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colleagues® showed a greater deterioration of symptoms
in early progressors than in late progressors, with a
3-1-point difference in LCS mean change scores between
these groups and a 3-point change in symptoms
correlating with time to progression and overall survival.

Predefined subgroup analyses for patient and clinical
characteristics did not show clear evidence of a significant
differential benefit for PFS or overall survival. This
included women, who were a coprimary analysis
population based on preliminary evidence from a phase 2
study that suggested that women receiving vandetanib
plus docetaxel (versus docetaxel) experienced a greater

PES benefit than men These findings were not
confirmed in the present study, underscoring the
importance of confirming exploratory findings in a larger
definitive study. Subgroup analysis of tumour and
circulating biomarker data, including analysis of EGFR
mutation status, EGFR expression, and EGFR
amplification by fluorescence in-situ hybridisation, is
ongoing. There was also no suggestion of a disadvantage
in efficacy for the small number of patients who had
previously received bevacizumab.

Patients receiving vandetanib did not show an increased
incidence of haemoptysis, suggesting that vandetanib,
unlike bevacizumab,” can be administered safely to all
histological NSCLC subtypes. Patients receiving
vandetanib had a lower incidence of some toxic effects
(nausea, vomiting, and anaemia) commonly associated
with chemotherapy treatment. Although there is no
obvious explanation, a similar pattern was observed in
the ZEAL phase 3 study, which investigated vandetanib
plus pemetrexed in previously treated NSCLC.* The
lower incidence of nausea or vomiting did not seem to be
due to increased antiemetic use or reduced chemotherapy
exposure with vandetanib. The increased frequency of
hypertension and rash or diarrhoea in the vandetanib
group is consistent with pharmacodynamic inhibition of
VEGFR and EGFR signalling pathways, respectively.
Four previous phase 3 studies in advanced NSCLC did
not find an efficacy benefit when the EGFR TKIs erlotinib
or gefitinib were added to standard firstJine doublet
chemotherapy.** More recently, the FLEX study showed
that addition of the anti-EGFR monoclonal antibody
cetuximab to platinum-based chemotherapy can improve
survival in the first-line setting.” In the present study,
vandetanib provided additional antitumour activity when
combined with chemotherapy, although it remains to be
determined whether this occurred despite the anti-EGFR
activity of vandetanib, or whether the combined anti-
VEGFR and anti-EGFR effects of the drugare contributing
to the overall efficacy when used with docetaxel.

The results of this large phase 3 study are generally
consistent with those obtained in the smaller ZEAL
phase 3 study* Significant PFS prolongation was not
observed in the ZEAL study (HR 0-86, 97.58% CI
0-69-1-06: p=0-108), but the vandetanib plus chemo-
therapy group in both trials showed a significantly higher

www.thelancet.com/oncology Vol 11 July 2010

10 4 —— Vandetanib 100 mg+docetaxel
— Placebo+docetaxel
09 Hazard ratio 0-77 (97-5% C1 0-65-0:92); p=0-0008
) 08 4
s
£ 074
2
é’ 06 4
€
$ 05
.E 05
2 04
s
£
g 034
g
< 024
01+
o T T T T T T L—
0 3 6 9 12 15 18 2 4
Time (months)
Number at risk 8
Vandetanib 694 21 82 40 2 9 2 1 o
Placebo 697 197 70 2% 7 2 0 0 0 |

(all ised patients)
FACT-L=Functional Assessment of Cancer Therapy-Lung questionnaire.

Figure 4: Kaplan-Meier estimates of time to deterioration in symptoms (FACT-L, Lung Cancer Subscale) in the
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Table 2: Adverse events reported in at least 10% of patients in either group (safety population)
:

ORR and improved symptom control versus the placebo
group, as well as an acceptable safety profile. The
antitumour activity of vandetanib in advanced NSCLC is
also supported by the ZEST phase 3 study versus erlotinib,
which did not find a PFS benefit with vandetanib, but
showed comparable efficacy (including a 12% ORR).»®
The ZODIAC study shows that adding vandetanib to
docetaxel in patients with previously treated advanced
NSCLC (all histologies) can slow disease progression,
and this is associated with better contro) of the symptoms
caused by lung cancer. To the best of our knowledge,
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vandetanib is the first oral targeted therapy in phase 3
trials to show significant evidence of additional efficacy
when added to standard chemotherapy, in patients with
previously treated NSCLC.
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Measurement and verification of positron emitter nuclei generated at each
treatment site by target nuclear fragment reactions in proton therapy

1. INTRODUCTION
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Purpose: The purpose of this study is to verify the characteristics of the positron emitter noclei
generated at each treatment site by proton irradiation.

Methods: Proton therapy using a beam on-line PET system mounted on a rotating gantry port
(BOLPs-RGp), which the authors developed, is provided at the National Cancer Center Kashiwa,
Japan. BOLPs-RGp is a monitoring system that can confirm the activity distribution ol the proton
irradiated volume by detection ol a pair of annihilation gamma rays coincidentally from positron
emitter nuclei generated by the target nuclear fragment reactions between irradiated proton nuclei
and nuclei in the human body. Activity is measured from a start of proton irradiation to a period of
200 s after the end of the irradiation. The characteristics of the positron cmitter nuclei generated in
a patient’s body were verified by the measurement of the activity distribution at each treatment site
using BOLPs-RGp.

Results: The decay curves for measured activity were able to be approximated using two or three
half-life values regardless of the treatment site. The activity of half-life value of about 2 min was
important for a confirmation of the proton irradiated volume.

Conclusions: Tn each proton treatment site, verification of the characteristics of the generated
positron emitter nuclei was performed by using BOLPs-RGp. For the monitoring of the proton
irradiated volume, the detection of '*0 generated in a human body was important. @ 2010 Ameri-
can Association of Physicists in Medicine. [DOIL: 10.1118/1.3462559]

Key words: beam on-line PET system, target nuclear fragment reaction, monitoring of proton
irradiation, in vive dosimetry

effectiveness for the amount of radiation delivered compared
to photon and electron beam therapy. So it is considered that

Recently, due to rapid technological innovation, it has be-
come possible to provide patients with radiotherapy that can
concentrate a high dose onto a tumor. In addition to usual
radiotherapy using a photon or electron beam, particle
therapy using a large accelerator and an irradiation device is
becoming more widely used and various kinds of radiation
are used for radiotherapy. When a particle beam is irradiated
to a patient’s body, it shows a form of depth dose distribution
called a Bragg peak in the incidence direction. Particle
therapy is able to concentrate a dose onto a tumor using a
Bragg peak and also delivers a superior dose distribution for
the dose concentration, as well as showing higher biological

4445  Med. Phys. 37 (8), August 2010

0094-2405/2010/37(8)/4445/11/$30.00

particle therapy is very effective even for tumors that are
difficult to treat with radiation.

At present, the number of particle therapy facilities has
been increasing. Particle therapy means proton therapy or
carbon therapy. There are 27 facilities (proton: 24, carbon:
Two, both: One) that provide particle therapy including re-
search facilities. OF these, 11 facilities began offering treat-
ment after 2000 (proton: Ten, carbon: 0, both: One).' Re-
cently, the increase in the number of facilities and the
development of the technology has been remarkable. As for
the rate of spread of these facilities, the spread of proton
therapy has been more rapid than that of carbon therapy.

© 2010 Am. Assoc. Phys. Med. 4445



4446 Miyatake et al.: Target nuclear fragment reaction in proton therapy

In proton therapy with a high dose concentration, if the
beam misses its target, it may reduce the curative ratio and
damage the organ at risk. Therefore, it is very important to
confirm the irradiated volume in a patient undergoing proton
therapy.

In one method, target nuclear fragment reactions are used
to monitor the proton irradiated volume. This uses the posi-
tron emitter nuclei generated in a patient’s body from target
nuclear fragment reactions between the incident proton nu-
clei and the nuclel in the patient’s body. Lhe wradiated vol-
ume is monitored by concurrent detection of a pair of anni-
hilation gamma rays from positron emitter nuclei. In the
energy range used for proton therapy (0-250 MeV), C, N, O,
and Ca nuclei present in the patient’s body react with the
incident proton nuclei. Considering the cross section of the
reaction, the positron emitter nuclei generated from the target
nuclei are mC, ”C, ”N, l50, J"K, etc.

Recently, research into the monitoring of the proton irra-
diated volume based on this principle has become more
common®™ and the systems developed can be divided into
two types. The first is the beam off-line PET type, which
uses commercial PET or PET-CT apparatus installed in a
separate room. The other type is a beam on-line PET type,
developed using original PET apparatus installed in an irra-
diation room.

There are some reports of the measurement and simula-
tion ol clinical proton therapy using the beam off-line P
type. As for beam on-line PET type, it was reported in non-
clinical environments.” However, only one report has in-
volved measurements at various treatment sites with a beam
on-line PET type apparatus and that nsed the beam on-line
PET system mounted on a rotating gantry port (BOLPs-
RGp), developed at the National Cancer Center, Kashiwa."®
The main element of human tissue except adipose tissue and
bone is '°0. '°0 mainly generates e} during target nuclear
fragment reactions. Therefore, '*0 is the kind of positron
emitter nuclei generated most abundantly in the human body
during proton therapy. As the half-life value of *0 is about 2
min, it is difficult to measure using an off-line type appara-
tus. Using information about 130 enables the observation of
the proton irradiated volume with high precision in a short
time. One advantage of the BOLPs-RGp system is that much
information concerning *0 is acquired during the monitor-
ing and confirmation of the irradiated volume.

In this study, decay curve data, which were measured as
activity using the BOLPs-RGp in every patient and treatment
site during proton therapy, were analyzed, and the character-
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Fi. 1. A diagram demonstrating the monitoring of the proion irradiated
volume using target nuclear fragment reactions.

istics of the positron emitter nuclei generated were verified in
a patient from which includes sufficient information about
30 was obtained during proton irradiation. This is the first
study that has analyzed such data.

In this paper, the BOLPs-RGp apparatus and measure-
ment of activity are described in Sec. 1I. Measurement and
analysis and results and discussion are presented in Sec. TIT.
Section IV discusses the conclusions of this study.

Il. MATERIALS AND METHODS

IlLA. Target nuclear fragment reactions and imaging
of activity in a patient’s body

In the energy range of proton therapy, target nuclear frag-
ment reactions [ex. '°0 (p.pn) 0, *C (p.pn) ''C,...] occur
between the incident proton nuclei and the atomic nuclei in a
patient’s body. Using the positron emitter nuclei generated
from this reaction, it is possible to monitor the proton irradi-
ated volume in a patient’s body by detecting its position and
intensity with PET apparatus. Figure 1 shows the target
nuclear fragment reactions caused by proton irradiation and
the method vsed to identify the positron emitter nuclei gen-
erated by this reaction.

The human body is mainly composed of five elements: H,
C, N, O, and Ca. Four of these elements, C, N, O, and Ca,
cause target nuclear fragment reactions in the energy range

H C N 0 Ca Others
Average soft tissue 10.6 2.6 57.5 - 0.7
Adipose tissue 14 0.7 277 0.3
Liver 10.2 3.0 1.6 — 1.3
Lung 103 31 749 - 1.2
Prostate 105 27 60.2 el 1.0
Skelton-cranium 50 40 415 17.6 8.7

Medical Physics, Vol. 37, No. 8, August 2010
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TaBLe 11 Target nuclear fragment reaction channel and essential positron
emitter nuclei for imaging using BOLPs-RGp against main elemental com-
position of '*C. “N. 0. and *"Ca in human body.

Target nuclei Generated positron emitter nuclei Half-life value

c e 192%
g 20.4 min
NN e 1925
e 20.4 min
N 0907 min
“o 708 s
Yo 1225
%0 e 1928
e 20.4 min
N 9.97 min
Ho 708 s
50 1225
0Ca i 4 7.63 min
*Ca 0447 s
NCa 0.860 s

of proton therapy. The composition of the human body tis-
sues at common proton therapy treatment sites is shown in
Table 1"

Table II shows the typical reaction channels of target
nuclear fragment reactions between the incident proton nu-
clei and target nuclei in the human body that generate posi-
tron emitter nuclei, which were obtained by monitoring the
irradiated volume and the half-life value of the positron emit-
ter nuclei generated by the reactions.'” The positron emitter
nuclei of second-order and minute-order half-life value with
mb-order target nuclear fragment reaction cross section gen-
erated in main elemental composition of 2, "N, %0, and
4Ca of human body are important for the activity imaging.
Therefore, °C of 127 ms half-life time and B0 of 9 ms
half-life time are not used for the activity imaging. Figure 2
shows the experimental values of the cross section of the
target nuclear fragment reactions.”

11.B. Beam on-line PET system mounted on a rotating
gantry port: BOLPs-RGp

The BOLPs-RGp installed on the proton beam line in our
treatment room in the National Cancer Center, Kashiwa, was
developed for monitoring the proton irradiated volume. The
apparatus uses opposing detector heads of planar type with a
high position resolution (Fig. 3)."8 Each detector consists of
BGO crystals with a crystal size of 2X2X20 mm?®. The
field of view (FOV) at the isocenter is 164.8 X 167.0 mm?.
The detector heads opposite each other installed along the
axis of the proton beam direction rotate together with the
rotating gantry system, and the distance between the oppos-
ing detector heads can be adjusted from 30 to 100 cm. The
maximum collection rate of the data for the coincident de-
tection of this system is about | mega count per second.
Detection efficiency of each distance of detector heads of 30
to 100 em was calibrated using the thin-flat acrylic container
filled with "*F solution. 3-D imaging of activity is recon-

Medical Physics, Vol. 37, No. 8, August 2010
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structed from the detection data of the planar detector by
using maximum likelihood algorithm, taking into consider-
ation the attenvation coefficient of 511 keV gamma rays in
the patient’s body calculated by the patient’s CT image data.
In the experiment using a 2Na point source, position reso-
lution of measured activity with the distance between detec-
tor heads of 50 cm was about 2 mm of the full width at half
maximum at isocenter in the FOV. The change of the posi-
tion resolution depending on the increase of the distance be-
wween detector heads 1s about 1 mm."™ 1he deterioration of
the position resolution when moving the point source in the
planar plane is smaller than 1 mm in the FOV.” In the mea-
surement of the positron emitter nuclei generated in a pa-
tient’s body by the proton irradiation, the dead time and ran-
dom coincidence correction of detection are a negligible
value for weak intensity of the activity. The measured data is
stored using a formatted data with a list mode. The on-off
time points of beam irradiation and synchronization with the
organ motion caused by respiration are recorded in the data
and the image can be restructured according to this informa-
tion. The time jitter between end of irradiation and times-
tamp of activity data is under 20 ms. The activity data in the
irradiation field of each patient are managed throughout each
treatment day.

The data detected by BOLPs-RGp is verified using the
Viewer of Activity for Clinical Analysis (VACA) (SGI, Ja-
pan), developed for display and analysis ol of the activity.
The images of measured activity and calculated dose are
viewed on the CT image for a proton treatment planning.
Differences in the daily measured activity of each patient’s
irradiation port can be analyzed using the data collected by
VACA. The BOLPs-RGp cnables the measorement of the
position and intensity of positron emitter nuclei in a human
body by detecting the pairs of annihilation gamma rays (511
keV) emitted from positron emitter nuclei generated in a pa-
tient’s body by proton irradiation.

I.C. The measurement of activity using BOLPs-RGp

Proton therapy is provided using the BOLPs-RGp in the
National Cancer Center, Kashiwa." Activity is measured
from a start of proton irradiation to a period of 200 s after the
end of the irradiation. The only activity data measured during
the 200 s after the end of the irradiation are used (o construct
the activity distribution image because the data that are mea-
sured during proton irradiation includes x rays, gamma rays,
and the neutron beam. The quality of the activity image be-
comes markedly worse in their presence ol background. Fur-
thermore, high radiation decreases the accuracy of the detec-
tor. In this coincident radiation detection system in
irradiation of clinical dose, the residual neutron immediately
after the end of beam irradiation is equal to the background
level of natural radiation. Therefore, the influence for activity
imaging is disregarded. The dme of 200 s after proton beam
irradiation was chosen according to the intensity of activity
estimated from the results of the statistical error of detection
events and limitation of time for smoothly clinical use. The
decay characteristics of the activity count, which are mea-
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FiG. 2. The experimental values of the nuclear reaction cross section compared to the incident proton energy.
sured every second during the measurement period, were selected from the series of treatments for data analysis. In the

verified for common treatment sites such as the head and
neck, liver, lung, and prostate. Five cases were chosen for
cach treatment site, one port was performed from the irradia-
tion ports planned in each case, and three data sets were

Fii. 3. Setup of the BOLPs-RGp. which is mounted on the rotating gantry
port of our proton freatment room.
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case of lung tumor, the fractional dose was irradiated with
proton beam of two directions. The verified irradiation con-
ditions and the distance of detection are shown in Table III.
The irradiation of the liver and lung was synchronized with
the organ motion caused by respiration. The way of the gated
lung and liver irradiation in our hospital is beam irradiation
performed at expirations with the sensor of a pressure putting
on patient’s abdomen. The typical intervals in the case gated
liver and lung tomor irradiation are 2 s for proton irradiation
and 2 s for no proton irradiation.

1. RESULTS AND DISCUSSION
l.A. Measured activity distributions

The activity distributions shown in Fig. 4 were examples
in each treatment site selected from about 2000 clinical im-
ages obtained from the measured data with the BOLPs-RGp.
In Fig. 4(a), the prescribed fractional dose was
2.5 GyE[=[Gy] X RBE(=1.1=constant)], the gantry angle
was 10, the distance between opposing detector heads was
70 cm, and irradiation was delivered to the head and neck.
The parameters for the other organs were as follows: 3.8
GyE, 270°, and 60 cm in the liver; 4.0 GyE, 310°, and 80 cm
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TabLe: 111 The ircadiation conditions of the verified patients.
Clinical treatment planning Beam information for data analysis BOLPs-RGp
Distance
Fractional dose Total dose Irradiated dose E  Maximum beam range  SOBP Field size of between delector heads

Site Patient ID {GyE) (GyE) (GyE) (MeV) (mmWEL)" (mm)  (mm ¢) (em)
Head und neck a 65 25 130.2 1229 90 103.0 40

b 63 25 1115 93.9 80 99.6 40

¢ 65 235 1167 101.6 70 111 40

[ i 20 1313 240 80 027 ol

e 65 2.5 979 75.0 60 86.4 50
Liver a 76 38 103.8 829 50 74.7 60

b 76 38 126.6 60 95.3 70

c 65 2.5 127.6 80 174.3 50

d 76 38 109.7 70 60.8 80

e 63 25 127.3 60 107.7 60
Lung a 80 2.0 119.2 60 84.4 60

b 80 20 1145 60 105.3 60

c 80 2.0 41.4 30 60.6 50

d 80 20 80.5 30 56.6 60

3 80 2.0 75.4 50 70.1 80
Prostate a 74 2.0 229.7 50 80.0 50

b 74 2.0 216.1 50 181.6 50

[ 74 2.0 224.) 60 88.3 50

d 74 2.0 2199 60 187.4 50

e 74 2.0 242.0 60 86.4 50

"WEL: Water equivalent length.

in the lung; and 2.0 GyE, 270° and 50 c¢m in the prostate.
The activity distribution observed outside the target volume
is for the scattering effect of annihilation gamma rays in a
patient’s body. The obtained activity images using BOLPs-
RGp showed the proton irradiated volume in patient’s bod-

FiG. 4. Dose distribution calculated with the proton treatment planning sys-
tem and activity distribution measured with the BOLPs-RGp on CT image
in (a) head and ne (b) liver. (c) lung, and {d) prostate. The isodose line of
100% is red, 80% yellow green, 50% light blue. d 20% purple. The
activity distribution is relative diswibution. which is represented by red for

high value and blue for low
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ies. The mean detection rate over the 200 s measurement
period at each treatment site was 0.5 keps in the head and
neck, 0.7 keps in the liver, 0.2 keps in the lung, and 1.5 keps
in the prostate. The activity count in the bone was high. As
the density of bone is high, it is thought that a high amount
of activity is generated by target nuclear fragment reactions.
The measured activity distributions almost correspond to the
calculated dose distributions on CT images for proton treat-
ment planning anatomically except a field of a proton beam
range. Target nuclear fragment reactions are occurred by the
kinetic energy of incident proton above binding energy of the
nuclei. Due to this, positron emitter nuclei are not generated
just before the beam stops. Also, no activity distribution is
observed before the depth point of the proton beam range
and the Bragg peak.

From previons patient study of the beam off-line PET
type, the activity measured after proton irradiation in proton
irradiated volume of both bone and the subcutaneous adipose
tissue was higher than the s»‘urnmndings.”‘15 However, in
this study of beam on-line PET type, high activity was ob-
served in area of bone while the activity in the subcutaneons
adipose tissue was low. This phenomenon was caused by the
difference of tissue’s component which leads to the differ-
ence of positron emitter nuclei generated in the tissue. There
are many ')C nuclei in adipose tissue in comparison with
other tissués shown in Table I. Therefore, many ''C nuclei of
long half-life were generated in adipose tissue. On the other
hand. ¥3°Ca and ""1%0 positron emitter nuclei of short half-
life were generated in skeleton-cranium (see Table I). The
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Fi6. 5. Decay curves measured during the 200 < after irradiation at each treatment site.

activity distribution obtained after proton irradiation is dif-
ferent by half-life value of various kinds of positron emitter
nuclei depending on the time from the stop of irradiation to
the start of activity measurement by PET or PET-CT appara-
tus.

The washout effect of the activity of positron emitter nu-
clei generated by proton irradiation in human body should be
considered for the analysis. Previous animal studies reported
that the coefficient of the biological washout effect was esti-
mated to be the around 60% of the total activity.'®* These
studies used l”C, ¢, and "2C beams. And the result was
about the biological washout effect of ¢ and ''C implanted
ions or ''C resulting from autoactivation of "*C beams.
Fiedler ef al.”! (2008) studied the quantitative verification of
the activity of positron emitter nuclei generated by target
nuclear fragment reactions and described significance of
washout effect in patient studies using '°C beam. And there
are some reports that research washout effect of '*0 activity
generated l)y phnl(muulmr reaction using high-energy x-ray
irradiation.”> Qur previous study menuom.d the washout
elfect of liver of patient in proton lhempy. One of the de-
terioration of images obtained from the measured activity
using BOLPs-RGp will be for the washout effect. However,
a detail of a physical process of physiological washout is still

Medical Physics, Vol. 37, No. 8, August 2010

unsolved under investigation around the world. Therefore, it
is difficult to estimate the quantitative contamination of a
washout effect in the measured activity.

II.B. Decay curve of measured activity

The decay curves measured at each site are shown in Fig.
5. The value of the vertical axis is different for every patient
and treatment. This is dve to differences in the composition
of the patients” bodies, the prescribed fractional dose, the
distance between the detector heads, and the proton beam
irradiation time. As for the liver and lung, there were differ-
ences in the irradiation time of each patient and the proton
beam was irradiated by synchronization with respiration.

Half-life values of "generated positron emitter nuclei
shown in Table Il are divided with about 1 s of **Ca and
¥Ca, 20 s of mC: 1-2 min of "0, ];O, and 7-20 min of ''C,
N, and *K. The activity of generated positron emitter nu-
clei in a patient’s body is measured during 200 s after proton
irradiation. In the activity measurement time, the activity
data of the positron emitter nuclei of 7-20 min half-lives is
not contributed for the analysis of decay curve if the infor-
mation of the reaction cross section, the composition of a
human hody tissue, and the number of decay events in 200 s
are considered. Therelore, it was approximated by Eq. (1)
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Fic. 6. The distribution of the three half-life values relative to irradiation time at each treatment site.

using three elements, which were half-lives from | s to 1-2
min. It was assumed that the nuclei with a few minutes half-
lives such as O and '*O were attributed to Tigng the nuclei
with several seconds half-lives including ¢ 10 Tiidale and
the nuclei with few seconds half-lives such as FCa and 0
10 Typon

1\ Tiong 1\ Twigare
N(1) =F(A) - 5 +F(B)~(;

"’T\h-m
+F(C) - (l ) . (1)

)

Here, ( is measured time of activity, Tiongs Triiddtes AN Tipon
are half-life values, and F(A), F(B), and F(C) are the activity
after proton imradiation relative to cach half-life value. The
intensity of the activity of short half-life decreases by in-
creasing of the irradiation time. The quantity of the de-
creased activity will be estimated using the decay correction
of the activity during proton irradiation. However, the mea-
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sured activity in the case of the actual proton treatment time
is important for activity simulation in patient body. There-
fore, in this manuscript, the quantity of activity after proton
irradiated in clinical therapy was verified. The decay curves
of the measured activity include a washout effect of each
organ, quantities and kinds of positron emitter nuclei gener-
ated in a patient body by proton irradiation.

Figure 6 shows the distribution of the three half-life val-
ues determined based on a fit to the measured data relative to
irradiation time at each site by use of fitting calculation with
the software of IGOR pro 6.1 (WaveMetrics, USA). The fit-
ting results are summarized in Table IV. The values of T,
Triadies 4nd Ty were about 115-130, 8-30, and 1-3 5. Ty,
and T,y are mixed value of the half-life value of '°C, ”C-.,
PN, M0, 0, and *K, and Taon 18 mixed value of the
half-life value of **Ca and *Ca. Furthermore, the main com-
ponent of Ty, is the half-life value of 30 and the main
component of Tyiqqe is the half-life value of "'C. The time of
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TasLe IV. Three ratios of number and half-life values of measured activity at each treatment site.

4452

Thongl £ AT ) A(R(A)/NION/(FIAVN(ON AT 05/ Thng
Site F(A)/N{ON = AF(A)/N(OY)) is) (%) (%)
Head and neck 0.538(:£0.0662) 129(+14.1) 123 109
Liver 0.679(0.0732) 124(415.0) 10.8 ! 121
Lung 0.778(£0.0592) 115(%8.79) 7.60 7.65
Prostate 0.408(£0.0306) 12 1 7.50 4.10
T PEAT ATTIRY ANTEOVY 4T N AT 0T
Site F(B)/N(0){ £ A(F(B)/N(0O)) is) %) (%)
Head and neck 0.272{£0.0527) a8 19.3 239
Liver 0.321(£0.0732) 16.1(=6.98) 28 43.5
Lung 0.222 £0.0592) 8.731+4.00) 26.7 458
Prostate 0.223(:0.0286) 18.8(23.80) 129 20.2
Tl £ AT o) AGF(C) /NI HF(C)/NIO)) FN Y
Site F(C)/N(0)( £ AIF(C)/N(0))) () (%) (%)
Heud and neck 0.190(+0.0739) 2,610+ 1.52) 389 .3
Liver — —_ = —
Lung —_ = - —
Prostate 0.369(2:0.0503) 1.46(%0.366) 13.6 25.0

proton irradiation is long for method of gating irradiation in
treatment of the liver and lung wmor. Moreover, the volume
of the bone that contains a lot of **Ca nuclei in the irradiated
area is small. Therefore, the decay curves were approximated
with two half-life values of Ty, and T, 4. in the liver and
lung. In the head and neck and p}o\‘t.’\lﬁ, the decay curve was
estimated vsing all three elements. The value of ATy, /Ty,
was about 10% and T g and Tg,pq were in the range of
20%-60%. The three half-life values that were determined
based on a fit to the measured data did not depend on irra-
diation time greatly.

On the other hand, the parameters of F(A), F(B), and F(C)
were related to irradiation time. The precision of F(A) was
about 10%, F(B) and F(C) were 10%-40%. While the num-
ber of positron emitter nuclei generated in a patient’s body
increases with the amount of proton irradiation, it declines
according to the half-life value during proton irradiation. The
detected number of the activity data of nuclei with short
half-lives decreases in long time of proton irradiation. There-
fore, the contribution of the measured activity data of short
half-life is less for analysis of the decay curve fitting and the
uracy of F(A) of activity decay curve of nuclei with long
half-lives has improved as the results.

There are some research reports of a study for activity
decay curves of the positron emitter nuclei generated in a
human body by proton irradiation. The decay curves include
half-lives and washout of the generated positron emitter nu-
clei. Parodi er al."® (2007) performed measurement and
simulation of patient’s decay curves observed by beam off-
line PET type and calculation results of the activity decay
curves using human composition data by ICRU (Ref. 16)
was reported by our study (2008)." 1t was confirmed to ap-
proximate the activity decay curves of two dr three elements
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with a short, middle, and long half-life value from results of
the verification data in beam ofl-line and on-line PET types.

Figure 7 shows parameters of F(A)/N(0), F(B)/N(0), and
F(C)/N(0), which are ratios of element each hall-life value
when a measurement time is 0 s in Eq. (1) to the irradiation
time in treatment sites and patients, respectively. The param-
cters were formed by groups of cach patient (color markers
shown in Fig. 7) in all treatment sites. Therefore, it was
guessed that the ratios of element in each half-life value to
the irradiation time have dependence of individual patient in
addition to a composition of body tissues in proton irradiated
volume. In proton treatment of prostate, direction and num-
ber (two irradiated field) of irradiated field, and organ such
as the skin, the muscle, the thighbone, and prostate in the
irradiated volume are the same in all the patients. Therefore,
the main difference of the parameter in case of prostate was
shown by an individual patient. The precision of the ratios of
element each half-life value in prostate was 4% in F(A)/N(0),
7% in F(B)/N(0), and 7% in F(C)/N(0). The parameter ob-
tained by activity measured from each patient in our work
will be nseful for the simulation of activity distribution in a
human body based on ICRU and NNDC data.

The results of the precisions of the half-life values and the
activity after proton irradiation are relative to which the half-
life value in the three elements. The quantities of the activity
indicated that the stability of the value of Tiong is high be-
cause of small dispersion of detected number of activity with
long half-lives in measurement time of 200 s. The generated
130 nuclei were important for activity imaging of the proton
irradiated volume in a patient. The positron emitter nuclei of
fe values of Tpqqe and Ty, may be used for the sta-
tistical increase and the time dependence correction of de-
tected activity events in a proton scanning or a gating irra-
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FiG. 7. The values of F(AWN(0), F(B)/N(0) and F{C)/N(0) to irradiation time of head and neck. liver, lung. and prostate patients, respectively. The color of
the marker shows individual patient. Each error bar of a color marker shows a standard deviation of each ratio in the same patient. An‘error bar of a black
marker shows an average ratio and standard deviation in patients of the same treatment site.

diation with the time structure. But now, the development of
the software to measure activity during beam-off in synchro-
nized irradiation method with high precision is inadequate.
The differences in these values were caused by the differ-
ent kinds of positron emitter nuclei generated according to
the irradiation time and the composition of the tissue. From
the reactions involving 12C and %0, positron emitter nuclei
such as ”C, BN, I"'O, and %O are generated, the half-life
values of which are several minutes long, as is mC, which
has a half-life value of 20 s. Morcover, **Ca (half-life value:
859.6 ms), **Ca (half-life value: 447 ms), and *K (half-life
value: 7.63 min) are generated from target nuclear fragment
reactions between proton nuclei and Ca nuclei, which are the
main component of bones such as ial bones, ribs, and the
femur. As the irradiated volume includes much bone tissue
especially in the head and neck and prostate, it is nece
to take the positron emitter nuclei generated from Ca nuclei
into consideration. The ranges of the half-life values in the
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prostate were smaller than in the head and neck. In the head
and neck, the proton beam is irradiated in various places. So,
the irradiation conditions such as irradiation field, irradiation
direction, and the number of ports varies greatly from patient
to patient. In other words, the tissue in the irradiated volume
differs in each patient. For example, the irradiated volume
may include the temporomandibular joint, cheek bone, para-
nasal sinuses, and so on. On the other hand, in the prostate,
because the irradiation time is short and the position of the
target and the irradiation conditions are almost predefined,
there is little difference in each patient’s irradiation condi-
tions. So for the prostate, the three elements’ half-life values
can be approximated with high precision and the ranges of
these values were smallest.

The ratio of the F(A)/N(0) was range of 0.408-0.778 and
was larger than the ratios of F(B)/N(0) and F(C)/N(0). The
ratios were small and were in the range of 0.190-0.369. The
A-activity half-life value of about 2 min was equivalent in
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that of 0. Almost all positron emitter nuclei generated by
target nuclear fragment reactions in a human body are esti-
mated to be O by considering the composition of a human
body tissue (Table I), the reaction channel (Table II), and the
reaction cross section (Fig. 2). Therefore, the detection of
B0 is important for monitoring the proton irradiated volume.
The proton beam irradiation time should be short for much
detection of °0 because the 'O decreases during the proton
beam irradiation. Furthermore, the number of generated pos-
iron emitter nuclei in which O is the main component
relative to the irradiation dose can be ascertained by using
the decay curves of measured activity. Also, the information
of the measured decay curve in each treatment site will be of
importance for the proton scanning method with the time
dependence at the irradiation position rather than the passive
irradiation method likely to the double scattering method.
There are some manuscripts about the application of on-line
PET therapy monitoring for carbon raster scanning
method > Spot scanning irradiation method or synchro-
nized irradiation method has an interval of beam off. There-
fore, activity data of the nuclei with short half-lives such as a
few seconds are necessary and important for use of activity
measured in the interval. These data can then be used to
surmise the irradiated dose the patient received. In vivo do-
simetry is therefore expected to be realized in the future.

IV. CONCLUSION

We verified the features of the activity of positron emitter
nuclei generated in a patient body by using BOLPs-RGp.
The decay curves which are measured activity by BOLPs-
RGp including both a quantity and kind ol positron emitter
nuclei generated by proton irradiation in a patient body and
washout effect in each organ or tissue can be approximated
with two or three half-life values in the four treatment sites
of head and neck, liver, Jung, and prostate. For the monitor-
ing of the proton irradiated volume and the in vivo dosimetry,
the importance of 'O generated in a human body was en-
tirely new confirmation by the clinical data measured by
BOLPs-RGp.

This report demonstrated the kinds of positron emitter nu-
clei generated in a patient’s body during proton therapy and
may be the first do this. The data of decay curves of the
measured activity in proton treatment are utilized for the
verification of activity distribution simulation using Monte
Carlo method and other calculation methods. For the purpose
of completing the simulation system, the data can be utilized
to verify the difference between the dose distribution of the
calculated treatment plan and the activity distribution calcu-
lated by the simulation system using data from the patient’s
body. Furthermore, the realization of in vivo dosimetry can
be expected by using these data to acquire with high accu-
racy a value for the amount of activity generated relative to
the amount of proton irradiation dose. These data are also
important as well as the verification data of radionuclide
source measurements and phantom irradiations for verifying
the validity of the specification of the BOLPs-RGp and for
increasing its precision.
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Purpose: Respiration-gated irradiation for a moving target requires a longer time to deliver single
fraction in proton radiotherapy (PRT). Ultrahigh dose rate (UDR) proton beam, which is 10-100
times higher than that is used in current clinical practice, has been investigated to deliver daily dose
in single breath hold duration. The purpose of this study is to investigate the survival curve and
relative biological effectiveness (RBE) of such an ultrahigh dose rate proton beam and their linear
energy transfer (LET) dependence.

Methods: HSG cells were irradiated by a spatially and temporally uniform proton beam at two
different dose rates: 8 Gy/min (CDR, clinical dose rate) and 325 Gy/min (UDR, ultrahigh dose rate)
at the Bragg peak and 1.75 (CDR) and 114 Gy/min (UDR) at the plateau. To study LET depen-
dence, the cells were positioned at the Bragg peak, where the absorbed dose-averaged LET was
3.19 keV/pum, and at the platean, where it was 0.56 keV/um. After the cell exposure and colony
assay, the measured data were fitted by the linear quadratic (LQ) model and the survival curves and
RBE at 10% survival were compared.

Results: No significant difference was observed in the survival curves between the two proton dose
rates. The ratio of the RBE for CDR/UDR was 0.98 * 0.04 at the Bragg peak and 0.96 * 0.06 at the
platean. On the other hand, Bragg peak/platean RBE ratio was 1.15 % 0.05 for UDR and 1.18 £ 0.07
for CDR.

Conclusions: Present RBE can be consistently used in treatment planning of PRT using ultrahigh
dose rate radiation. Because a significant increase in RBE toward the Bragg peak was observed for
both UDR and CDR, further evaluation of RBE enhancement toward the Bragg peak and beyond is
required. © 2010 American Association of Physicists in Medicine. [DOI: 10.1118/1.3490086]

Key words: proton therapy, relative biological effectiveness. dose rate

I. INTRODUCTION of proton image guided radiation therapy system, which en-
ables us to monitor the tumor position during irradiation, and
an AVF cyclotron, which has a maximum beam current of
300 nA. A spot scanning syslcms is also under construction,
which would allow us to achieve a better DVH for healthy
tissues and reduce side effects. For the latter system, high
dose rate radiation is achieved by combining the strong in-
tensity beam from the cyclotron and the high-speed scanning

Respiration-gated irradiation system in proton radiotherapy
for 2 moving target, such as lung or liver cancer, requires a
long time to deliver fractional dose."? Also, if the dose esca-
lation is to be realized in the near future, as in the case for
carbon ther.'apy,3'4 the treatment time would have to be pro-
longed. The prolongation of fractional and overall treatment
time possibly increase the risk of treatment error and psycho-

logical distress of the patient. Therefore, a short-time high
dose rate irradiation protocol is strongly desired.

At the National Cancer Center Hospital East in Japan, an
irradiation system for high dose rate therapy (the “one-shot
radiation system™) has been developed. This system consists

5376  Med. Phys. 37 (10), October 2016
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technique. If we compare it to the clinical dose rate nsed to
treat liver tumors, which is around 5-8 Gy/min in our insti-
tute, the dose rate that we are planning to use in one-shot
radiation therapy is more than tenfold higher. The achievable
dose rate is even greater in the spot scanning system.

© 2010 Am, Assoc. Phys. Med. 5376
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Fic. 1. Schematic figure of the beam line for this experiment.

In contrast to the technical progress made with our irra-
diation system, there has been little investigation of the bio-
logical response of human cells to high dose rate protons.
The relative biological effectiveness (RBE) is one of the
most commonly used parameters for characterizing the bio-
logical effectiveness of proton beams. Until now, we have
been using the same RBE of 1.1 for all doses, dose rates, and
linear energy transfers (LETs). This value is in good agree-
ment with that previously measured at spread-out Bragg
peak (SOBP) center for SCC61 human squamous cell carci-
noma, NBIRGB human fibroblasts, V79 Chinese hamster
cells,® and human salivary gland (HSG) tumor-originating
cc]ls7 at a dose rate of 1.6-2.7 Gy/min. However, it is not yet
clear whether this value could be applied to high dose rate
proton therapy. There have been a number of reports on the
RBE in ultrahigh dose rate (UUDR) regimes using protons
provided by tandem accelerator (10°~10" Gy/min for their
continuous  mode),*? pulse x
p]usmu,m electron pulse,“ and the comprehensive literature
review about the dose rate effects was done.”? The former
study used protons; however, it was limited to a 3 Gy dose
and therefore, no overall survival curve was drawn. The LET
dependence of the dose rate effect was also not investigated.

The aim of this study is to clarify whether the biological
effectiveness of a high dose rate proton beam is different
from that of the present dose rate. Since the LET of protons
varies according to the depth of the patient’s body being
irradiated, data were obtained at multiple LETs. The experi-
ment was performed using HSG cells in vitro and the surviv-
ing fraction (SF) was determined by a clonogenic assay.

rays from laser-produced

Il. MATERIALS AND METHODS
ILA. Beamline and experimental setup

In this experiment, we used the nozzle designed for the
dual-ring double scattering method'>'"* in order to obtain flat
dose profile and stable dose intensity over the cell containing
area. A 235 MeV proton beam produced by an AVF cyclotron
was scattered using two thin scatterers on the beamline.
These scatterers made it possible (o obtain a flat dose profile
over the cell containing area (*+2.5% over 2X5 cm? field).
The beam was then cut off using a 1S em X 15 cm collima-
tor. The experimental setup is shown in Fig. 1.

The HSG cells were placed in the bottom of a slide Lh.lm-
ber flask (Lab-Tech SlideFlask 170920, Nunc, Chicago, I1.)
The flask was then placed in a polyethylene block

(0.98 g/cm®) containing a specially designed space for the
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Fie 2 The flask was placed in a specially molded polvethvlene hlack
(0.98 g/cm’) containing a space (0 hold it. The thicknesses of the polyeth-
ylene block in front of the flask were chosen so that the cells were located at
the Bragg peak and plateau. respectively.

flask (Fig. 2). The surface of the cells was placed at the
isocenter of the proton beam. In order to obtain the highest
dose rate in this setup, as well as to investigate the LET
dependence, the flask was placed at the Bragg peak and the
platean of the Bragg curve by placing polyethylene blocks of
appropriate thickness in front of the flask. Figure 3 shows the
measured/simulated distal dose profile and the LET distribu-
tion f(Lp) at the flask positions used in this experiment. The
simulation was performed using a GEANT4 toolkit (ver. 4.9.2)
and PTSGEOM."” Under these conditions, the absorbed dose-
averaged LET (Lp) at the Bragg peak and platean were
3.19 keV/um (equivalent to an energy of 15.8 MeV) and
0.56 keV/pim (equivalent to an enerey of 146 MeV),
rcspecli\'c]y,'h

1I.B. Method for calibrating the dose and dose rate

The measurement of the dose and dose rate was con-
ducted with PTW Markus Chambers (Type 23343; PTW.
Freiburg, Germany) and an electrometer (FLUKE35040;
Fluke Biomedical, Cleveland, OH). Then GafChromic EBT
film (International Specialty Products, Wayne, NJ) was vsed
for the verification.

In the following, ultrahigh dose rate (UDR) and clinical
dose rate (CDR) represent the dose rates that correspond to a
beam current of 45 and 1.5 nA at the entrance of the nozzle,
respectively. The corresponding dose rates were 325 and 8
Gy/min at the Bragg peak and 114 and 1.75 Gy/min at the
plateau for UDR and CDR, respectively. For CDR, the accu-
racy of the dose measured by the parallel ion chamber was
sufficient. For UDR, however, the ion recombination effect
cannot be ignored for both the parallel ion chamber and the
dose monitor on the beamline, the latter of which was also an
ion chamber. In fact, the ion collection efficiency for UDR
was 5% lower than that for CDR. Therefore, we performed
the dose measurement for UDR in the following way. First,
the lateral dose profile at the depth of the cell position was
obtained for the CDR in an extensive region including the
point P, which was outside of the irradiation field, where the
dose was 3% of the dose delivered to the cell containing
area. We also measured the dose per monitor unit (DMU) at
point P for UDR. As the DMU measurement at P was. reli-
able even for the UDR, the DMU for the UDR in the irra-
diation field were obtained from the dose profile for CDR
and the DMU at point P (see Fig. 4). During the irradiation
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of the cells, GafChromic EBT filin was placed just in front of
the each flask and the dose at the moment of irradiation was
measured directly. We took advantage of the fact that the
optical density (OPD) of the film does not vary with the dose
rate, although it does depend on L 7 The data points pro-
duced by the clinical dose rate were nsed to determine the
OPD dose curve by the weighted least-squares method as
follows: OPD=A+B Xexp(-C-dose). where A, B. and C are
the fitting parameters. The fl was good with a reduced

x-square value of 1.7-2.0. All the data points produced at the
ultrahigh dose rate were within one sigma deviation from the
OPD curve, which indicates that the abovementioned dose
calibration method worked well.
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Fic. 4. The lateral dose profile at the cell position depth. The dose was
normalized so that the dose at the center of the cell region represented unity.
The measurement was performed at the CDR in an ion includ-
ing point P(x=100), which was outside of the irr tion field. The dose at
P was 3% of that delivered 1o the cell containing area. The DMU produced
by the UDR at an arbitrary lateral position was determined by the DMU
measurement at £ for UDR and extrapolation from this profile curve
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In this experiment, in order to obtain a stable proton
beam, the timing of the beam initiation was controlled by
tuning the radio frequency of the cyclotron. The beam inten-
sity was stabilized to within 4 ms and the variation of the
beam current was kept within 2.5% and 15.7% for 45 and 1.5
nA beams, respectively.

Il.C. Cell culture and colony formation assay

HSG cells (JCRB1070:HSGc-C5) were used for the ex-
periments. This is a standard reference cell line used for RBE
intercomparison of proton facilities in Japan, Korea, etc.®
Eagle’s minimum essential medium (M5655, Sigma, Tokyo,
Japan) supplemented with 10% fetal bovine seram and anti-
biotics (100 U/ml penicillin and 100 ug/ml streptomycin)
was used as the culture medinm.

Subcultured cells were harvested and seeded in a slide
chamber flask at about 1.5-2.0X 10° cells/flask with 3 ml
of the medium and incubated in a 5% CO, incubator at
37 °C for 2 days prior to the experiment. The flasks were
filled with additional medium 1 day before the experiment
and then returned to the incubator.

After being irradiated, the samples were rinsed twice with
phosphate buffered saline (PBS), soaked once with 0.025%
trypsin, and kept at 37 °C in the remaining trypsin for 4 min
before being harvested. The cells were collected in an appro-
priate volume (2-3 ml) of fresh medium and the cell concen-
trations were counted by a particle analyzer (Coulter Z1).
The cell suspension was diluted using medium, seeded in
three 6 cm culture dishes (Falcon 3002) so that there were
approximately 100 surviving cells per dish, and incubated in
an incubator for 13 days. The colonies in the dishes were
rinsed with PBS, fixed with a 10% formalin solution in PBS
for 10-15 min. rinsed with tp water, stained with a 1%

methylene blue solution, rinsed again with tap water, and
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dried in air. Colonies consisting of more than 50 cells were
counted under a stereomicroscope as the number of viable
cells.

IL.D. Analysis of the survival curve and RBE ratios

Doses ranging from 1.0 to 8.0 Gy were delivered at each
dose rate and each LET. The irradiation time was 0.2-1.5 s
(UDR) and 8-60 s (CDR) at Bragg peak and 0.5-4.2 s
(UDR) and 34-274 s (CDR) at plateau, respectively. Three
independent cell samples (denoted as A, B. and C) were ex-
posed for each experimental condition. The plating efficiency
of unirradiated cells was higher than 80%. In all cases. the
surviving fraction is presented as the mean * standard devia-
tion (SD) of three replicates. The sensitivity coefficients o
and S were calculated by curve-fitting all the data using the
weighted least-squares method and the LQ-model equation.
SF=exp(-aD-BD?). Here, SF stands for the surviving frac-
tion and D is the absorbed dose to the cells. For the minimi-
zation, the Marquardi-Levenberg algorithm was used. D g
values (the dose that reduced cell survival to 10%) were
obtained from the & and B parameters for each survival data
set. From the D, values, we derived the ratios of RBE for
different dose rates and LET
RBE(a)
RBE(b)’

where a and b indicate UDR and CDR, or high and Jow LET,
respectively. Since we are interested in the variation of RBE
over the dose rate, we do not need to use a particular radia-
tion quality as a reference for RBE. The SDs of Dy, and
RRBE value were calculated by the Gaussian error propaga-
tion from o, and a5 (SD of @ and B, respectively). In addi-
tion, differences of estimated SF at D=2, 4, 6, and 8 Gy,
which were obtained from the abovementioned curve fitting
to the independent data sets (A, B, and C), according to the
dose rates and LET were tested with unpaired t-test. The
error in absorbed dose was assumed to be negligible.

RRBE(a/b) =

(1)

lll. RESULTS
The measured data and fitting curves are illustrated in Fig.
5. The left and right figures show SF at the Bragg peak and

Medical Physics, Vol. 37, No. 10, October 2010

plateau, respectively. The reduced y-square values and the
Dy, values are included in the figure.

At the Bragg peak, the fitted parameters were
a=0.348 % 0.018 (Gy™) and B=0.047+0.003 (Gy™) for
UDR  and  a=0294%0.019 (Gy™) and B=0.056
0.003 (Gy™) for CDR. The D, value were 4.21 +0.12 and

4.30%0.12, respectively, and the ratio of RBE was
RRBE(CDR/UDR)=0.98 £ 0.04.

At the plateau, the fitted parameters  were
@=0.23720.022 (Gy™)  and  B=0.049+0.003 (Gy™?)

for UDR and a=0.18320.029 (Gy™") and B=0.053 !
0.005 (Gy™) for CDR. The Dy, value were 4.8620.18 and
5.081.0.26, respectively, ‘and the RBE ralio was
RRBE(CDR/UDR)=0.96 * 0.06, which shows that the dose
rate independence of RBE found at the Bragg peak also
holds at the platcau.

On the other hand, there are more than 15% differences in
RBE between high and low LET for each dose
rate:  RRBE(Bragg peak/platcan)=1.15+0.05(UDR) and
L.18 £ 0.07(CDR), indicating that RBE enhancement at the
Bragg peak cannot be ignored tor both UDR and CDR.

P-values in unpaired t-tests for the difference of SFs ac-
cording to the dose rates and LET were shown in Table L.
There were no statistically significant differences of SFs be-
tween CDR and UDR at all above points in Bragg peak and
platean, while significant differences of SFs between Bragg
peak and platean was observed (p<0.05).

IV. DISCUSSION

This study revealed that RBE does not depend on the dose
rate between 1.75 and 325 Gy/min at the Bragg peak or
plateau when it was estimated with SF of HSG cell line.
Recently, experiments involving much higher dose rates pro-
duced by the Munich tandem accelerator have been per-
formed by Schmid et al. 89 They irradiated Hel.a cells with 3
Gy of laser accelerated 20 MeV protons (equivalent to a
dose-averaged LET of 2.66 keV/um) and obtained RBE of
1062 0.10 and 1.05 % 0.11 for two experiments with irradia-
tion times of 100 and 23 ms (the corresponding mean dose
rales were estimated to be 1.8 and 7.8 kGy/min), respec-
tively. Although their RBE was not defined in precisely (he
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TasLe L Estimated SFs and the P-values in unpaired (-test for the difference of SFs according to the dose rate and LET.

Surviving fraction (standard deviation)

P-values for the difference of surviving fractions

. Bragg peak Plateau UDR vs CDR Bragg peak vs plateau

Dose

(Gy) UDR CDR UDR CDR Bragg peak Plateau UDR CDR
2 0.423 (0.024) 0.439 (0.016) 0.540 (0.048) 0.550 (0.017) 0.41 0.75 0.02 <20.01
4 0.120 (0.010) 0.122 (0.009) 0.192 (0.025) 0.200 {0.011) 0.76 0.64 0.01 <.0.01
6 0.023 (0.003) 0.022 (() 00’) 0.045 (0 ()(hl 0.048 (0.005) 0.68 0.47 <0.01 “0.01
R (X YA 0 i 0.33 AN [TV o

same way as ours, our results offered additional data to sup-
port that the RBE would not change within the range from
the clinical dase rate to ultrahigh dose rate of 7.8 kGy/min.
Therefore we submit that the same RBE in CDR is available
for one-shot radiation therapy. The reason for the dose rate
independence may be that in both our experiment and theirs,
the irradiation time scale is much smaller than the repair half
time.'** Although we used a mono energy proton beam in
this experiment, dose rate independence of the survival curve
between high and low LET is also applicable in PRT using
SOBP, because LET in the SOBP method distributes the
same range as that used in this study.
On the contrary, SFs of HSG cells are substantially de-
. In fact, our data suggested that more than
difference exists  between Bragg  peak

//um) and platcan (1.,,-() 56 keV/um). In
Bencl.,d eral., ™ it was shown that proton RBE determined
via the formation of micronuclei in a heteroploid cell line
with an epithelioid morphology (EUE line with a modal
number of 60 chromosomes) were 1.7, 1.3, and 1.0 for pro-
ton beams of 8, 12, and 31 MeV, which had LET of 5.5, 4.0,
and 1.8 keV/um, respectively.” Our results, as well as the
previous measurement of RBE at SOBP ccn[c‘r,7 were con-
sistent with their results. This study provides additional evi-
dence supporting that there is significant difference of RBE
between the Bragg peak and platean. Since critical organs
such as brain stem, cord, and optical nerves are frequently
located at the close proximity of the distal fall-off of Bragg
peak, the extensive measurement of RBE beyond Bragg peak
is urgently required and it should be included in the dose
calculation in proton beam treatment planning.”

This stndy may also indicate that we can use the present
RBE for scanning proton therapy as long as the dose rate is
within the range of that was used in this experiment. In the
scanning irradiation, the temporal structure of the dose rate
becomes important especially when a rescanning technique
is used to attain dose spatial uniformily,24 but our result
showed the temporal variation of the dose rate does not af-
fect the RBE

A weakness of this study is the fact that in practice, the
tissues in the platean region are different from those in the
Bragg peak region, so investigations on one cell line may not
tell the whole story. We will investigate this point further in
the near [uture.
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V. CONCLUSIONS

We conclude that there were no significant differences in
the survival curves of HSG cells produced by proton dose
rates of 8 and 325 Gy/min at the Bragg peak
(Lp=3.19 keV/pum) and 1.75 and 114 Gy/min at the plateau
(Lp=0.56 keV/pm) (p>>0.05). The RBE ratios were
RRBE(CDR/UDR)=0.98 £ 0.04 at the Bragg peak and
0.96 % 0.06 at the platean. Therefore, the present RBE can be
vsed in therapeutic planning for one-shot radiation therapy.
Conversely, significant RBE deviation between high and low
s found at both the UDR and CDR:
RRBE(Bragg peak/platean)=1.15*+ 0.05(UDR) and
1.18 £ 0.07(CDR). Therefore, RBE enhancement at the
Bragg peak and distal fall-off should be carefully considered.
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High—dose rate brachytherapy alone in postoperative soft tissue sarcomas
with close or positive margins
Jun Itami'**, Minako Sumi’, Yasuo Beppul, Hirokazu Chuman?, Akira Kawaiz,
Naoya Murakami', Madoka Morota', Hiroshi Mayahara', Ryoichi Yoshimura', Yoshinori Ito’,
Yoshikazu Kagami
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ABSTRACT PURPOSE: In the management of soft tissue sarcomas, perioperative radiation therapy has been
used to reduce the risk of local recurrence after resection. However, a significance of postoperative
high—dose rate brachytherapy (HDRBT) remains to be studied. Retrospective analysis was per-
formed to elucidate the role of postoperative HDRBT.

METHODS AND MATERIALS: Twenty-five patients with 26 soft tissue sarcoma lesions under-
went postoperative HDRBT using '**Ir remote afterloader without external beam radiation therapy.
Ninety-two percent of the lesions were Grade 2 or 3 malignancies, and 50% were resected with
positive surgical margins. The remaining 50% had very close margins. Fourteen lesions were
treated for local recurrences after previ i Applicators of HDRBT were placed during
the operation to include only the tumor bed excluding surgical scars. Applied dose was mainly
36 Gy/6 fractions/3 d b.i.d.

RESULTS: Five-year local recurrence-free survival was 78.2% in all the 26 lesions. Recurrences
were not seen within the treated volume of HDRBT. Two groups were defined according to the
marginal status and number of previous operations. Group 1 was the lesions with a positive margin
and foregoing resections. The remaining lesions were classified as Group 2. Five-year local
recurrence-free survival was 43.8% and 93.3% in Group 1 and Group 2, respectively with a statis-
tically significant difference (p = 0.004).

CONCLUSIONS: Postoperative HDRBT was effective in controlling local lesions; but in Group 1
lesions, addition of a wide field external beam radiation therapy seems to be necessary to improve
the local control rate. © 2010 American Brachytherapy Society. Published by Elsevier Inc. All
rights reserved.

Keywords: High—dose rate brachytherapy; Soft tissue sarcoma; Postoperative radiation

Introduction be effective in reducing the risk of local recurrence
(2—4). Furthermore, the combination of surgery and perio-
perative radiation therapy has changed. the management
policy of the STSs from a mutilating radical amputation
to limb-sparing therapy. External beam radiation therapy
(EBRT) is the most frequently used method of radiation
therapy, whereas postoperative radiation therapy using low—
dose rate brachytherapy (LDRBT) has been reported to be
also effective in lowering the local recurrence rate (3, 5). In
contrast, postoperative high—dose rate brachytherapy

In the management of soft tissue sarcomas (STSs),
surgical resection is the mainstay of treatment. However,
local recurrence is seen frequently, especially in the
patients with positive surgical margins, a large tumor,
and/or recurrence after foregoing surgery (1, 2). Post- or
preoperative radiation therapy has been demonstrated to

Received 19 June 2009; received in revised form 15 July 2009;
accepted 20 July 2009.

* C ding author. D of Oncology, National
Cancer Center Hospital, Tokyo, Japan, Tsukiji 5-1-1, Chuo-ku, Tokyo 104-
0045, Japan. Tel.: +81-3-3542-2511; fax: +81-3-3547-5291.

E-mail address: jitami@ncc.go.jp (J. Itami).

(HDRBT) of STS has been published only sporadically
and its clinical significance in the management of STSs
remains to be studied (6—10). In National Cancer Center
Hospital, HDRBT has been used without EBRT in the post-
operative radiation therapy of patients with STSs, whose
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