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Fig. 6. Total annihilation gamma counts detected by PET-CT as
a function of time for H,O and CH, targets at two X-ray energies
(21 MV and 14 MYV). By way of curve fitting, the half-life for the
H,O target was found to be 122.5s, which is in good agreement
with the known half-life of *O. Similarly, the half-life for the CH,
target was 18.8 min, which is also in good agreement with the
known half-life of ''C. No positron activity was detected at
14MV

0 57',,,|sec]/122.5(tl.4) -H.O
. :H,

O.ST"' [min]/18.8(20.7) . CH,; (5)

DC(Tm)o:{

where DC stands for detection counts of annihilation
gamma rays, and 7, is the time at measurement. The
half-life for the H,O target was 122.5s, which is in good
agreement with the known half-life of “O. The half-life
for the CH, target was 18.8 min, which is also in good
agreement with the known half-life of ''C. At 14 MYV, it
was confirmed that no activity was detected.

In the present experiment, a dose of 17 Gy was required
for PET image reconstruction. It is noted that Smin were
needed to move the phantom from the treatment room
to the PET-CT room. During this period, the activity of
"0 reduces to 18% of the original activity owing to its
short lifetime. If an on-line PET-CT was mounted to X-
ray treatment equipment, a similar quality PET image
along with a patient anatomy image could be obtained
with a dose level of 3 Gy. It was estimated that on-beam
line or in-irradiation room PET-CT imaging of '“O posi-
tron emitter nuclei might provide the area of X-ray beam
irradiation in a patient at a dose level of 3Gy with X-ray
beam energy of 21 MV,

Conclusions

The activity images of '*O and "'C positron emitter nuclei
generated by 21-MYV X-ray beam irradiation were able

to provide the beam monitoring in a phantom and in a
patient’s body in this study.

Currently, the photon energies used for radiotherapy
are mostly 6 MV and 10MV. However, 1t i1s suggested
that radiotherapy with a higher energy X-ray beam is
suitable for tumors in areas such as the prostate, pelvis,
and large liver. Also, when a high dose per fraction is
irradiated in hypofractionated radiotherapy, the treat-
ment period can be reduced.”® Beam monitoring systems
are important for high accuracy in radiotherapy, and
confirmation of the irradiation area in a patient becomes
possible using a high-energy X-ray beam beyond the
threshold energy for the photonuclear reaction. Highly
accurate in-vivo dose control in patients is currently dif-
ficult, but further development of photonuclear reac-
tion-based dosimetry may help achieve this goal.
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Abstract Proton therapy is a form of radiotherapy that
enables concentration of dose on a tumor by use of a
scanned or modulated Bragg peak. Therefore, it is very
important to evaluate the proton-iradiated volume
accurately. The proton-irradiated volume can be con-
firmed by detection of pair-annihilation gamma rays from
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positron-emitting nuclei generated by the nuclear frag-
mentation reaction of the incident protons on target
nuclei using a PET apparatus. The activity of the posi-
tron-emitting nuclei generated in a patient was measured
with a PET-CT apparatus after proton beam irradiation
of the patient. Activity measurement was performed in
patients with tamors of the brain, head and neck, liver,
lungs, and sacrum. The 3-D PET image obtained on the
CT image showed the visual correspondence with the
irradiation area of the proton beam. Moreover, it was
confirmed that there were differences in the strength of
activity from the PET-CT images obtained at each irra-
diation site. The values of activity obtained from both
measurement and calculation based on the reaction cross
section were compared, and it was confirmed that
the intensity and the distribution of the activity changed
with the start time of the PET imaging after proton beam
irradiation. The clinical use of this information about
the positron-emitting nuclei will be important for pro-
moting proton treatment with higher accuracy in the
future.

Keywords Proton therapy - Proton beam monitoring -
Beam OFF-LINE PET system - PET-CT imaging

1 Introduction

Proton therapy has allowed the dose to be concentrated
only on a tumor. The use of proton therapy is spreading
throughout the world as a highly accurate method of
radiation therapy [1). In the future, proton therapy will be
expected to become one of the main forms of radiation
therapy because of its high utility. On the other hand, the
diagnosis of an initial or small tumor has become
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possible with developments in imaging methods that
provide high resolution and contrast. In particular, posi-
tron emission tomography (PET) has advanced rapidly,
and its use has become widespread. PET-computed
tomography (CT) combines PET and CT and is now
readily available. The fusion of PET and CT images can
be achieved with high precision by use of a PET-CT
apparatus. As a result, the location of activity can be
determined with high accuracy.

In this study, the activity of positron-emitting nuclei
generated by the nuclear fragmentation reaction of incident
protons and nuclei constituting of a patient body was
measured with a PET-CT apparatus (beam OFF-LINE PET
system), and the proton-irradiated volume was confirmed.
So far most researches were limited to phantom studies
using a PET apparatus (no combined with CT apparatus)
[2-13). Verification of activity measurement was per-
formed in patients with tumors of the brain, head and neck,
liver, lungs, and sacrum. By use of a fusion imaging
obtained with a combined PET-CT apparatus, the irradiated
volume was confirmed immediately after proton therapy
with higher accuracy than that the use of fusion of images
obtained from the separate PET apparatus and CT
apparatus. ‘

We are researching dose-volume delivery-guided proton
therapy (DGPT) for confirmation of the proton-irradiated
volume and dose distribution by using a beam ON-LINE
PET system (BOLPs) in the proton treatment room [13].
The activity image of each treatment site obtained with the
PET-CT apparatus will be used for the simulation and
estimation of the activity image acquired from the BOLPs
immediately after proton irradiation to a patient.

This paper is organized as follows. Experimental pro-
cedures are described in Sect. 2. Measurement and analysis
results and discussion are presented in Sect. 3. Section 4
discusses the conclusions of this study regarding proton
therapy.

2 Materials and methods

2.1 Nuclear fragmentation reaction of incident protons
and target nuclei

The nuclear fragmentation reaction occurs in the human
body by high-energy proton beam irradiation during proton
therapy. Many kinds of nuclei, including positron-emitting
nuclei, are generated by the reaction.

The activity Npg, of the positron-emitting nuclei Y
generated from each type of tissue composition by the
nuclear fragmentation reaction is expressed as the follow-
ing equation [11]:

Ny (tissue; E,) [kBg/cc/GyE]
=90, (tissue;E,,)

1
T_ . {1 —€Xp (—O'X—;y (Ep) ° nlisxue(x) ‘ Ali.mte) }

(R (1-rnean)

T,--1n2

>

X v

x 2~ To/Tia(y) x (1 _2—Tm/T|/2(Y))
(1)

Here, X denotes the target nuclei in the tissue, z the depth,
T,, the time of the activity measurement, 7; the time of the
proton irradiation, Ty the interval between the start of the
activity measurement and the discontinuation of proton
irradiation, and Ty, the half life of the generated positron-
emitting nuclei. The reaction cross section of gx..,y, Which
determines the rate of generation in the nuclear
fragmentation reaction X(p,x)Y, depends on the kind of
target nucleus (mass number A,, atomic number Z;) and the
relative kinetic energy of E,. ny,. denotes the number per
unit volume of the nucleus in the tissue, and A, the
target thickness. Data of human body composition are
based on ICRU Report 46 [14). The number of incident
protons per the dose and the volume ®,, is expressed as
follows:

@, (tissue; E,) [protons/cc/GyE)]
=1x107/ { (42 gytrrcmy) -rBE}

In1.363x10% (3(£;) 1))
B(Ep)*

-1

=[1.671 x10711. -1

)

Here, RBE is the relative biological effectiveness. f and 7
are expressed by use of the kinetic energy of the proton, in
the following equation:

1
Ey)=,[1- )
AlEr) \/ (1+ 1.066 x 10-3 - E,)’
7(Ep) =1+ 1.066 x 1073 - E,,. (3)

The '2C, '4N, '60, and “°Ca nuclei are main chemical
elements of the human body [14]. For proton therapy, the
number of each positron-emitting nuclei, generated in the
human body depends on the target nuclei and on the inci-
dent proton beam energy.

Some the experimental data of the reaction for '2C(p,x)Y,
MN(p,x)Y, mO(p,x)Y have been reported [15]. The mean
values of the reaction cross sections of the ''C, 13'N, and '’
O nuclei generated from the '2C and '®0 nuclei are espe-
cially expressed as follows [11]:
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2c lc 96,0 21.4 0.9 0.5 1.2 39.0 34.5 2.0
169 150  71.0 26.0 2.8 0.6 1.1 41.0 36.0 6.0
1690 13N 66.0 104 0.4 0.9 0.8 11.6 68 1.0
160 1'c  18.8 43.6 3.6 0.5 1.0 49.0 35.0 4.0

)

Here, the reaction cross section of ox..y and the relative
kinetic energy E, have units of mb and MeV, respectively.
The letters a, ..., h are constant parameters for the calcu-
lation of the reaction cross section in each reaction channel.
The data of the reaction for “’Ca(p,x)Y is mainly calculated
with the INTENSITY code [16, 17] because there is no
experiment value.

2.2 Proton therapy at each treatment site

The proton radiotherapy facility of the National Cancer
Center, Kashiwa has a small normal-conducting AVF
cyclotron (C235) for medical purposes, two rotating gantry
ports, and one horizontal fixed port [18, 19]. For obtaining
laterally uniform irradiation fields, the dual-ring double
scattering method is used in one rotating gantry port and
the horizontal fixed port; the wobbler method is used with
the other rotating port. The uniform proton dose distribu-
tion during proton treatment is controlled by a simple feed
back control system equipped with an automatic fine
adjustment of the beam axis and a mechanism for moving
the second dual-ring scatter of the double scatters to the
optimal position [20]. Using this. system, we achieved
uniform dose distribution in the irradiation field during
proton radiotherapy, with symmetry within +1% and flat-
ness within 2%. The accuracy of the calculated dose is
similarly proportional to the accuracy of the measured and
calculated activities.

Verification of the activity measurement was per-
formed in about 20 cases with tumors of the brain, head
and neck, liver, lungs, and sacrum. Proton beam irradi-
ation to the liver and lung was performed with
synchronization to the respiratory motion of the target
organ. The position uncertainty of the target organ is
within S mm. The proton treatment planning system,
PTPLAN/ndose, developed in our facility [21] was used

for planning of the proton treatment. The accuracy of the
proton range is estimated within 3 mm in conversion of
Hounsfield units (HU) of the planning CT image to
water equivalent length. The accuracy of the dose cal-
culation will be within 5% for the homogeneous or
simply inhomogeneous body (e.g., prostate, liver, lung),
and be greater than 10% at the boundary of the inho-
mogeneous tissue (e.g.,, head and neck). The dose
calculation was performed with the margin of the 3 mm
for the brain and the head and neck, and 5 mm for the
liver, the lung, and the prostate.

2.3 Measurement of activity with PET-CT apparatus

The activity of the positron-emitting nuclei generated in the
patients by proton beam irradiation was measured with the
PET-CT apparatus (Discovery ST (GE Medical Systems,
Milwaukee, Wisconsin, U.S.A.)) at our institution. The
PET-CT apparatus was a detection system with 10,080 BGO
(Bismuth-Germanium-Oxide) with a crystal size of 6.2 x
6.2 x 30 mm’ arranged on a circumference of a circle with
a diameter of 88.6 cm. 3D reconstruction algorithm of
OSEM (Ordered Subsets Expectation Maximization) was
employed with a position resolution of 5.0-6.7 mm, which
was position-dependent. The axial size of the field of view
(FOV) was 15.7 cm. The accuracy of the absolute activity
measured with the commercial PET-CT apparatus has been
reported to be commonly about 10% [22].

The distance between the room for proton treatment
and the room with the PET-CT apparatus was about
40 m. Therefore, PET scanning was started about 7 min
after irradiation, and the image was acquired over 5 min.
Therefore, the biological washout effect in the metabo-
lism of a living tissue is important for the verification of
the absolute activity and the activity distribution of the
positron-emitting nuclei induced by the proton irradiation.
In studies in which the radioactive ion beam ("C,mC) to
a rabbit was irradiated, the decay curve has three com-
ponents of a fast decay (decay constant ~2-10s),
medium decay (decay constant ~100-200 s), and slow
decay (decay constant ~ 3,000-10,000 s) [23, 24]. The
50-65% of total activity is the fast and medium
components.

The proton beam was irradiated to the tumor in the
liver and lungs with the beam synchronized to respira-
tory motion. However, the activity of the positron-
emitting nuclei generated in the patient was measured
without synchronizing to respiratory motion of the target
organ. The corresponding tumor movement will be a
few cm.
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3 Results and discussion

3.1 Visual verification of PET-CT image at each
treatment site

The measured activity distribution and the calculated dose
distribution on CT image for proton treatment of a tumor in
the sacrum as one of the site studies are shown in Fig. 1.
Proton beam irradiation was performed with a gantry angle
of 180 degrees and a dose of 2.5 GyE [= [Gy] x RBE (= 1.1
= constant)]. Moreover, the width of the spread-out Bragg
peak (SOBP) was 70 mm. The activity fitted on the area of
proton irradiation was visually confirmed by comparison
with the proton dose distribution. The activity observed in
the proton irradiated area of subcutaneous adipose tissue
and bone tissue was higher than that in the surrounding
area.

Figure 2 shows the results for prostate tumor. Proton
beam irradiation was performed with a gantry angle of 90°,
a SOBP width of 60 mm, and a dose of 2.0 GyE. Similarly,
high activity was observed in the subcutaneous adipose
tissue and in the femur.

Figure 3 shows the results for a tumor of the head and
neck. Proton beam irradiation was performed twice with
each dose of 2.0-GyE, and a gantry angle of 230° for the
initial exposure, followed by 330° for the second one. The
respective widths of the SOBP were 80 and 70 mm. The
interval between the two irradiation procedures was about
9 min. Therefore, the activity of the 330° proton beam was
higher than that of the 230° beam. High activity was
similarly obsérved in the areas of adipose tissue and
maxilla irradiated by the proton beam.

Fig. 1 Dose distribution
calculated with the proton
treatment planning system and
activity measured with the PET-
CT apparatus on CT image after
proton treatment of tumor in the
sacrum. The iso-dose line of
100% is red, 80% yellow green,
50% light blue, and 20% purple.
The activity line of 5 kBg/cc is
red, 3 kBg/cc green, and 1 kBg/
cc bule. Proton beam irradiation
was performed with an SOBP of
70 mm, gantry angle of 180°,
and dose of 2.5 GyE. The dose
distributions on each CT image
in axial and coronal planes are
shown in figures (a) and (b), and
the activity are shown in figures
(¢) and (d)

Dose Distribution

Figure 4 shows the results for a liver tumor. Proton
beam irradiation was performed with a 3.8-GyE dose and
80 mm SOBP from a gantry angle of 290°. During treat-
ment, the proton beam irradiation was synchronized to the
respiratory motion of the target organ. However, during the
acquisition of PET-CT image data, there was no synchro-
nization to the respiratory motion. Similarly, high activity
was observed in the area of subcutaneous adipose tissue.
The findings of activity during proton treatment after a
transarterial chemoembolization therapy (TACE) proce-
dure using lipiodol for a liver tumor are shown in Fig. 5.
The CT value of 80-350 HU in area including the lipiodol
is considerably higher than 70 HU in a normal liver. Proton
beam irradiation was performed with a 3.8-GyE dose and
80 mm SOBP at a gantry angle of 180°. The activity in the
liver tumor was high. We speculated that this was because
many positron-emitting nuclei were generated from the
iodine nuclei contained in the lipiodol.

3.2 Specificity of activity generated in each body tissue

The activity in each tissue and the interval between beam-
stop time and start-time of activity measurement was
calculated from Eq. |. A beam irradiation time of 2 min and
the beam energy in each tissue are used in the calculation.
The reaction cross sections of nC(p,x)”C, mO(p,x)”O,
'6O(p,x)'3N, and I(’O(p,:c)"C reactions were calculated
from Eq. 4 at each proton energy. The reaction cross
sections of '2C(p.0)'°C, '0(p.x)'?0, *°Ca(p.x)*’K,
40Ca(p,x)*°P, “*Ca(p,x)'0, “*Ca(p,x)"*N, and *’Ca(p,x)''C
reactions were calculated with the INTENSITY code. For

(©) Activitv Distribution
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Fig. 2 Dose distribution : : Activity Distribution
calculated with the proton
treatment planning system and
activity measured with the PET-
CT apparatus on CT image after
proton treatment of tumor in the
prostate. The iso-dose line of
100% is red, 80% yellow green,
50% light blue, and 20% purple.
The activity line of 5 kBg/cc is
red, 3 kBg/cc green, and 1 kBg/
cc bule. Proton beam irradiation
was performed with an SOBP of
60 mm, gantry angle of 90°, and
dose of 2.0 GyE. The dose
distributions on each CT image
in axial and coronal planes are
shown in figures (a) and (b), and
the activity are shown in figures
(c) and (d)

Fig. 3 Dose distribution
calculated with the proton
treatment planning system and
activity measured with the PET-
CT apparatus on CT image after
proton treatment of tumor in the
head and neck. The iso-dose
line of 100% is red, 80% yellow
green, 50% light blue, and 20%
purple. The activity line of

5 kBg/cc is red, 3 kBg/cc green,
and 1 kBg/cc bule. Proton beam
irradiation was performed with
an SOBP of 70 mm, gantry
angle of 330°, and dose of

2.0 GyE after irradiation with
an SOBP of 80 mm, gantry
angle of 230°, and dose of

2.0 GyE. The dose distributions
on each CT image in axial and
coronal planes are shown in
figures (a) and (b), and the
activity are shown in figures
(c) and (d)

I“N(p,)()mN, l“N(p,x)”C, and MN(p,x)mC reactions, 6 min after proton beam irradiation. The same tendency was
experimental data [15] were used. The results are shown in  shown for activity measurements with use of the PET-CT
Fig. 6. Data of each human body composition and the proton  apparatus after proton treatment for liver cancer.

energy used for the calculation of the time dependent The calculated decay curve is approximated with two
activity in various tissues are shown in Table |. The activity =~ components of short (**0, 0, ...) and long N, ''c, L)
of adipose tissue was higher than that in the liver more than  half life, and is expressed as the following equation:
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Fig. 4 Dose distribution
calculated with the proton
treatment planning system and
activity measured with the PET-
CT apparatus on CT image after
proton treatment of tumor in the
liver. The iso-dose line of 100%
is red, 80% yellow green, 50%
light blue, and 20% purple. The
activity line of 7 kBg/cc is red,
5 kBg/cc green, and 3 kBg/cc
bule. The proton beam
irradiation was performed with
an SOBP of 80 mm, gantry
angle of 290°, and dose of

3.8 GyE. The dose distributions
on each CT image in axial and
coronal planes are shown in
figures (a) and (b), and the
activity are shown in figures (c)
and (d)

Np4 (Tissue; To)[kBg/cc/GyE]

(2.2 x 2~ Tolminl/19 | .6 x 2~ Tolminl/17-7  (Tumor)

3.1 x 2~ Tolminl/2.0 4 0 § » 2~ Tolminl/168 (] jyer)

1.4 x 2~ Tolmin}/19 4 .8 x 2~ Tolminl/18.6 (Adipose Tissue)

"] 5.9 x 2~ Tolminl/20 4 1 6 x 2~Tolminl/178 (Skeleton Cranium)
3.0 x 2~ Tolminl/19 4 § 4 x 2~Tolminl/178  (Gkeleton Femur)

L 4.3 x 2~ Tolminl/1.9 4 } 3 x 2~Talminl/174  (Skeleton Ribs)

(5)

The value of short or long half life in each tissues was
consistent within 5% accuracy, and was equal to the our
study using a dead rabbit {13). This result showed that the
activity at T = O (condition of the measurement in the
BOLPs) was higher five times than that at Tg = 7 min
(condition of this work in the commercial PET-CT
apparatus).

Figure 7 shows the ratio R of the calculated activity
normalized to one at Tqg = 0. It is expressed as the fol-
lowing equation:

Np+(Tumor; To = 0) Npy (Tissue; To)
Ngy (Tissue; To = 0) N, (Tumor; To)

(6)

The results showed that the image of the activity changed
during Ty = 0 ~ 10 min. Therefore, the observed image
of off-line PET (commercial PET-CT apparatus) will be
different from that of the on-line PET (BOLPs).

The value of the activity at points 1, 2, and 3 on the axial
activity images are shown in Figs. 1, 2, 3, 4 and 5. The
points were selected on the soft tissue (tumor), the subcu-
taneous adipose tissue, and the bone tissue. The reaction
cross sections, the kinetic energies of the proton beam at

R(tissue; Tg) =

Dose Distribution

Activity Distribution

each point, and the half lives of the positron-emitting
nuclei are shown in Table 2. The irradiation dose, irradi-
ation time, interval between discontinuing the beam and
acquiring the PET image, and the measured, the calculated
value (Calculation: B) and the differences of activity at the
point are summarized in Table 3.

It was estimated that the measured activity had a sta-
tistical accuracy of 9% (2 kBg/cc at 10 cm path length in
the human body, 5 min measurement, each cubic voxel
with a perimeter of 4 mm), and the image reconstruction
accuracy was 10%. The accuracy of the measured activity
in the biological washout effect is estimated to be very
large, and is difficult to show the correspondence quanti-
tatively. Moreover, the coefficient of the effect is always
smaller than one. In the calculated activity, the accuracy of
the reaction cross sections and the number of incident
protons were estimated to be 20 and 5%, respectively. In
the soft tissue and the liver, the measurement and the
calculation activity were consistent within the error bar. On
the other hand, the measured activity was about two to four
times as large as the calculated activity in the adipose
tissue, and about two times that in the femur. In the high
activity of the adipose tissue, the accuracy of the attenua-
tion correction factor of the 511-keV gamma ray based on
the CT value of the subcutaneous adipose tissue under the
adjacent body surface will partly influence the discrepancy
in the activity measurement. The high activity of the femur
was probably due to the accuracy of the calculation based
on the fragmentation reaction cross section of 40Ca. In the
liver tumor after a TACE procedure with lipiodol, the
measured activity was about four times as large as the
calculated activity in the case without the lipiodol. It is
noted that the nuclear fragmentation reaction of the iodine
contained in the lipiodol is unknown well.
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Fig. 5 Dose distribution
calculated with the proton
treatment planning system and
activity measured with the PET-
CT apparatus on CT image after
proton treatment of liver tumor
following TACE. The iso-dose
line of 100% is red, 80% yellow
green, 50% light blue, and 20%
purple. The activity line of

7 XBg/cc is red, 5 kBq/cc green,
and 3 kBg/cc bule. Proton beam
irradiation was performed with
an SOBP of 80 mm, gantry
angle of 180 degrees and dose
of 3.8 GyE. The dose
distributions on each CT image
in axial and coronal planes are
shown in figures (a) and (b), and
the activity are shown in figures
(¢) and (d)
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Table 1 Data of human body composition and proton energy used
for the calculation of the time dependent activity in various tissues

Ryissue (X )(1022/Cm3)

Body tissue Proton energy

H C N 0 other@Ca ¢V
Tumor (soft tissue) 6.6 1.3 0.1 24 00 60.4
Liver 66 07 01 29 00 70.6
Adipose tissue 66 25 01 13 00 1143
Skeleton cranium 59 2.1 03 32 03 89.1
Skeleton femur 64 26 02 2.1 0.1 141.6
Skeleton ribs 63 21 03 27 02 109.6
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Fig. 7 Ratio R of the calculated activity normalizedtoone at T = 0
in various tissues

“Calculation: C” in Table 3 is the calculated activity in
the simulation of the 5 min measurement with a PET
apparatus immediately after the proton irradiation. As a
result, it was estimated that the activity was about 10 kBq/
cc per 2.5-GyE dose immediately after the proton
irradiation.

The biological washout effect will greatly affect the
accuracy of the measured activity. The coefficient of the
effect has been estimated to be the 50-65% of total
activity [23, 24]. However, the radioactive ion beam was
irradiated to a living tissue in the study. A flow-out of the
positron-emitting nuclei implanted by the radioactive ion
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beam is the washout effect. On the other hand, in our
study, the positron-emitting nuclei are generated from the
nuclei in a tissue constituting a human body. Therefore,
physiology, the effect has a different possibility. Perhaps,
it is guessed that the effect may be not too large at our
study.

The measured and calculated activities summarized in
Table 3 will have the large error bar of a few 10%, and be
scarcely correspondent within the large error bar in the soft
tissue and the bone tissue except a skeleton femur. The
measured activities in the subcutaneous adipose tissue, the
skeleton femur, and the liver tumor after a TACE proce-
dure are about two to three times higher than the calculated
activities. Anyway the reason of large disagreement is not
clear.

3.3 Comparison between proton dose distribution and
activity distribution

The activity distribution visually corresponded to the pro-
ton dose distribution in Figs. 1, 2, 3, 4 and 5. Figure 8
shows the dose and activity distributions with a spike shape
on the sagittal CT image in the head and neck. The position
of the dose and activity distributions of the spike shape was
consistent. However, it is difficuit to show the correspon-
dence quantitatively. We have executed the quantitative
evaluation concerning the correspondence of the proton
dose distribution and the activity distribution by our pre-
vious research [11, 13]. As the results, the activity range
was about 7 mm shorter in a water equivalent length than
the proton range expected from the energy threshold for the

Table 3 Proton irradiation dose, irradiation time, time of activity measurement, and level of activity measured and calculated

Treatment Irradiation Irradiation Interval between Point Irradiation Activity (kBg/cc) A/B Activity
site dose (GyE/fx.) time (s) stopping beam dose (GyE) (kBg/cc)
and starting Measurement:A Calculation:B Calculation:C
measurment (s)
Sacrum 25 55 430 1 2.5 3.8(+05) 1.7(+04) 22(+06) 55(+12)
2 2.5 1.8( £ 02) 21(£04) 09(x05) 85(+1.8)
3 25 25(+03) 25(+£05) 1.0(+0.6) 102(+2.0)
Prostate 20 41 450 1 14 4.6( £ 0.6) 1.1(£02) 42(+0.7) 33(%07)
2 14 42( £ 0.6) 1.8(+£04) 23(+0.7) 67(+14)
3 20 1.2(£02) 13(£03) 09(+03) 6.1(£13)
Head and neck 4.0 45 436 1 2.7 44( £ 0.6) 1.7(+£04) 26(x0.7) 3.0(%06)
2 37 3.0(+04) 41(x09) 0.7(x£09) 25.1(£52)
3 1.7 L1(+0.1) 1.4(+£03) 0.8(x03) 13.1(x2.7)
Liver 38 108 390 1 32 7.5(+ 1.0) 24(+05) 3.1(x1.1) 65x14)
2 38 2.3(+03) 2.6(+£05) 09(+06) 128(£2.7)
3 38 2.6( £ 0.3) 28(+£06) 09(+0.7) 13.6( £ 2.8)
Liver 38 158 505 1 3.1 3.6( £ 0.5) 20(+04) 1.8(+06) 58 x1.2)
2 3.8 6.9( £ 0.9) 1.8(+04) 3.8(+1.0) 11.0(£23)
3 34 23( £ 0.3) 1.8(+£0.5) 1.2(+05) 11.1(x23)

Fig. 8 Dose distribution and
activity distribution on CT
image after proton treatment of
tumor in the head and neck. The
arrow indicates the dose point
of the spike shape
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nuclear fragmentation reaction in a mono-energetic proton
beam. Moreover, it was confirmed that the lateral activity
distribution cormresponds to the real beam size with an
accuracy within 1 mm. In the therapeutic SOBP proton
beam, the difference of the range between proton beam and
the activity is larger than the case of a mono-energetic
proton beam. Moreover, the therapeutic SOBP beam
deteriorates the cormrespondence between the lateral dose
and the activity distributions.

There is no simple relation between the stopping power
of proton beam that determines the proton dose distribution
and the cross section of the nuclear fragmentation reaction
expressed as Eq. 1. Therefore, the activity distribution has
no sharp peak like the Bragg peak in the proton dose dis-
tribution. For a proton therapy, it is very large impact to
monitor the therapeutic proton dose distribution by use of
the activity distribution in a patient. Therefore, it is nec-
essary to innovatively research the physical reaction
mechanism of the nuclear fragmentation reaction.

In the position of the proton-irradiated volume in the
patient, the accuracy at the lateral dose and activity dis-
tributions will be about half cm, and the accuracy at the
distal distributions cm order by the effects of the energy
threshold for the nuclear fragmentation reaction and the
SOBP width in the target organ without the respiratory
motion (head and neck, etc). On the other hand, the
accuracy at the lateral dose and activity distributions will
be a few cm on the direction of the organ motion especially
in the target organ with the respiratory motion (liver, etc)
for the PET measurement without synchronization. In a
proton treatment planning at our facility, planning target
volume (PTV) has the margin of 3-10 mm in clinical target
volume (CTV) by each treatment site. It will be visually
confirmed whether gross tumor volume (GTV) is inside the
proton-irradiated field.

4 Conclusion

In proton therapy, the proton-irradiated volume in the
patient body was visually confirmed by measurement of the
activity of the positron-emitting nuclei generated by the
nuclear fragmentation reaction by use of the PET-CT
apparatus. Moreover, verifications of the distribution and
intensity of activity were performed for each body tissue
composition. As yet, quantitative evaluations of the abso-
lute activities remain.

To date, the acquisitions of PET and CT images were
executed separately by use of each apparatus [7, 9]. There
was a limit on the precision of image fusion. Therefore,
determining whether the activity in the ribs or subcutane-
ous adipose tissue was high was previously very difficuit
after proton treatment of liver and lung cancers [7]. In this

study, the confirmation of high activity in subcutaneous
adipose tissue demonstrated the advantage of using PET-
CT apparatus. The high activity in liver tumors, TACE may
be used for dose-reference marker of the proton beam
irradiation.

In the result, it was suggested that the events of the
activity detected by use of the BOLPs provided enough
data for reconstruction of the PET image. The clinical use
of this information about the positron-emitting nuclei
generated will be important for promoting proton treatment
with higher accuracy in the future. For that reason, it will
be necessary to much-improve the accuracy of the mea-
sured and calculated activity for the innovative proton
therapy in which the irradiation position is especially
controlled within a few mm in the treatment site with high
accuracy of the patient positioning such as head and neck.
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1. Introduction

Postoperative radiation therapy (PORT) decreases the risk
of local—regional recurrence in patients with resected non-
small-cell lung cancer (NSCLC) [1—3]. However, reduction in
the frequency of local recurrence has not translated into a
survival benefit in most studies. In 1998, the impact of PORT
for NSCLC was analyzed in a meta-analysis of phase Ill tri-
als [4]. After publication of the PORT meta-analysis, which
emphasized deleterious effects in patients receiving PORT
for completely resected NO-1 cases, much of the clinical
focus on adjuvant therapy shifted to chemotherapy [5,6].
Thus, the role of PORT for patients at high risk for locore-
gional failure such as those with N2 disease remains unclear.
Adjuvant chemotherapy trials have often permitted use of

PORT as an option for patients with N2 disease [5,7]. One-

clinical study reported promising results for combined PORT
and chemotherapy for patients with pathologic stage Il or
llIA disease [8]. The results of these trials imply that PORT
delivered using modern radiotherapy techniques may poten-
tially provide a survival advantage for selected high-risk
patients.

The Patterns of Care Study (PCS) is a retrospective study
designed to investigate the national practice for cancer
patients during a specific period [9,10]. In April 2002, the
PCS started a nationwide survey for patients with NSCLC
treated with radiation therapy in Japan. In the present
report, we provide results of analyses focused on patients
who received PORT for NSCLC during the study period. The
objectives of this study were to reveal clinical practice
patterns regarding PORT after publication of the PORT meta-
analysis and to assess variation in clinical practice according
to stratified institutions.

2. Materials and methods

Between April 2002 and March 2004, the PCS conducted a
national survey of radiation therapy for patients with lung
cancer in Japan. The Japanese PCS developed an original
data format and performed an extramural audit survey for
76 of 556 institutions using a stratified two-stage cluster
sampling. Data collection consisted of two steps of ran-
dom sampling. Prior to random sampling, all institutions
were classified into one of four groups. Criteria for strat-
ification have been described elsewhere [10]. Briefly, the
PCS stratified Japanese institutions as follows: A1, academic
institutions such as university hospitals or national/regionat
cancer center hospitals treating 2 430 patients per year;
A2, academic institutions treating <430 patients; B1, non-
academic institutions treating =130 patients per year; and
B2, <130 patients. The cut-off values in number of patients
treated per year between A1 and A2 institutions and B1
and B2 institutions, respectively, were increased from those

used in the previous PCS study because of the increase

in the number of patients treated by radiation therapy in
Japan [10]. Eligible patients had 1997 International Union
Against Cancer (UICC) stage I-1ll NSCLC that was treated
with PORT between 1999 and 2001, a Karnofsky Perfor-
mance Status (KPS) >50 prior to start of treatment, and
no evidence of other malignancies within 5 years. The cur-
rent PCS collected specific information on 627 patients

(A1:157, A2:117, B1:214, B2:139) who were treated with
radiation therapy between 1999 and 2001. Of those, 99 (16%)
patients (A1:15, A2:17, B1:45, B2:22) who received PORT
constitute the subjects of the present analysis. The prac-
tice of PORT was investigated by reviewing items in each
medical chart such as demographics, symptoms, history,
work-up examinations, pathology, clinical stage, treatment
course including radiation therapy, surgery and chemother-
apy, and radiotherapy parameters. In addition, simulation
films and linacgraphy of each patient were also reviewed by
surveyors.

The PCS surveyors consisted of 20 board-certified radi-
ation oncologists. For each institution, one radiation
oncologist visited and surveyed data by reviewing patient
charts. In order to validate the quality of collected data,
the PCS utilized an internet mailing-list among all survey-
ors. In situ real-time check and adjustment of data input
were available between each surveyor and the PCS commit-
tee. In tables, ""missing’’ indicates that the item in the data
format was left empty, whereas '‘unknown’’ means that the
item in the format was completed with data ‘‘unknown’’.
We combined "'missing’’ and "‘unknown’’ in tables because
their meanings were the same in most cases; no valid data
were obtained in the given resources. Cases with missing or -
unknown values were included when both the percentage
and significance value were calculated. Statistical signifi-
cance was tested by the x? test. A p-value less than 0.05
was considered statistically significant. Overall survival was
assessed from the day of surgery and was estimated by
the Kaplan—Meier product limit method using the Statistical
Analysis System, Version 6.12.

3. Results

3.1. Patient and tumor characteristics

Patient and clinical tumor characteristics are shown in
Table 1. Of the 99 patients who received PORT, 32 were
treated at academic institutions and 67 at non-academic -
institutions. The proportion of patients with NSCLC who
received PORT was significantly higher in non-academic
institutions than in academic institutions (19% versus 12%,
p=0.013). Overall, median age was 65 years (range, 39—82),
and the male to female ratio was 4:1. Ninety-three percent
of patients had a KPS greater than or equal to 80%. Preop-
erative examinations included chest computed tomography
(CT) in 97% of patients, bronchoscopy in 87%, brain CT or
magnetic resonance imaging (MRI) in 75%, abdominal CT in
75%, bone scintigraphy in 83%, and mediastinoscopy in 4%.
The primary tumor site was the upper lobe in 62 patients,
middle lobe in 7, and lower lobe in 27. The remaining 2
patients had a primary tumor near the border of the upper
and middle lobes that involved both lobes, and they were
allocated to '‘others’’. Peripheral tumors were twice as
common as central tumors. When tumors were analyzed by
laterality, the ratio of right to left side primary site was 1.5.
Clinical T- and N-classifications were T1 in 28 patients, T2 in
35, T3in 24, T4 in 11, and NO in 33, N1 in 19, N2 in 40, and
N3 in 6, resulting in clinical stage | in 27 patients, Il in 14,
IIA in 41, and IIIB in 16. The numbers less than 99 are due
to missing or unknown data.
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3.2. Surgery and tumor pathology characteristics
(Table 2)

The primary surgical procedure was a lobectomy in 78
patients, pneumonectomy in 12, and segmentectomy in 9.

| Table 2 Surglcal procedure a> d tumor pathology characte~ :

; nstlcs

ype of surgery
; Lobectomy
o Pneumonectomy
Segmentectomy o

g Hlstopathology

o ’Squamous cell carcinomaf

- Adenocarcmoma

" Large cell carcmoma
Adenosquamous carcmom.

Surglcal margin status ‘-
"+ Negative, -

~ Positive.
- Mlssmg

) Pathologlcal T facto

"'missing/

unknown

Among all 99 patients, complete resection was accomptished
for 55 patients. Surgical margin status was positive in 31
patients. Histopathology was squamous cell carcinoma in 47
patients, adenocarcinoma in 43, large cell carcinoma in 7,
and adenosquamous carcinoma in 2. Predominantly involved
mediastinal nodes confirmed pathologically to contain tumor
were No. 7 (34%), No. 4 (34%), No. 5 (28%), and No. 3 (26%)
according to the lymph node mapping system of the Japan
Lung Cancer Society [11], although nearly half of the data
for this item were '‘missing/unknown.”’ The pathological T-
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Fig. 1  Proportion of patients with pathologic stage lll disease
tended to be higher in large academic institutions (p=0.13).

and N-classifications were pT1 in 22 patients, pT2 in 35, pT3
in 23, and pT4in 18, and pNO in 15 patients, pN1in 19, pN2 in
56, and pN3 in 4. Pathological stage was stage | in 9 patients,
It in 17, llIA in 45, and lIIB in 20, respectively. The propor-
tion of pathological stage lll patients tended to be higher
in large academic institutions (Fig. 1, p=0.13). Breakdown
of pathological stage in 55 patients who underwent com-
plete surgery according to the stratified institution group
was shown in Table 3. As for the proportion of pathologi-
cal stage 1l patients, no significant difference was observed
between institutions.

3.3. Radiotherapy parameters (Table 4)

A CT-simulator was used for planning for 26 patients. Ninety-
one patients were treated with opposed AP-PA fields, and
field reduction during the course of radiotherapy was done
for 48%. Three-dimensional treatment was used in only 2
patients. Photon energies of less than 6 MV were used for 34
patients (34%). Dose prescription by isodose line technique
was performed for only 8 patients (8%). The median field size
was 9cm x 11 cm, and the median total dose was 50Gy. The
planning target volume included the ipsilateral hilus in 80%,
ipsilateral mediastinum in 86%, contralateral mediastinum
in 68%, contralateral hilus in 9%, ipsilateral supraclavicular
region in 30%, and contralateral supraclavicular region in
22%. Institutional stratification was found to influence sev-
eral radiotherapy parameters. A photon energy of 6 MV or
higher was used for 73% of patients in A1, 77% in A2, and
80% in B1 institutions, whereas it was used for only 23% of
patients in B2 institutions (Fig. 2, p<0.0001). A Cobalt-60

) :9 (range 5——23) :
11 (range, 5— _20);

Contralateral medlastlnum
Ci tralateral hllus
‘Ipsﬂateral supraclawcula
Contralateral supraclawcula R

unit was used only in 5 B2 institutions. The planning tar-
get volume included the contralateral mediastinum for more
than 70% of patients in A1 to B1 institutions, whereas it was
included in only 46% of patients treated in B2 institutions
(p=0.011).

3.4. Use of chemotherapy

Thirty patients (31%) received systemic chemotherapy.
For 21 patients, chemotherapy and PORT were adminis-
tered concurrently, mainly using a platinum-based, two-drug
combination. For 9 of the 30 patients, platinum-based
chemotherapy was used as induction therapy. Oral fluo-
rouracil was used for 9 patients.
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Fig. 2 A photon energy of 6 MV or higher was used for 73% of
patients in A1 institutions, 77% in A2, and 80% in B1, whereas
only 23% in B2 institutions (p<0.0001). A Cobalt-60 unit was
used only in B2 institutions.

3.5. Failure pattern and preliminary clinical
outcome

The site of first failure was local in 6, regional in 5, and
distant in 31. Of the patients who developed failure, the
median time to first failure was 7 months. Although the cur-
rent PCS has limitations in terms of outcome analysis due toa
short follow-up period and significant variations in follow-up
information according to institutional stratification [10,12],
overall survival for the entire group was 88% at 1 year and
63% at 3 years, with a median follow-up period after PORT
of 1.7 years.

4. Discussion

The results of the present PCS reflect national practices
for PORT for NSCLC in Japan. However, when interpreting
our data, it is important to note that they were limited to
patients who received radiation therapy. We have no infor-
mation about patients who did not receive radiation therapy
after surgery. Thus, we have no data concerning the per-
centage of patients who underwent radiation therapy after
surgery. Analysis of the national practice process for all
patients with NSCLC in the adjuvant setting is beyond the
scope of this study.

All eligible patients in this study received radiation
therapy after publication of the PORT meta-analysis that
emphasized deleterious effects in patients receiving PORT,
especially for patients with completely resected NO-1
disease [4]. Since then, the clinical focus on adjuvant treat-
ment has largely shifted to chemotherapy, which has become
part of the postoperative standard of care for patients
with NSCLC [5,6,8]. In the United States, use of PORT has
substantially declined due to the lack of proven survival
benefit [13]. However, PORT was still incorporated as an
option in recent clinical trials that recruited patients with
pathological N2 disease [5,7]. The recent analysis of Surveil-
lance, Epidemiology, and End Results (SEER) data in the
United States demonstrated that PORT was associated with
improved survival for patients with N2 disease [14,15]. In
addition, a recent clinical study has reported promising

results for combined PORT and chemotherapy using mod-
ern radiotherapy techniques [7,8]. Thus, the current clinical
question is whether adjuvant chemotherapy combined with
PORT improves survival for patients at high risk for locore-
gional failure compared with adjuvant chemotherapy alone.
Taking all of the evidence together, we conclude that PORT
still plays an important role in the adjuvant setting. We
believe that this PCS study provides basic data of current
practice regarding PORT in Japan.

Results of the present study demonstrated that patients
who received PORT accounted for 16% of all patients with
NSCLC who received radiation therapy in Japan between
1999 and 2001. Of all 99 patients, 65 had pathological
stage il disease (45, stage IlIA; 20, stage IIIB). Using a
median field size of 9cm x 11 cm, a median total dose of
50Gy was delivered mainly through opposed AP-PA fields.
Three-dimensional conformal treatment was infrequently
used. Field size reduction during the course of radiotherapy
was done for almost half of the patients. A dedicated CT-
simulator was used for 26 patients. The PORT meta-analysis
was criticized because the authors included several old stud-
ies in which a cobalt machine was used for radiotherapy.
It was pointed out that suboptimal administration of PORT
using outdated techniques counterbalanced the beneficial
locoregional effects of PORT treatment in the meta-analysis
[16]. Because of potential pulmonary/cardiac toxic effects
of mediastinal radiotherapy, PORT should be delivered
with modern radiotherapy techniques using CT-based three-
dimensional conformal treatment planning, a technique
with which target volumes and normal tissue constraints
are precisely defined. Although the patients included in
this PCS survey were treated between 1999 and 2001, the
modern radiotherapy era, 34% of all patients were treated
using photon energies <6 MV, including five patients who
were treated using a cobalt machine. Institutional stratifica-
tion influenced several radiotherapy parameters in PORT for
NSCLC. As shown in the previous report for small-cell lung
cancer in Japan [17], smaller non-academic institutions (B2)
provided a lower quality of care for their patients. Planning
target volume typically included the ipsilateral hilus, ipsi-
lateral mediastinum, and contralateral mediastinum in A1
to B1 institutions, whereas the contralateral mediastinum
was included for only 46% of patients treated in B2 institu-
tions. Although there is controversy concerning prophylactic
nodal irradiation in the setting of definitive radiation ther-
apy, PORT for patients with pN2 NSCLC should include
the contralateral mediastinum. Proportion of patients with
pathological stage |-l who underwent complete surgery
did not differ between stratified institution groups. Thus, it
was considered that omission of treating the contralateral
mediastinum in B2 institutions was not caused by unbalance
in stage distribution. We speculate that this discrepancy
in care was due mainly to the extremely small number of
radiation oncologists in B2 institutions. We also found that
obsolete equipment such as Cobalt-60 units were still used,
especially in non-academic institutions treating only a small
number of patients per year. The proportion of patients
treated with 6 MV or higher photon energies was significantly
higher in A1 to B1 institutions than in B2 institutions. A
Cobalt-60 unit was used only in B2 institutions. The present
study again confirms differences in the practice of radio-
therapy according to institutional stratification status.
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We consider that the structure of radiation oncology is
a domestic problem specific to each country. The results
represent intrinsic problems with the structure of radiation
therapy in Japan. Considering the current immaturity of the
Japanese structure of radiation oncology, PCS still perform
an important role in monitoring structure and process, as
well as providing essential information not only to medi-
cal staff and their patients but also to administrative policy
makers.

5. Conclusions

Through the audit survey and subsequent data analyses,
the PCS established nationwide basic information on the
practice of PORT for NSCLC in Japan. Even after the pub-
lication of the PORT meta-analysis, PORT was used for a
considerable proportion of patients receiving radiotherapy.
However, this PCS documented that outdated modalities
such as cobalt-60 units were still used in small non-academic
institutions during the study time frame. Thus, the cur-
rent PCS confirmed the continuing existence of variation
in the practice of radiotherapy according to institution
stratification.
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Background: The standard treatment of unresectable stage |i{ non-small cell lung cancer is
concurrent chemoradiotherapy in patients in good general condition, but where the optimal
chemotherapeutic regimen has not been determined.

Methods: Patients with unresectable stage Il non-small cell lung cancer received nedaplatin
(80 mg/m?) and paclitaxel on day 1 every 4 weeks for 3—4 cycles and concurrent thoracic
radiotherapy (60 Gy/30 fractions for 6 weeks) starting on day 1. The dose of paclitaxel was
escalated from 120 mg/m? in level 1, 135 mg/m? in level 2 to 150 mg/m? in level 3.

Results: A total of 18 patients (14 males and 4 females, with a median age of 62.5 years)
were evaluated in this study. Full cycles of chemotherapy were administered in 83% of
patients in level 1, and in 50% of patients in levels 2 and 3. No more than 50% of patients
developed grade 4 neutropenia. Transient grade 3 esophagitis and infection were noted in
one patient, and unacceptable pneumonitis was noted in three (17%) patients, two of whom
died of the toxicity. Dose-limiting toxicity (DLT), evaluated in 15 patients, noted in one of the
six patients in level 1, three of the six patients in level 2 and one of the three patients in level
3. One DLT at level 2 developed later as radiation pneumonitis. Thus, the maximum tolerated
dose was determined to be level 1. The overall response rate (95% confidence interval) was
67% (41—87%) with 12 partial responses.

Conclusion: The doses of paclitaxe! and nedaplatin could not be escalated as a result of
severe puimonary toxicity.

Key words: non-small cell lung cancer — chemoradiotherapy — paclitaxel — nedaplatin —
pneumoniltis

INTRODUCTION

Chemotherapy regimens used concurrently with thoracic
radiotherapy in these randomized trials were second-

Locally advanced unresectable non-small cell lung cancer
(NSCLCQ), stage IITA disease with bulky N2 and stage 11IB
disease without pleural effusion, is characterized by large
primary lesions, and/or involvement of the mediastinal or
supraclavicular lymph nodes, and occult systemic microme-
tastases (1). Concurrent chemoradiotherapy, recently shown
to be superior to the sequential approach in phase 111 trials,
is the standard medical care for this disease (2—4).

For reprints and all correspondence: Ikuo Sekine, Division of Internal
Medicine and Thoracic Oncology, National Cancer Center Hospital, Tsukiji
5-1-1, Chuo-ku, Tokyo 104-0045, Japan. E-mail: isekine@ncc.go.jp

generation platinum-based chemotherapy, such as combi-
nations of cisplatin, vindesine and mitomycin, cisplatin and
vinblastine, and cisplatin and etoposide. The third-generation
cytotoxic agents including vinorelbine and paclitaxel, which
provided a better survival rate in patients with disseminated
discase than second-generation agents, must be reduced
when administered concurrently with thoracic radiotherapy
(5—7). Thus, the optimal chemotherapy for concurrent
chemoradiotherapy has not been established.

Nedaplatin (cis-diammine-glycolate-0,0’-platinum 11,
254-S) is a second-generation platinum derivative that has an
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