using the PET apparatus.
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X 30 mm? arranged on a circumference of about 900 mm in
diameter. The spatial resolution after image reconstruction
was 4—6 mm, which was space-dependent.

C. Experimental procedures

Proton irradiation to targets was performed using a rota-
tion gantry port in our institution. To produce a flat irradia-
tion field in the lateral direction, the dual ring double scat-
tering method'® is used for this port. To produce a flat
irradiation field in the depth direction, a SOBP method with
an aluminum ridge filter (RF)! designed according to a bi-
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exponential form was used. Figure 1 shows the outlines of
the apparatus for the production of the irradiation field using
the port. In the figure, RF denotes the ridge filter, FD the fine
degrader, BC the block collimator, PC the patient collimator,
and PB the patient bolus (range compensator).

The proton beams used were MONQO beams at 138, 179,
and 223 MeV, and SOBP (50, 100 mm) beams at 191 MeV.
The MONO beams were used with the monitor alone in the
apparatus shown in Fig. 1, and the SOBP beams were used
with all devices. The targets used were polyethylene
(PE:CH,) with density of 0.958 g/cm® and gelatinous water
(99% pure water), and were rectangular shape of 10X 10
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X 40 cm®. The MONO beam size was about 30 mm full
width at half maximum (FWHM). The SOBP beams were
used by collimating the irradiation field formed by dual ring
double scatterers to 50 mm X 50 mm. SOBP beam irradiation
was also performed with a patient bolus with a 25 millimeter
water equivalent length (mmWEL) range gap in half of the
irradiation field (50 mm X 25 mm).

MONO and SOBP beams were irradiated to the targets for
10 s and 2 min, and the irradiated doses were 10 and 7 GyE
at the target entrance, respectively. PET scanning was started
2 min after irradiation and data was acquired for 2 min. The
width examined by a single scanning was 144.5 mm in the
depth direction, and the overlapped width was 8.5 mm. The

Medical Physics, Vol. 32, No. 4, April 2005

reconstruction of images from measurement data was per-
formed by the two-dimensional ordered subsets-expectation
maximization algorithm.”> The spatial resolution was
4.2-5.8 mm. The changes in the activity distribution and the
intensity detected between the completion of proton irradia-
tion to the target and the start of measurement using the PET
apparatus were examined.

The proton dose distributions in the depth and lateral di-
rections were measured at intervals of 1 mm using a three-
dimensional water phantom with a 75 ml farmer type cham-
ber, and compared with the distributions of the activity
measured using the PET apparatus.
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A. Measured distribution of g* decayed nuclei
generated in the PE target

Figure 2 shows the distributions of B* decayed nuclei
generated in the PE target by irradiation of MONO beams at
179 MeV and 50 mm SOBP beams at 191 MeV, which were
measured using the PET apparatus and imaged. In the figure,
the left panels show the distribution of B* decayed nuclei by
irradiation of the MONO beams, the middle panels show that
by irradiation of the 50 mm SOBP beams, and the right pan-
els show that with the range gap created with the patient
bolus by irradiation of the 50 mm SOBP beams. The upper

Medical Physics, Vol. 32, No. 4, April 2005

direction on the plane including the beam axis, and the lower
panels show the two-dimensional distribution of 8+ decayed
nuclei by irradiation of the MONO beams at a 150 mmWEL
depth and by irradiation of the SOBP beams at a
200 mmWEL depth in the lateral direction on the plane per-
pendicular to the beam axis.

Based on the estimated probability of 8* decayed nuclei
generated by target nuclear fragment reaction during the pe-
riod between the completion of proton irradiation and the
start of measurement, the 8+ decayed nuclei were limited to
He nuclei by ?C(p,pn)!'C reaction. Figure 3(a) shows the
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measured distributions of B8* decayed nuclei generated in the
PE target and the measured proton dose distributions by ir-
radiation of MONO proton beams at 138, 179, and
223 MeV. As the correction of activity with time, the half-
life of ''C nuclei (20.4 min) was used. Figure 3(b) shows the
measured distributions of 8% decayed nuclei generated in the
PE target and the measured proton dose distributions at dif-
ferent depth points in the lateral direction by irradiation of
MONO proton beams at 179 MeV. The stopping power and
the dose-dependent activity intensity corresponding to the
proton flux increased gradually with increases in the dose
until the range, and then decreased rapidly. The lateral activ-
ity distribution at each depth point agreed with the proton
dose distribution at the point. This was because the energy-
dependent reaction cross-section term was negligible due to
almost the same energy level of proton beams in the same
depth region within a homogeneous target.

Figures 4(a) and 4(b) show the measured distributions of
Bt decayed nuclei generated in the PE target and the mea-
sured proton dose distributions in the depth and lateral direc-
tions, respectively, by irradiation of SOBP (50, 100 mm)
beams at 191 MeV, and Figs. 5(a) and 5(b) show the mea-
sured distributions of B8* decayed nuclei generated in the PE
target and the measured proton dose distributions in the
depth and lateral directions, respectively, by irradiation of
SOBP (50 mm) beams at 191 MeV with a range gap of
25 mmWEL on half of the irradiation field. The distributions
of B* decayed nuclei generated by the SOBP beam irradia-
tion were concluded to agree with the superimposed distri-
bution by the MONO beam irradiation, which corresponded
to each value of energy loss and weight of proton flux at each
point where MONO beam passes the RF with bi-exponential
form, indicating a poor slope of the distributions around the
range with the length of the SOBP width. The lateral distri-
butions at the depth points showed similar shapes with the
irradiation flatness. For example, 2.5 GyE SOBP (50 mm)
proton beams are routinely used for clinical treatment of the
head and neck region. Immediately after irradiation with the
dose, activity with an intensity of about 3 kB/cc occurs in
the target.

B. Measured distribution of g* decayed nuclei
generated in the water target

As in the PE target, the measured distributions of 8* de-
cayed nuclei generated in the water target and the measured
dose distributions by irradiation of MONQO and SOBP proton
beams were compared and verified. Figures 6(a) and 6(b)
show the measured depth distributions of 8 decayed nuclei
generated in the water target and the measured depth dose
distributions in MONO and SOBP beams. As the correction
of activity with time, the half-life of 10 nuclei (122.2 s) was
used. It was estimated that there were many B+ decayed nu-
clei generated by target nuclear fragment reaction of '°0
nuclei in the water target. The reaction cross section size and
the long half-life of 8* decayed nuclei determined by calcu-
lation suggested that the 8* decayed nuclei measured using
the PET apparatus in the experimental system of this study
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were 11C, I’N (half-life, 9.97 min), and 150, Therefore, since
we had to use the half-life of 'O alone as the attenuation
correction coefficient of activity, the measured distributions
shown in the figures do not reflect the accurate amounts of
B* decayed nuclei generated in the water target by proton
irradiation. Activity with an intensity of about 15 kB/cc is
induced in the target by 2.5 GyE SOBP (50 mm) proton ir-
radiation, which is used for clinical treatment of the head and
neck region. The intensity is changed from 15 to 13 kB/cc
estimated with use of the half-life of ''C, 1N, 1°0, and the
partial reaction cross section (see the following).

C. Calculated depth distribution of 8" decayed nuclei
generated in the PE and water targets

The distribution of 8* decayed nuclei was calculated by
the following procedures.

1. Total reaction cross section

Proton flux irradiated to the target decreases by reaction
of incident protons and nuclei in the target with increases in
the distance in the depth direction, The nuclear reaction rate
depends on the total reaction cross section, and the reaction
cross section depends on the relative kinetic energy of pro-
tons and the nuclei in the target. Figure 7 shows the experi-
mental total reaction cross section of protons and carbon nu-
clei as an example. Sihver et al. reported the following
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Here, the functions f, g, and A& depending on the proton
beam energy and target nuclei are expressed as follows:

freac(Ep’ADZl) =[1.15+ A exp(— Ep/)\2)] -[1-0.62
XeXp(— EP/ZOO) . Sln(109 . E;O.ZS)]’

gl‘eﬂC(Ep’ApZI) =4.00-0.02- Ep,

hreac(EpsAnZz) =0.02- Ep - 3.00, (5)
38(Z, = 4)
1L4(Z,<38) 25(2,=5)
A = t o Ng= t )
O(otherwise) 10(6 =Z,<38)
1(otherwise).

The total reaction cross section of protons and carbon nuclei
determined using Egs. (1)—(6) are shown in Fig. 7, indicating

TaBLE 1. Coefficients of () and # depending on the generated nuclei shown
in Eq. (10).

Product 1c 13N 140 150
Q 1.00 0.40 1.00 1.20
" 1.15 0.90 1.15 1.15

a relatively good reproduction of experimental measure-
ments.

2. Calculation of proton flux

The dynamics of incident proton flux (F) in the PE and
water targets were determined using the following equations
with the total reaction cross section calculated using the
above equations:

F(Z,A,,Z,,I‘l) = Fin(z = O) : ‘I(Z)
1 expl= 0100e(z,4,Z) - 11+ A). (7

Here, E;, denotes the kinetic energy of incident proton beams
at the target entrance, n the number of target nuclei per unit
density, and A the target thickness. E, is replaced by z using
the following Bethe-Bloch equation of the stopping power:17

dE, 4.6t 2.m,-c* B
T meeg M
€

=In(1 —Bz)—ﬂz}‘ (8)
Here, I denotes the mean excitation potential, ¢ the light
velocity, B the beta value (=v/c), e the electron charge, and

m, the electron mass. The range straggling effect coefficient
(g) is calculated using'®

o [ o )
7) = ———. exp| - — |dx,
1 2"JT'O-R_H z P 2-0‘th2

a2
Z o U=F1)
A, 1-5

1 dE\™!
- <<;; . “E>z—‘R>mean. (9)

Here, p, denotes the target density. The results of the flux
calculation shown in the figures have been normalized by the
incident flux irradiated to the target.

Figure 8 shows the results obtained by calculation using
Eqgs. (1)—(9) and data of the proton flux in the PE and water
targets obtained by NIRS-HIMAC/P131 experiments.”® The
calculated results almost agreed with the experimental data
for both PE and water targets, although they were slightly
lower in the part between the target entrance and an area near
the range, and slightly higher around the range than the ex-
perimental data.

opg(R) = \/0.1569 P

TaBLE II. Coefficients of parameters depending on the generated nuclei
shown in Eq. (10).

Reaction Channel Parameter
X Y a b c d e f g
12C 11C 9.0 214 09 05 12 390 20
160 150 710 260 28 06 1.1 410 6.0
160 13N 660 104 04 09 08 116 1.0
160 11C I88 436 36 05 10 490 4.0

Medical Physics, Vol. 32, No. 4, April 2005



1078 Nishio ef al.: Distributions of g+ decayed nuclei generated in targets 1078

1 ! T I
179-MeV MONO Depth Activity Distributions

PE C: ion(scatstp, ), 0 min after

T
v

Measurernent, 3 min after irradiation

B .Calcmulinr(smmp), 3 min afier indiation

o
T T TTITY
sl

29 rrin after imadiation

16mmWEL) [%/100]

Activity at Normalized Entrance Point(:

)
ST
Lol

—

Water Ca

10

Btatp), O min after imad

a

o
LEREUR RN
Lo

N

syl

24 min afteriradiation
N 1

50 100 150 200 250
Depth in Water [mm WEL]

FiG. 10. Distributions of the activity in the depth direction generated by
179 MeV MONO beam irradiation to the PE and water targets. The rectan-
gular lines show, respectively, the distributions of the activity 3, 23 min and
4, 8, 12, 24 after proton irradiation measured using the PET apparatus. The
solid lines show the corresponding distributions calculated using SCATSTP.

3. Partial reaction cross section

The total cross section of reaction of incident protons and
target nuclei includes partial reaction cross sections showing
the degree of target nuclear fragment reaction. 8* decayed
nuclei are contained in target nuclei fragmented by incident
protons. The partial reaction cross section is an important
parameter that determines the amount of 8+ decayed nuclei
generated in the target or in the patient after proton irradia-
tion.

Figure 9 shows the experimental partial reaction cross
sections of 12C(p,pn)”C reaction and 16O(p,)c)“C, BN,
140, and %0 reactions, respectively.20 As shown in the fig-
ures, there were variations in the experimental results, and in
some reactions, the data size was small. Silberberg et al.
reported a semiempirical equation of the partial reaction
cross section.”! 12C(p,pn)“C reaction and 16O(p,x)“C, BN,
140, and '°0 reactions are expressed as follows:

! I [ [
g 1 Oe E  191-McV SOBP50 Depth Activity Distributions E
=  4f 1
g‘ L PE Caloulationscatstp), 0 min afteri ]
— 27 Calcumtion(sca tp), 3 min 1
E 6 F  Measurement, 3 min after imadiation 3
et ]
‘E ; i ]
8 F A
ot & =
H s E
a4 1
2+-
10 E Water =
2 E Calculshon(scatstp), 0 min after i ;
' 2| 1
1 =l =
£ 4 min after imadiation =
A :
W ]
2 N 8 min after imadiation T
:5 0.1 12min ahan
ﬁ E 24 rmin after iadiation
P 1 ! i I

50 100 150 200 250
Depth in Water [mmWEL]

FiG. 11. Distributions of the activity in the depth direction generated by
191 MeV SOBP (50 mm) beam irradiation to the PE and water targets. The
rectangular lines show, respectively, the distributions of the activity 3,
23 min and 4, 8, 12, 24 min after proton irradiation measured using the PET
apparatus. The solid lines show the corresponding distributions calculated
using SCATSTP.

UX—»Y(Ep)
~26-E% - (A~A,)-102- E;O‘%)

|z, =S A, +5X 1074 422
14 14 I}

=0y exp(
P

.Q.ﬂ,

_232.5-(A7%-1)-[1-03-In(4,20)] - E;°%
- 1-exp(—2.6-4,- E;°'5)

OR

3

A 14
$=0.502-0.26- (—'—2) ) (10)
Z
Here, A,, and Z,,, denote the mass number and atomic num-
ber of nuclei generated by reactions, respectively. () and #
are coefficients depending on the generated nuclei, and are
shown in Table 1.

TasLE IIL Differences between the measured physical range and the measured or calculated activity range in the PE and water targets irradiated with proton

MONO or SOBP beams at different energy levels.

MONO . SOBP50 SOBP100
Energy (MeV) 138 179 223 179 223 191 191
Rypy(mm WEL) 136.0 2135 3135 136.0 2135 313.5 240.8 240.8
Target PE PE PE Water Water Water PE Water PE Water
R,(Measurement) (mm WEL) 131.9 208.7 311.2 2113 311.8 228.8 228.8 2241 226.9
R,(Calculation)(inmWEL) 130.6 208.5 309.4 206.6 3122 230.3 225.3 229.1 2226
AR, (M.Y(mmWEL)? 4.0 49 2.3 22 1.7 12.0 12.0 16.7 13.9
AR,(C.)(mmWEL) * 53 5.0 4.2 7.0 14 10.5 15.4 11.7 18.2

nARaCl=Rphy_Racl
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TaBLE IV. FWHM of the dose and activity distributions in the PE and water targets irradiated with 179 MeV
proton MONO beams and the difference.

MONO
Energy (MeV) 179
Target PE Water
FWHM [mm] AFWHM [mm]® FWHM(mm) AFWHM (mm)*
Depth (mm WEL) Dose Activity Dose Activity
16 30.9 31.0 0.1 30.9 31.6 0.7
116 324 33.0 0.6 324 31.8 -0.6
196 34.7 34.8 0.1 347 343 -0.4
210 34.9 326 -2.3 349 344 -0.5
215 33.6 35.2 1.6 33.6 34.0 0.4

“FWHM (Activity)-FWHM(Dose).

Figure 9 shows the partial reaction cross sections of
12C(p,pn)!'C reaction and 16O(p,x)“C, BN, M0, and 0
reactions calculated using Eq. (10) , respectively. There were
large differences in the partial reaction cross sections at an
energy level of less than 250 MeV, which is required for
proton radiotherapy, between the experimental and calcu-
lated results. Therefore, we developed a simple equation of
more accurate reproduction of experimental partial reaction
cross sections, as follows:

tion time by #;, the total number of B* decayed nuclei gener-
ated during the beam irradiation period Ny is expressed as
follows:

NR(ti’F’ O-X—*Y) = F(Z9At’z1,n)

'[1‘exp(_ UX—»Y(Ep) H'A)] (12)

The number of residual positron-emitting nuclei in the target
ox_y(E,) = h-E l-d-{1-e immediately after irradiation N, determined by taking into
1+ exp<—£> consideration the decrease in the number of positron-

¢

h
Xexp(— M)) (11)
g
Here, the coefficients of parameters depending on the gener-
ated nuclei used in Eq. (11) are shown in Table II.
The calculation of partial reaction cross sections using
Eqgs. (10) and (11) was performed with the program SCATSTP.

4. Distribution of the generated nuclei

Since there is no time structure with proton beams in a
cyclotron within the target irradiation time, the intensity of
proton beams is regarded as constant, and the generation rate
of positron-emitting nuclei is constant. When the half-life of
B decayed nuclei is denoted by Ty, and the beam irradia-

emitting nuclei depending on the half-life is expressed as
follows:

Noo(taT1pp, F, 0%y} = Ni(ti, F 0% y) - [1 + 27T

Ty e _.z‘li/Tuz)]. (13)
[i -In 2

When the time between the completion of irradiation and
the start of measurement using a PET apparatus is denoted
by t,, the time between the completion of irradiation and that
of measurement by ¢,, the detection efficiency at single
511 keV gamma ray by &, and the solid angle of the total
detectors by g, the number of activities detected by the
PET apparatus is expressed as follows:

TaBLE V. Changes in the measured physical range, the measured and calculated activity range, and their differences in the PE and water targets after irradiation
of 179 MeV proton MONO beams or 191 MeV proton SOBP (50 mm) beams.

MONO SOBP50

Energy (MeV) 179 191

Rgpy (mmWEL) 213.5 240.8

Target PE PE Water ~ Water  Water  Water PE PE Water  Water  Water Water
Time after irradiation (min) 3 23 4 8 12 24 3 23 4 8 12 24
R, (Measurement) (mmWEL) 208.7 2087 211.3 209.6 205.3 200.9 2288 2294 2288 229.4 228.8 229.4
R, (Calculation) (mmWEL) 208.5 2085 2066 206.0 195.3 195.0 2303 2303 2253 2214 2212 219.0
ARy (M) [mmWEL]" . 4.9 4.8 22 3.9 8.2 12.6 12.0 114 12.0 114 i2.0 114
AR, (C.) {mmWEL]T 5.0 5.0 7.0 7.5 18.2 18.5 10.5 10.5 154 19.4 19.6 21.8

aARnct=Rphy_Rﬂcl-
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Npgr(t, Typststes Fo 05 y)

"y
=Noeltis Ty Fo 05 y) - 275712

1= 2_(te_ts)/Tl/2] .g2. —Qﬁ‘—‘ (14)
4.

The distribution of the activity in the depth direction gen-
erated by 179 MeV MONO beam irradiation to the PE and
water targets was measured using the PET apparatus, and
determined using Eq. (14) based on the partial reaction cross
sections calculated using Eq. (11), of which the results are
shown in Fig. 10. In the figures, the temporal changes in the
measured and calculated distributions of the activity after
irradiation are shown. The measured and calculated distribu-
tions of the activity were normalized by the distribution at
16 mmWEL distant from the beam entrance of the target in
the depth direction 3 min after irradiation. In the distribu-
tions of the activity, not the activity remaining in the target
but the decreased activity detected by the PET apparatus is
reflected. In the PE target, the disiributions immediately (cal-
culation alone), 3, and 23 min after irradiation are shown,
and in the water target, the distributions immediately (calcu-
lation alone), 4, 8, 12, and 24 min after irradiation are
shown. Since the activity in the PE target was almost due to
¢ alone from 3 min after irradiation, the activity 23 min
after irradiation was half of that 3 min after irradiation with
a similar distribution shape. In the water target, the activity
was due to !C, >N, *0, and 0, and the distribution shape
was changed. The distributions of the activity measured us-
ing the PET apparatus slightly differ from the calculated dis-
tributions, which may be caused mainly by the measurement
and calculation accuracy of the partial reaction cross section,
which is the core for the calculation of distributions and the
calculation accuracy of flux in the target. The distal regions
in the measured distributions may affect the differences in
the distributions depending on the accuracy of the PET ap-
paratus and the algorithm of image reconstruction.

Figure 11 shows the measured and calculated distributions
of the activity in the depth direction generated by 191 MeV
SOBP (50 mm) irradiation to the PE and water targets, re-
spectively. Since the proton dose distribution of SOBP beams
is produced by superimposing MONO beams, the distribu-
tion of the activity by SOBP beam irradiation can also be
shown by superimposing the distribution of the activity by
MONO beam irradiation. Therefore, the difference in the dis-
tribution of the activity between measurement and calcula-
tion was larger by SOBP beam irradiation than by MONO
beam irradiation.

Table III summarizes the measured physical range (Ryp,),
the measured and calculated activity range (R,), which was
defined as the 50% peak-normalized depth point, and their
differences (AR,,), in the PE and water targets irradiated
with 138, 179, or 223 MeV proton MONO beams or
191 MeV proton SOBP (50, 100 mm) beams. The maximal
AR, was about 5 mmWEL, and the AR,, was slightly
larger in the water target than in the PE target. Moreover,
there was a tendency for the range difference to become
small for the range straggling effect in proportion to the in-
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cident proton energy. The measurements of the activity range
using the PET apparatus included a random error of about
+1 mm in the target position, against the apparatus position,
with each proton energy level and each MONO or SOBP
irradiation.

Table IV summarizes the FWHM of the dose and activity
distributions in the PE and water targets irradiated with
179 MeV proton MONO beams and their differences. Some
measurement points showed a difference of about 2 mm in
the PE target, which may have been caused by the spatial
resolution of the PET apparatus, but it was confirmed that the
other measurement points were reproduced at an accuracy
within a difference of less than 1 mm.

Table V summarizes the changes in the measured physical
range, the measured and calculated activity range, and their
differences in the PE and water targets after irradiation of
179 MeV proton MONO beams or 191 MeV proton SOBP
(50 mm) beams. In the PE target, there were almost no
changes in the difference between the physical and activity
ranges after proton irradiation, which were within the mea-
surement error. In the water target, the difference between
the physical and activity ranges tended to increase gradually
after proton irradiation, and this tendency was marked with
proton MONQO irradiation. The changes were 2—13 mmWEL
by measurement and 7-19 mmWEL by calculation. Al-
though there was a difference in the numerical value between
the measurement and calculation, the changes determined by
the two methods were similar (about 11 mmWEL), After
proton SOBP irradiation, almost no changes in the measured
range difference were observed, but the calculated difference
was 7 mmWEL. Since the intensity of the MONO beams
irradiated to the target was low, the activity depended on the
half-lives of generated nuclei, and the percentage of 150 (and
10) at the start of measurement using the PET apparatus
was markedly higher by proton MONO irradiation than by
proton SOBP irradiation. Therefore, the difference in the
changes in the range difference after proton SOBP irradiation
between the measurement and calculation may have been
caused by the calculation accuracy of the partial reaction
cross sections and proton flux affected by the different per-
centages of generated nuclei. The decrease in the statistical
accuracy of the gradually decreased activity and the resultant
worsening of the spatial resolution may also have affected
the measurement using the PET apparatus.

IV. DISCUSSION AND CONCLUSIONS

The distribution of 8" decayed nuclei generated in the
therapeutic proton-irradiated targets by nuclear fragment re-
action was measured using a PET apparatus, which was lo-
cated in another room apart from the room with the proton
irradiation apparatus, and the activity distribution was ob-
tained. It was confirmed that the activity obtained was
3 kB/cc in the PE target and 13 kB/cc in the water target,
taking the condition and dose of proton beams used for clini-
cal treatment into consideration. It was also confirmed that
there were differences in the distributions of the activity by
irradiation of MONO and SOBP (50, 100 mm) beams at dif-
ferent energy levels to the PE and water targets between the
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FIG. 12. Intensity decay data of the activity for the '%0(p,x)!'C, N, and
0 reactions at 75, and 150 MeV proton energies. Dash lines are fitting
results by Eq. (Al).

measurement using the PET apparatus and the calculation.
With regard to the relationship between the measured proton
dose distribution and the activity distribution, the activity
range was several mmWEL shorter than the physical range,
and depended on the targets. In the water target, the differ-
ence tended to be large with the time between the completion
of proton irradiation and the start of measurement using the
PET apparatus. The FWHM in the measured lateral distribu-
tions of the irradiation dose and activity agreed at an accu-
racy within 1 mm.

The precision of the calculation of the activity distribution
is insufficient in the agreement with the measured distribu-
tion using PET apparatus at present. In the future, it is nec-
essary lo improve the precision of the calculation, and the
spatial resolution by the PET apparatus itself and the image
reconstruction algorithm. Information about the kinds and
percentages of target nuclei is required for the calculation of
the activity distribution, and information about the CT values
determined mainly by the electron density, which are cur-
rently used for the calculation of irradiation doses, is insuf-
ficient for clinical treatment, but currently, there is no other
way but the use of the information about general anatomic
structures linked to the CT values of clinical images. The
development of techniques using double energy x rays by a
synchrotron light source,” on which studies have been ad-
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vancing, is expected, because with such techniques, the kinds
of nuclei constituting the patient could be determined.

Since there was a problem in the accuracy of the calcula-
tion of the absolute activity distribution using the proton
dose distribution, it was difficult to evaluate the results, but
the activity distribution is very useful. For examples, beam
on-line PET system is able to monitor the changes in the
tumor and the proton-irradiated area after every proton irra-
diation. Research and development of the beam on-line PET
system are our next study, and it has already started.
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APPENDIX: RATE OF PARTIAL REACTION CROSS
SECTION FOR '®0(P, x)"'C, *N, AND %0
REACTIONS

Percentage of the generated *O nucleus occupied in total
generated nuclei by the target fragment reaction '*0(p,x) is
estimated to be small in less than 3% by use of ratio of the
partial reaction cross section in Eq. (11) and the half-life
(70.6 s) of the *O nucleus. Therefore, the ratio of the partial
reaction cross section of the 16O(p,x)“C, BN, and O reac-
tions is calculated by fitting intensity decay data of measured
activity shown in Fig. 10, and is expressed as follows:

T160-11C,13N,150(Ep)

1 t[Ty5(11C)]
— 6.56 0160-11c(E)p) - 7

1 [T 5(13N)]
+12.91 o150 13n(E,) - 5

1 > 1/[T1,2(150)]

+48.01 - 0'160__,150(Ep) ' <E

% Npgr(tE,). (A1)

TABLE VI. Ratio of the partial reaction cross section for the '%0(p,x)"'C, N, and O reactions at 75 and

150 MeV proton energies.

U150~11C(Ep) /
T160— lSO(Ep)

T160-13n(Ep) /
o150—~150(Ep)

Energy: E, (MeV) 75 150 75 150
Measurement 0.19 0.26 0.03 0.01
Calculation (SCATSTP) 0.26 0.28 0.07 0.11
Meas/Calc 0.75 0.94 0.40 0.08
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Each coefficient of the equation is determined by use of the
half-life of ''C, ®N, and O nuclei, the number of residual
positron-emitting nuclei in the target immediately after irra-
diation N, is shown in Eq. (13) , and the intensity decay of
activity in measurement time for 2 min by the PET appara-
tus. The number of activities detected by the PET apparatus
Npgr is shown in Eq. (14) .

Figure 12 shows the intensity decay data of the measured
activity for the 16O(p,x)”C, BN, and 1O reactions at 75 and
150 MeV proton energies, and the fitting result by Eq. (AL).
The ratio of the partial reaction cross section

0160 11C! T160-150, T160-13N7 Tre0-15c by the fitting result
and the calculation result in Eq. (11) is summarized in Table
V1. Differences of both results were large, especially in the
ratio of partial reaction cross section oj5013n/ F160-15¢ for
the generated BN nucleus.
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A B S T R-A C T

Purpose
To evaluate the safety and efficacy of proton beam radiotherapy (PRT) for hepatoceliu-
lar carcinoma.

Patients and Methods

Eligibility criteria for this study were: solitary hepatocellular carcinoma (HCC); no indication
for surgery or local ablation therapy; no ascites; age = 20 years; Zubrod performance status
of 0 to 2; no serious comorbidities other than liver cirrhosis; written informed consent. PRT
was administered in doses of 76 cobalt gray equivalent in 20 fractions for 5 weeks. No
patients received transarterial chemoembolization or local ablation in combination with PRT.

Resuits
Thirty patients were enrolled between May 1999 and February 2003. There were 20 male

and 10 female patients, with a median age of 70 years. Maximum tumor diameter ranged

“from 25 to 82 mm (median, 45 mmy). All patients had liver cirrhosis, the degree of which was

Child-Pugh class A in 20, and class B in 10 patients. Acute reactions of PRT were well
tolerated, and PRT was completed as planned in all patients. Four patients died of hepatic
insufficiency without tumor recurrence at 6 to 9 months. Three of these four patients had
pretreatment indocyanine green retention rate at 16 minutes of more than 50%. After a
median follow-up period of 31 months (16 to 54 months), only one patient experienced
recurrence of the primary tumor, and 2-year actuarial local progression-free rate was 96%
{95% Cl, 88% to 100%). Actuarial overall survival rate at 2 years was 66% (48% to 84%).

Conclusion D
PRT showed excellent control of the primary tumor, with minimal acute toxicity. Further

study is warranted to scrutinize adequate patient selection in order to maximize survival
benefit of this promising modality.

J Clin Oncol 23:1839-1846. © 2005 by American Society of Clinical Oncology

cutaneous local ablation,””® respectively, for
an adequately selected population of pa-

Cirrhosis is found in more than 80% of pa-

tients with hepatocellular carcinoma
(HCC). This precludes more than 70% of
the patients from receiving potentially cura-
tive treatments, and also contributes even-
tually to fatal hepatic insufficiency and
multifocal tumorigenesis."”* Approximate-
ly 50% to 70% and 30% to 50% of 5-year
overall survival was achieved with surgery
including liver transplantation®® and per-

tients. However, no standard strategy has
been established for patients with unresect-
able HCC at present.

Partial liver irradiation for HCC using
50 to 70 Gy of megavoltage x-ray with or
without transarterial chemoembolizaztion
(TACE) for 5 to 7 weeks has been widely
applied during the last two decades. This
resulted in response rates of 33% to 67%,
with a median survival period of 13 to 19
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months and 10% to 25% overall survival at 3 years.'%'?

Since 1985, proton radiotherapy (PRT) administered at a
median dose of 72 cobalt gray equivalent (Gyg) in16 frac-
tions during 3 weeks with or without TACE, had been
applied in more than 160 patients with HCC at the Univer-
sity of Tsukuba, resulting in a more than 80% local
progression-free survival rate with 45% and 25% overall
survival at 3 and 5 years, respectively.'®'* The excellent
depth-dose profile of the proton beam enabled us to em-
bark on an aggressive dose escalation while keeping a cer-
tain volume of the noncancerous portion of the liver free
from receiving any dose of irradiation. This single-
institutional, single-arm, prospective study was conducted
to confirm encouraging retrospective results of PRT for
HCC using our newly installed proton therapy equipment.

Patient Population

Patients were required to have uni- or bidimensionally mea-
surable solitary HCC of = 10 cm in maximum diameter on
computed tomography (CT) and/or magnetic resonance (MRI)
imaging. In addition, the following eligibility criteria were re-
quired: no history of radiotherapy for the abdominal area; no
previous treatment for HCC within 4 weeks of inclusion; no
evidence of extrahepatic spread of HCC; age = 20 years; Zubrod
performance status (PS) of 0 to 2; WBC count = 2,000/mm?
hemoglobin level = 7.5 g/dL; platelet count = 25,000/mm?; and
adequate hepatic function (total bilirubin < 3.0 mg/dL; AST and
ALT < 5.0X upper limit of normal; no ascites). Patients who had
multicentric HCCs were not considered as candidates for this
study, except for those with the following two conditions:
(1) multinodular aggregating HCC that could be encompassed by
single clinical target volume; (2) lesions other than targeted tumor
that were judged as controlled with prior surgery and/or local
ablation therapy. Because a planned total dose would result in a
significant likelihood of serious bowel complications, patients
who had tumors abutting or invading the stomach or intestinal
loop were excluded. The protocol was approved by our institu-
tional ethics committee, and written informed consent was ob-
tained from all patients.

Pretreatment Evaluation

All patients underwent indocyanine green clearance test, and
the retention rate at 15 minutes (ICG R15) was measured for the
purpose of quantitative assessment of hepatic functional reserve.
CBC, biochemical profile including total protein, albumin, total
cholesterol, electrolytes, kidney and liver function tests, and sero-
logical testing for hepatitis B surface antigen and antihepatitis C
antibody were done. C-reactive protein and tumor markers in-
cluding alpha feto-protein and carcinoembryonic antigen were
also measured. Chest x-ray was required to exclude lung metasta-
sis. All patients were judged as unresectable by expert hepatobili-
ary surgeons in our institution, based on their serum bilirubin
level, ICG R15, and expected volume of resected liver.'® Gastroin-
testinal endoscopy was done to exclude active ulcer and/or inflam-
matory disease located at the stomach and the duodenum. All
patients underwent abdominal ultrasonography, triphasic CT or
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MRI, CT during arteriography and arterial portography.'® Diag-
nosis of HCC was based on radiographic findings on triphasic
CT/MRI. Radiologic criteria for HCC definition were as follows:
tumor showing high attenuation during hepatic arterial and portal
venous phase indicating hypervascular tumor; tumor showing low
attenuation during delayed phase indicating rapid wash-out of
contrast media. Confirmatory percutaneous fine-needle biopsies
were required for all patients unless they had radiologically com-
patible, postsurgical recurrent HCC. Tumors that broadly abut on
the vena cava, portal vein, or hepatic vein that were associated with
caliber changes and/or filling defects of these vessels, were tenta-
tively defined as positive for macroscopic vascular invasion. One
patient had visible tumor on fluoroscopy because of residual iodized
oil contrast medium used in previous TACE. For the other 29 pa-
tients, one or two metallic markers (inactive Au grain of which the
diameter and length were 1.1 mm and 3.0 mm, respectively) were
inserted percutaneously at the periphery of the target tumor.

Treatment Planning ]

PRT was performed with the Proton Therapy System (Sumi-
tomo Heavy Industries Ltd, Tokyo, Japan), and treatment plan-
ning, with the PT-PLAN/NDOSE System (Sumitomo Heavy
Industries Ltd). In this system, the proton beam was generated
with Cyclotron C235 with an energy of 235 MV at the exit. Gross
tumor volume (GTV) was defined using a treatment planning CT
scan using X Vision Real CT scanner (Toshiba Co Ltd, Tokyo, Japan),
and clinical target volume (CTV) and planning target volume (PTV)
were defined as follows: CTV = GTV + 5 mm, and PTV = CTV + 3
mm of lateral, craniocaudal, and anteroposterior margins. Proton
beam was delivered with two-beam arrangement to minimize irradi-
ated volume of noncancerous liver using our rotating gantry system.
The beam energy and spread-out Bragg peak'® were fine-tuned so
that 90% isodose volume of prescribed dose encompassed PTV. To
evaluate the risk of radiation-inducing hepatic insufficiency, dose-
volume histogram (DVH) was calculated for all patients.'”

Scanning of CT images for both treatment planning and
irradiation of proton beam were done during the exhalation phase
using a Respiration-Gated Irradiation System (ReGIS). Our ReGIS
during this study period was composed in the following manner:
strain gauge, which converts tension of the abdominal wall into
electrical respiratory signal, was put on the abdominal skin of the
patient; gating signal triggering CT scanning or proton beamn was
generated during the exhalation phase.

Treatment

The fractionation and dosage in this study were based on the
results of a retrospective study at the University of Tsukuba. A
total dose ranging from 50 Gyg in 10 fractions to 87.5 Gy in 30
fractions (median, 72 Gy, in16 fractions) was administered with-
out serious acute and late adverse events. All patients received PRT
to a total dose of 76 Gy, for 5 weeks in 3.8-Gyg once-daily frac-
tions, four fractions in a week using 150 to 190 MV proton beam.
Relative biologic effectiveness of our proton beam was defined as
1.1. No concomitant treatment (eg, TACE, local ablation, systemic
chemotherapy) was allowed during and after the PRT, unless a
treatment failure was detected. Verification of patient set-up was
done in each fraction using a digital radiography subtraction sys-
tem. In this system, fluoroscopic images obtained at daily set-up
were subtracted by the original image that was taken at the time of
treatment planning. Position of the patient couch was adjusted to
overlap the diaphragm, inserted metallic markers, and bone land-
marks on the original position at the end of the exhalation phase.
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PRT was administered 4 days a week, mainly Monday to Thursday,
and Friday was reserved for maintenance of the PRT system. Pre-
defined adverse reaction of PRT was dermatitis, pneumonitis, hepatic
insufficiency, and gastrointestinal ulcer and/or bleeding. If one of
these reactions of grade 3 or higher, or unexpected reactions of grade
4 or higher were observed in three patients, further accrual of patients
was defined to be stopped. No further PRT was allowed when grade 4
hematologic toxicity or any of the toxicities of grade 3 or higher were
observed at the digestive tract or lung. PRT was delayed up to 2 weeks
until recovery when an acute nonhematologic toxicity of grade 3 or
higher, other than that described above, was observed. However,
when only an elevation of liver enzymes was observed without man-
ifestation of clinically significant signs and symptoms, PRT was al-
lowed to be continued according to the physician’s judgment.

Outcomes

It has been reported that the tumor, although achieving a
complete response, persisted over a long period, ranging from 3
weeks to 12+ months after the completion of PRT.'® Therefore, a
local progression-free survival rate at 4 weeks after the end of PRT
was adopted as the primary end point of this study, where an event
was defined as progression of the primary tumor with size increase
of more than 25%, in order to facilitate an interim analysis as
described in the Statistical Design section below. Assessment of
primary tumor response using CT and/or MRI was performed 4
weeks after the completion of PRT. Overall survival and disease-
free survival rates were also evaluated as secondary end points.
Death of any cause was defined as an event in calculation of overall
survival, whereas tumor recurrences at any sites or patient deaths
were defined as events for disease-free survival. Adverse events
were reviewed weekly during the PRT by means of physical exam-
ination, CBC, liver function test, and the other biochemical profiles as
indicated. The severity of adverse events was assessed using the Na-
tional Cancer Institute Common Toxicity Criteria (NCI-CTC) ver-
sion 2.0. After completion of PRT, reviews monitoring disease status,
including CT and/or MRI examinations and long-term toxicity were
done at a minimum frequency of once every 3 months.

Statistical Design

The null hypothesis of a true local progression-free rate of
50% or lower was based on average results of photon radiotherapy
reported from Japan, in which each study accumulated approxi-
mately 20 patients.'”'? This was tested against the alternative
hypothesis of a true rate of 80% or higher with an « level 0f 5% and
a power of 80%, which required 30 patients according to the
method by Makuch and Simon.'® If fewer than five patients expe-
rienced local progression-free status within 4 weeks postirradia-
tion at the end of first nine enrollments, the trial would be stopped.
Otherwise, if more than 24 patients remained locally progression-
free among the total of 30 patients, this would be sufficient to reject
the null hypothesis and conclude that PRT warrants further study.
Time-to-event analyses were done using Kaplan-Meier estimates,
and 95% Cls were calculated. The difference of time-to-event
curve was evaluated with the log-rank test. Multivariate analyses
were performed with Cox’s proportional hazards model.

Patients

Thirty patients were enrolled between May 1999 and
February 2003. Patient characteristics at the start of PRT are

www.jco.org

Table 1. Characteristics of 30 Enrolled Patients

Patients
Characteristic No. %
Age, years o :
Median - I Y
* Range . S PR 48-87
Sex
Male 20 67

Female ’ 10 33
- ECOG performance. status: - .30 - 000 : St
SO
Clinical stage (2)

A . 20 67
B 10 33

C 0 0
Pretreatment indocyanine green - ) R R
1. clearance at 15 minutes, %. : i T

St FL707
~ B 17
4 13
Tumor size, mm . '
Median 45
Range 25-82
20-50 19* 63
> 50 11 37
Macroscopic vascular invasion
Yes : - 12 40
No - : 18 60
Morphology of primary tumor
Single nodular 26 87
Multinodular, aggregating 1 3
Diffuse 2 7
Portal vein tumor thrombosis 1* 3
Serum alpha-fetoprotein level, ng/mL
< 300 ’ 21 70
= 300 9 30
Histology
Well-differentiated C 10 33
Moderately differentiated 14% 47
Poorly differentiated 2 7
Differentiation not specified 3 10
Negative {radiologic diagnosis anly} 1 3
Prior treatment )
" No : . 13 43
Recurrence ) 6 20
. Local ablation/TACE 11 37

Abbreviations: ECOG, Eastern Cooperative Oncology Group; TACE,
transarterial chemoembalization.

*Includes one patient whose gross target volume was turmor thrombosis at
the posterior branch of right portal vein as a result of postsurgical recurrence.
tincludes two patients with histological diagnoses that were defined in
previous surgery.
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listed in Table 1. All patients had underlying liver cirrhosis
with an initial ICG R15 value of = 15%. Thirteen patients
received PRT asa first treatment for their HCC. Six patients
had postsurgical recurrences, and 11 received unsuccessful
local ablation and/or TACE to the targeted tumor before
PRT. Histologic confirmation was not obtained in one pa-

tient who had tumor with typical radiographic features’

compatible with HCC. Vascular invasion was diagnosed as
positivein 12 patients. Three patientshad HCC of < 3 cm in
diameter; however, they were not considered as candidates
for local ablation therapy because of tumor locations that
were in close proximity to the great vessels or the lung.

Adverse Events

All patients completed the treatment plan and received
76 Gyg in 20 fractions of PRT with a median duration of 35
days (range, 30 to 64 days). Prolongation of overall treat-
ment time of more than 1 week occurred in four patients:
three were due to availability of the proton beam, and one
because of fever associated with grade 3 elevation of total
bilirubin that spontaneously resolved within 1 week. Ad-
verse events within 90 days from commencement of PRT
are listed in Table 2. Decrease of blood cell count was
observed most frequently. A total of 10 patients experienced
transient grade 3 leukopenia and/or thrombocytopenia
without infection or bleeding necessitating treatment. Of
note, eight of them already had leuko- and/or thrombocy-
topenia, which could be ascribable to portal hypertension,
before commencement of PRT corresponding to grade 2 in
terms of the NCI-CTC criteria. Because none of the five
patients experiencing grade 3 elevation of transaminases
showed clinical manifestation of hepatic insufficiency and
maintained good performance status, PRT was not discon-
tinued. Nevertheless, these events spontaneously resolved
within 1 to 2 weeks.

Development of hepatic insufficiency within 6 months
after completion of PRT was defined as proton-inducing
hepatic insufficiency (PHI), and this was observed in eight
patients. Causal relationship between PHI and several fac-
tors are described separately below. One patient developed
transient skin erosion at 4 months that spontaneously re-
solved within 2 months. Another patient developed painful
subcutaneous fibrosis at 6 months that required nonsteroi-

Table 2. Adverse Events Within 90 Days From the Start of Proton
Beam Radiotherapy

Grade 0 1 2 3 4
Leukopenia 7 S 2 13 8 0
Thrombocytopenia 2 6 15 7 0
Total bilirubin 20 .2 7 1 0
Transaminases 4 8 13 5 0
Nausea/anorexia 23 7 ] 4] ]
Overall {maximum grade) 0 4 14 12 o]
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dal analgesics for approximately 12 months thereafter. Both
of these skin changes developed at the area receiving = 90%
of the prescribed dose because the targeted tumors were
located at the surface of the liver adjacent to the skin.
However, they remained free from refractory ulcer, bleed-
ing, or rib fracture.

There were no observations made of gastrointestinal or
pulmonary toxicity of grade 2 or greater in all patients. In
addition, after percutaneous insertion of metallic markers,
no serious adverse events, including bleeding or tumor
seeding along the needle tracts, were observed.

Tumor Control and Survival

At the time of analysis on November 2003, 12 patients
had already died because of intrahepatic recurrence of HCC
in seven, distant metastasis in two, and hepatic insufficiency
without recurrence in three. Eleven of these 12 patients had
been free from local progression until death; the durations
ranged from 6 to 41 months (median, 8 months). One
patient who had a single nodular tumor of 4.2 cm in diam-
eter experienced local recurrence at 5 months and subse-
quently died of multifocal intrahepatic HCC recurrence.
Otherwise, 18 patients were alive at 16 to 54 months (me-
dian, 31 months) without local progression. A total of 24
patients achieved complete disappearance of the primary
tumor at 5 to 20 months (median, 8 months) post-PRT.
Five had residual tumor mass on CT and MRI images for 3
to 35 months (median, 12 months) until the time of death
(n = 4) or until last follow-up at 16 months (n = 1). As a
whole, 29 of 30 enrolled patients were free from local pro-
gression until death or last follow-up, and the local
progression-free rate at 2 years was 96% (95% CI, 88% to
100%). Tumor regression was associated with gradual
atrophy of the surrounding noncancerous portion of the
liver that initially suffered from radiation hepatitis,?® as
shown in Figure 1.

A total of 18 patients developed intrahepatic tumor
recurrences that were outside of the PTV at 3 to 35 months
(median, 18 months) post-PRT. Five of these occurred
within the same segment of the primary tumor. Eight pa-
tients received TACE, and four received radiofrequency
ablation for recurrent tumors; however, six did not receive
any further treatment because of poor general condition in
three and refusal in three. Five died without intrahepatic
recurrence. Seven patients remained recurrence-free at 16
to 39 months (median, 35 months). Actuarial overall sur-
vival rates were 77% (95% CI, 61% to 92%), 66% (95% Cl,
48% to 84%), and 62% (95% CI, 44% to 80%), and disease-
free survival rates were 60% (95% ClI, 42% to 78%), 38%
(95% CI, 20% to 56%), and 16% (95% CI, 1% to 31%) at 1,
2, and 3 years, respectively (Fig 2).

Correlation of Survival With Prognostic Factors
Overall survival was evaluated according to 10 factors
as listed in Table 3. Univariate analyses revealed that factors
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Mar 2, 2001, AFP 11335.5 ng/mlL

Jun 11, 2001 Aug 13, 2001 Feb 7, 2002 Feb 3, 2003

AFP 231.9 AFP 15.0

Fig 1. Case presentation: 70-year-old woman who received proton radio-
therapy of 76 Gy in 20 fractions for 37 days from April 2, 2001, for her tumor
located at the right posterior segment of the liver {left upper panel). Dose
distribution was demonstrated in the right upper panel. Two portals from
posterior and right lateral directions were used.

related to functional reserve of the liver and tumor size had
significant influences on overall survival (P < .05). Liver
function was the only independent and significant prognos-
tic factor by multivariate analysis, as presented in Table 3.
When clinical stage or Child-Pugh classification was substi-
tuted for ICG R15 as a covariate for liver function, the
results of multivariate analyses were unchanged (data not

shown). Overall survival according to pretreatment ICG.

R15 is shown in Figure 3.

Estimation of the Risk of Proton-Inducing
Hepatic Insufficiency by Dose-Volume
Histogram Analysis

Eight patients developed PHI and presented with as-
cites and/or asterixis at 1 to 4 months after completion of
PRT, without elevation of serum bilirubin and transami-
nases in the range of more than 3X the upper limit of
normal. Of these, four died without evidence of intrahe-
patic tumor recurrence at 6 to 9 months; three died with

100
90 r
80 r
70
60
50

Local Progression Free

Percentage

Overall Survival

40
307
20 Disease-Free Survival
10
0 6 12 18 24 30 36 42 48 54 60

Months

Fig 2. Kaplan-Meier estimate of local progression-free, overall, and
disease-free survival rates for all 30 patients enrolled.
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recurrences of HCC at 4, 8, and 22 months; and one was
alive at 41 months without tumor recurrence. DVH for
hepatic noncancerous portions (entire liver volume minus
gross tumor volume) was drawn according to pretreatment
ICG R15 values (Fig 4A to C). The results showed that all of
the nine patients with ICG R15 less than 20% were free from
PHI and alive at 14 to 54 months. Three of the four patients
with pretreatment ICG R15 = 50% experienced fatal PHI
without evidence of HCC recurrence, and another patient
died of PHI with intrahepatic and systemic dissemination of
HCC at 4 months. Among patients whose ICG R15 values
ranged from 20% to 50%, all of the four patients whose
percentage of hepatic noncancerous portions receiving
= 30 Gyg (V30%) exceeded 25% developed PHI. On the
other hand, none of the patients whose V,,% was less than
25% experienced PHI, as shown in Figure 4B (P = .044,
Mann-Whitney U test). Three-year overall survival for pa-
tients with either the V;,% = 25% or ICG R15 = 50%
(n = 9) was 22% (95% CI, 0% to 50%), whereas it was 79%
(95% CI, 60% to 98%) for the remaining 21 patients with
favorable risk (P = .001).

The principal advantage of PRT lies in its possibility of
aggressive dose escalation without prolongation of treat-
ment duration in order to improve local control rate. The
liver will be the most appropriate organ for this approach
because it has a unique characteristic of developing com-
pensatory hypertrophy when a part of this organ suffers
from permanent damage. This study showed that the local
control rate of PRT alone for patients with advanced HCC
was consistent, as previously reported.'* Slow regression of
tumor volumes associated with gradual atrophy of sur-
rounding noncancerous liver tissue was also in agreement
with a previous report.”® No serious gastrointestinal toxic-
ity occurred, with careful patient selection performed in
order to exclude these structures from PTV receiving high
PRT dose. Eligibility criteria as to blood cell count in this
study were eased up considerably in order to test the safety
of PRT for patients with cirrhosis associated with portal
hypertension. Nevertheless, no patients experienced serious
sequelae relating to leukopenia or thrombocytopenia,
which were the most frequently observed adverse events
during PRT. All patients were able to complete their PRT
basically in an outpatient clinic. Therefore we submit that
the safety, accuracy, and efficacy of PRT administering 76
Gyg/5 weeks using our newly installed Proton Therapy Sys-
tem and ReGIS for selected patients with advanced HCC
has been confirmed.

Multivariate analysis suggested that the the functional
reserve of the liver had significant influence on overall sur-
vival. Recent prospective series of untreated patients with
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Table 3. Factors Related to Overall Survival

Clinical stage - ="
H DR T

B L e T

Child-Pugh classification

A 20 78

B 10 38
Vascular invasion o L R

Yes - B 12 v 67

No el 18 . 66
Serum AFP level, ng/mL

< 300 21 67

= 300 9 60
Vao% : .

=25% . o 24 65

> 25% 6 ) 40
Prior treatment

No 13 689

Recurrence 17 60

Overall
No. of Survival at Univariate Multivariate Hazard
Factor Patients 2 Years (%) P P Ratio 95% Cl

Age, years . 263 .65 - - 1.54 0.221010.75

<70 . . 15 - 59 o ' ¢ '

=70 - 15 -7 : . . L
Sex .829 732 1.44 0.18t0 11.65

Male 20 67

Female 10 60
Tumor size, mm : I DT L0457 ¢ 034 ' 0.08t0 .52

20 to 50 - T LT g e SRS '
>80 e a4 : RN S 5
Pretreatment ICG R15 .006 .026 0.19 0.05100.82

= 40% 21 80

> 40% 9

.006

S om0 - 03010703
313 T et ' 07.20> ' 00410107
213 Sooaa 02 00410158
455 091 363 082101818

portion receiving = 30 cobalt gray equivalent.

Abbreviations: ICG R15, percentage of indocyanine green clearance at 15 minutes; AFP, alpha-fetoprotein; V0%, percentage of hepatic noncancerous

advanced HCC and underlying cirrhosis showed that over-
all survival rate at 3 years ranged from 13% to 38%, and
rarely exceeded 50% even for those with most favorable
prognostic factors." In this study, actuarial overall survival

%0 ICG R15 < 20% (n = 8)

80
70 1

ool
o P T 20% ~ 40% =13
g% 40% ~ 50% (n = 5) 0% ~40% (n =13)
40

30

20 }

10 >50% (n = 4)

0 6 12 18 24 30 3 42 48 54 60

Months

Fig 3. Overall survival {OAS) rates according to pretreatment indocyanine
green clearance at 15 minutes {ICG R15).
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rate at 3 years for all 30 patients including those who had
HCC with vascular invasion and/or severe cirrhosis was
62%. Furthermore, 21 patients with initial ICG R15 of
= 50% and V3% of = 25% achieved 79% of overall sur-
vival rate at 3 years. All of the eight patients with favorable
liver functional reserve (ICG R15, 15% to 20%) were alive at
20 to 54 months as shown in Figure 3. This suggests that
adequate local control with PRT provides survival benefit
for selected patients with HCC and moderate cirrhosis. On
the other hand, prognoses of aggressive PRT were disap-
pointing for patients, with poor functional liver reserve
showing an ICG R15 of 50% or worse, and, therefore,
indication of PRT for such patients was thought to be
extremely limited.

A part of noncancerous liver suffering from PRT-
inducing hepatitis gradually developed dense fibrosis and
resulted in almost complete atrophy,?® whereas the ab-
sorbed dose in a large proportion of the remaining liver was
0 Gyp, as shown in Figures 1 and 4. This change is similar to
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