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low incidence of acute gastrointestinal morbidity was encour-
aging, the reason for the high incidence of acute GU morbid-
ity has not been fully investigated.

The proton beam can produce target nuclear reactions,
a process termed autoactivation (7, 8). The positions and
number of 8% decayed nuclei were determined by simulta-
neous measurement with a positron emission tomography
(PET) scanner to detect pairs of photons emitted from the
positron—electron annihilation subsequent to the nuclear frag-
ment reaction (9). Although the proton-irradiated area and the
path were confirmed by PET imaging, it is unclear whether
the intensity and distribution of 8* decayed nuclei were con-
sistent with the calculated dose distribution and whether the
acquired PET images could be used to verify the proton
beam therapy. We used PET images to confirm the proton-
irradiated area. Although those PET images seemed to be
grossly matched to the calculated doses, an unexpected distri-
bution of 8% decayed nuclei can occur relative to the sur-
rounding regions. Because those distributions seemed to
spread outside the planning target volume (PTV), we hypoth-
esized that physiologic factors might have affected them. In
this study we focused on the significance of urinary autoacti-
vation after proton beam therapy in patients with prostate
cancer,

METHODS AND MATERIALS

Patients

From December 2006 to July 2008, autoactivation after proton
beam irradiation was investigated in 59 patients with prostate can-
cer. Of these, 29 underwent PET to monitor distribution-relevant au-
toactivation, and the remaining 30 patients were subjected to direct
measurement of autoactivation in the urine. All patients had been
diagnosed with histologically proven prostate cancer, with no evi-
dence of metastasis to the pelvic lymph nodes or at distant sites,
and an Eastern Cooperative Oncology Group performance status
of 0, 1, or 2. Other details of the patients and tumor characteristics
are presented in Table 1. This study was approved by both the
Kobe University Institutional Committee (Kobe, Japan) and the
Hyogo Ion Beam Medical Center Institutional Committee.
Proton beam therapy

The planning and treatment methods have been described previ-
ously (6). In brief, computed tomography (CT) and magnetic reso-
nance imaging fusion with CT-based dose calculation is the
routine treatment planning procedure at our institution. Doses were
calculated with the pencil beam algorithm. Beam parameters, includ-
ing the width of the SOBP and degrader thickness, were selected with
a three-dimensional treatment-planning system (FOCUS-M; jointed
CMS Japan Co. [Tokyo, Japan] and Mitsubishi Electric Corporation
[Kobe, Japan)). The clinical target volume (CTV) was taken to be the
prostate and the base of the seminal vesicles, as visualized on the
fused CT and magnetic resonance images. The initial PTV was de-
fined as the three-dimensional isotropic expansion of the CTV, to-
gether with a 1-cm boundary. The second PTV was defined almost
identically to the initial PTV except that the posterior margin was
the CTV plus 0.8 cm for the last 14 GyE in seven fractions. By includ-
ing 0.5 cm around the PTV as a penumbra, the initial irradiation fields
were customized with 3.75-mm-wide multileaf collimators. Certain
critical surrounding structures, including the rectum, bladder, and

222

Table 1. Details of patient characteristics treated with proton
therapy (V = 59)

2006-2007 2007-2008 P

Characteristic (n=29) (n=30) Value
Age (y) 0.16
Range 59-83 53-82
Median 70 69
T stage (No. of patients) 0.82
T1 7 7
T2 18 18
T3 4 5
Gleason sum (No. of patients) 0.55
2-6 11 9
7 13 14
8-10 5 7
PSA (No. of patients) 0.10
<10.0 ng/mL 12 15
10.0-20.0 ng/mL 9 8
>20.0 ng/mL 8 7
CTV (No. of patients) 0.97
<30 cm® 15 16
>30 em® 14 14

Abbreviations: PSA = prostate specific antigen; CTV = clinical
target volume.

femoral head, were also delineated on each CT slice to generate
dose—volume histograms. A daily fraction dose of 2 GyE was deliv-
ered with a single port by use of the laterally opposed field technique.
All patients were treated with 210-MeV protons at a dose of 74 GyE
in 37 fractions over a period of 7.4 weeks.

Autoactivation imaging using clinical PET apparatus

Data acquisition for autoactivation was performed on the third
or fourth day after the start of the treatment. The acquisition
was started at 5 minutes after each proton irradiation by use of
a clinical PET scanner (Headtome V, SET-2300 W; Shimadzu
Corporation, Kyoto, Japan), and the data were analyzed with ven-
dor-provided software. After each daily treatment, patients were
immediately transferred in a wheelchair to a PET room by medical
staff. At our institution, the PET room and the proton therapy unit
are located near each other, in the same building. Patients were
positioned on the PET scanner in the treatment position without
an immobilization device. Detection of activity induced by the
autoactivation commenced 5 minutes after completion of the pro-
ton beam irradiation protocol, and the data were recorded for 5
minutes. Data corrected for attenuation were acquired with
a ®®Ge-**Ga transmission source. The acquired image data were
interpreted by use of the vendor-provided software. Images were
fused to the three-dimensionally reconstructed CT images by
use of the axial, sagittal, and coronal views. Regions of interest
(ROIs) were drawn on the reconstructed image data, and activity
was measured by use of two-dimensional axial images across the
following 5 portions: PTV center, urinary bladder inside the PTV,
urinary bladder outside the PTV, rectum (outside the PTV), and
contralateral femoral bone head (outside the PTV). The calibration
of activity was conducted separately in each ROI (Cylinder Phan-
tom, 37 MBq, PET-20C19/1-SZ; Sanders Medical Products,
Knoxville, TN). To elucidate direct and indirect influence of pros-
tate gland size (was equal to CTV) on the urine autoactivation,
data acquisition was performed in two groups. One group con-
sisted of patients whose CTV was less than 30 cm’, and the other
consisted of patients whose CTV was more than 30 em’,
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Investigation of autoactivation using water phantom
Autoactivation after proton beam irradiation was also investi-
gated by use of a water phantom in a setting similar to that used
in clinical practice. The 210-MeV proton beam’s effect was com-
pared with that of a 10-MV X-ray for this experiment. A single
dose of 6 Gy was used for comparison with a water phantom or sim-
jlarly sized ice block (20 x 20 X 15 cm). The proton beam was
delivered to the water phantom once a day. The field size of the ir-
radiation was 15 X 15 cm. The Bragg peak of the proton beam was
spread over 6 cm, and the range of the proton beam was adjusted to
13 cm by use of a degrader. After proton beam irradiation, the water
phantom or ice block was moved to the PET room immediately, as is
done in clinical practice. Calculation of the activity induced by pro-
ton beam or X-ray irradiation began about 5 minutes to 60 minutes
after irradiation. The ice block was used to examine whether there
was any connection with water’s diffusive behavior. Therefore the
same volumes of water and ice were assessed. The ice block mea-
sured 20 x 20 x 15 cm, and 6,000 mL of pure water was used.

Direct measurement of autoactivation in urine

On the third or fourth day after the start of treatment, patients were
quickly moved to a separate room for urination after receiving pro-
ton beam therapy, and each 2-mL urine sample was transferred to
a test tube. Radioactivity of the urine was measured beginning
5 minutes after treatment until 40 minutes after treatment by use
of a well counter (CRC-15 W; Capintec, Ramsey, NJ). Measure-
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ment lasted 30 seconds, and the energy window ranged from 400
to 660 keV. The setting was selected to reach energy of 511 keV
for pair-annihilation photons from 8* decaying nuclei generated
by autoactivation.

Statistics

The chi-square test was performed to assess measures of associa-
tion in a grouped frequency table. To compare activity in each RO,
box-and-whisker plots were used and analyzed by ¢ test.

RESULTS

Comparison between calculated dose and distribution of
autoactivation by PET

Since our institution started using proton beam therapy, we
have used autoactivation images for confirming the proton
beam path in many types of malignancies. A representative
case of prostate cancer is shown in Fig. 1. Figures 1A and
1D show axial and sagittal images of the dose distribution
calculated by use of the pencil beam algorithm, and Figs.
1B and 1E show the distribution of autoactivation in the up-
per PTV level in patients with prostate cancer receiving
2 GyE of proton beam irradiation. Figures 1C and IF show
axial and sagittal CT-PET fusion images. On the axial im-
ages, although the beam passage was well matched to the
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5%
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Fig. 1. Comparison of isodose curves and distribution of autoactivation in patients with prostate cancer (A) Axial image of
calculated dose distribution in upper planning target volume (PTV) level. (B) Axial image of distribution of autoactivation
in same PTV level. (C) Axial positron emission tomography (PET)/computed tomography (CT) fusion image. (D) Sagittal
image of dose distribution (E) Sagittal image of distribution of autoactivation (F) Sagittal PET/CT fusion image.
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Fig. 2. Placement of regions of interest (ROIs) in 5 portions for calculation of activity measured by positron emission to-
“mography: (1) planning target volume (PTV) center, (2) urinary bladder inside PTV, (3) urinary bladder outside PTV, (4)
recturn, and (5) contralateral femoral bone head. (A) Axial and (B) sagittal images. (C and D) Results of calculation of 5
ROIs in two groups divided according to size of PTV (clinical target volume [CTV] <30 cm?® [C] and CTV >30 cm® [D]).

95% isodose curve in terms of range, the detected autoactiva-
tion area seemed to spread outside the PTV, especially in the
" urinary bladder. On the sagittal images, the distribution of
autoactivation also seemed to spread out in the urinary bladder.

Analyses of 8" decayed nuclei distribution using clinical
PET apparatus

To analyze the §* decayed nuclei distribution by use of the
clinical PET apparatus, five areas (two inside the PTV and
three outside the PTV, as described is ‘““Methods and Mate-
rials” section) were drawn as ROIs (4 mm in diameter) based
on the axial CT images (Figs. 2 A and 2B), and the radioac-
tivity induced by autoactivation was counted in each ROI on
PET axial images. The mean calculated activities in 29 pa-
tients were 629.3 Bq in the PTV center, 555.6 Bq in the
urinary bladder inside the PTV, 332.5 Bq in the urinary blad-
der outside the PTV, 88.4 Bq in the rectum, and 23.7 Bq in
the contralateral femoral head (Table 2). In the three regions
outside the PTV (ROIs 3, 4, and 5 in Figs. 2A and 2B), the
ROI on the urinary bladder (ROI 3) showed significantly
higher activities than that on the rectum (ROI 4) or femoral
bone head (ROI 5) regardless of CTV size (p < 0.001)
(Figs. 2C and 2D). Quantitative analyses indicated that in
our setting, the urine in the bladder could be a mode for dif-
fusion of autoactivation after proton irradiation and may
cause movement of the autoactivation signal.
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Diffusion of autoactivation by proton beam therapy:
Phantom study

To investigate the hypothesis regarding diffusion of au-
toactivation after proton irradiation, we planned a phantom
experiment using water or an ice block. Figure 3 A shows
the setting for a 6-cm SOBP in the context of 210-MeV pro-
ton beam irradiation or the same field size with 10 MV of
X-ray irradiation. Activation was observed after proton irra-
diation but not after the same dose of X-ray irradiation (Figs.
3B and 3C). In the case of ice and water, activity decreased
with time similarly, and the half-lives were 3.8 minutes for
ice and 1.5 minutes for water (Fig. 3C).

Table 2. Radioactivity calculated using positron emission
tomography apparatus after proton therapy (n = 29)

Areas inside PTV* Areas outside PTV*
Urinary  Urinary
bladder bladder Contralateral
PTV inside  outside femoral
center PTV PTV Rectum head
Radioactivity  629.3 555.6 3325 884 23.7

(Bq)

Abbreviation: PTV = planning target volume.
* These regions of interest correspond with those shown in Figs.
2A and 2B.
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Fig. 3. Phantom study using water phantoms or ice blocks irradiated with 210-MeV proton beam or 10-MV X-ray. (A)
Apparatus setup for irradiation. (B) Time course of autoactivation irradiated by protons in ice blocks, by protons in water,
and by X-rays in water. (C) Time-activity curves in water and ice blocks after irradiation with 210-MeV proton or 10-MV
X-ray beams. (D) Measured profile curves (dotted lines) indicating the direction parallel to the beam axis of 8 decayed
nuclei generated in the water phantoms or ice blocks compared with measured dose distribution (solid lines) by 210-

MeV proton beam. SOBP = spread-out Bragg peak.

The extent of autoactivation in the ice block was observed
only in the irradiated area (15 x 15 x 13 cm), whereas the
autoactivation in the water was distributed throughout the
phantom’s volume (20 X 20 X 15 cm). The ratio between
the volumes’ observed autoactivation levels was 1:2.05. Re-
garding measured activity (10 minutes after completion), the
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ratio between the total counts of the ice block and the water
was 1:0.55, despite both the water and the ice receiving the
same dose and same field size of proton beam irradiation
(Fig. 3C). The results of these reciprocal ratios indicated
that 8% decayed nuclei generated by proton irradiation within
the irradiated volume do spread beyond the target area. In this
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phantom experiment autoactivation images and counts dif-
fused through the water but not the ice block, which may
explain the results from the urinary bladders of patients re-
ceiving proton beam therapy. Figure 3D shows measured
B* decayed nuclei and proton dose distributions in the ice
block or water phantoms, The distribution of 8" decayed nu-
clei in the ice block coincided with the dose distribution,
whereas that in the water did not. This result also supports
the notion that diffusion of activation needs to be taken
into account when it is applied to proton beam verification.

Confirmation of autoactivation of urine

To obtain direct evidence of autoactivation in the urine,
urine activity was measured in 30 patients. Figure 4 shows
urine autoactivation over time. The half-life for autoactiva-
tion was 4.5 minutes, which was slightly longer than the
130 half-life (2.0 minutes). This is probably because urine
contains not only water (’50) but other materials with >N
(half-life, 10.0 minutes) or HQ (half-life, 20.4 minutes).
The urine activity measured in a well counter was 679.4 Bq
by 10 minutes after the completion of the proton beam ther-
apy, which was corrected for time-dependent decreases.
These data were well matched with the data acquired from
PET at 10 minutes after completion of the treatment.

DISCUSSION

We showed that proton beam therapy induced urine
autoactivation that was detectible with PET in patients with
prostate cancer. Autoactivation was generated by nuclear
reactions such as the reactions of lzC(p, pn)“C and of
16VO(p, pn)lSO or nuclear fragmentation reactions such as
the reactions of mO(p, x)”C, of 10 P, x) BN, and of %0
. x)'0 (9). In our experimental setting and by use of our
time points, the major component detected as a §* decayed nu-
cleus by PET was defined as 'O, not ''C. The half-life of the
activated urine was slightly longer than that of 150, probably
because urine contains small amounts of protein, glucose,
and ammonia, but the time course of decay was similar (Figs.
3C and 4). This haif-life of the urine was well matched to

that of water by use of the phantom. We therefore present direct

evidence of autoactivation after proton beam therapy.

Several reports have shown the detection of autoactivation
by PET after proton beam therapy (5, 7-11), including eval-
uating 8" decayed nuclei without changing patient position
(on-line system) (8, 10). These systems can achieve a high
position resolution, with a field of view covering the isocen-
ter of the beam irradiation system in the proton treatment
room. The on-line phantom experiments indicated that PET
imaging is sufficiently accurate for the verification of proton
range and field lateral position (10). Although the range
seemed to be grossly matched with the calculated dose in
our clinical off-line system for patients with prostate cancer,
distribution was not. Autoactivation was commonly
observed outside the PTV, and in this study we have shown
that this distribution results from autoactivation in the urine.
As the cause of unexpected distribution of the §* decayed nu-

(A) 800
700 |- -

y = 3205.2e0.1551

600 |

s00 |

400

300

Activity in the Urine (Bq)

200 |

100

0 L h
0 10 20 30 40 50

Time after cornpletion (min)

(B) 800

700 - Urine (HL*=4.5 min, R2=0.99)
00 Ice (HL*=3.8 min, R2=0.87)
500

400 -

300 b

Activity in the Urine (Bq)

Ice or
200 —

Water
100+ (dotted)

Time after completion (min)

Fig. 4. (A) Time-activity curve of urine in patients with prostate
cancer after proton beam therapy. (B) Activity of urine (solid line
and circles) fitted to time-activity curve of ice or water (dotted
line). The contribution ratios R were 0.87 for water and 0.99
for urine. HL = half-life .

clei in the urinary bladder, three possible reasons might be
raised: (1) diffusion in the urine, (2) movement of the patient
(urine in the bladder) during transportation from the treat-
ment room to the PET room, and (3) urinary injection from
the ureter orifice to the bladder. Therefore detection of au-
toactivation with an on-line system seems to be more accu-

- rate than that using off-line systems. In either case,
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autoactivation of physiologic factors such as urine might
affect PET imaging of the autoactivation. Although we
have used the pencil beam algorithm, previous investigators
reported that a CT-based Monte Carlo calculation of the dose
delivery and its related PET imaging corresponded well to the
treatment-planning dose and the measured PET distribution,
producing deviations of only 1% to 5% between analytic and
Monte Carlo dose calculations (11). These findings may es-
tablish a proton beam verification method in the future.



586 1. I. Radiation Oncology ® Biology ® Physics

We previously reported that the incidence of acute GU mor-
bidity after proton beam therapy was similar to or slightly
higher than that after intensity-modulated radiotherapy
(6, 12—14). This result was unexpected because the majority
of the urinary bladder was outside the PTV. Potential explana-
tions are that the epithelial cells of the urethra in the prostate
gland might undergo greater damage as a result of proton
beam therapy or that the urethra might be compressed by
the swelling of prostate glands induced by proton therapy.
To examine another possible explanation, we tried to evaluate
urinary autoactivation, As aresult, the positron induced by the
autoactivation in the urinary bladder was determined to be
150; however, the estimated absorbed dose was less than
1.0x 107° cGy (15, 16). The dose of a single fraction seemed
to be quite small to have influence on the urinary bladder or
urethra, However, the influence of the sum of daily fractions
remains undetermined, including whether activated urine

Volume 75, Number 2, 2009

may influence the epithelium of the urinary bladder, leading
to acute GU morbidity. We are now planning a prospective
study in which patients would urinate immediately after daily
treatment to explore whether reduced acute GU morbidity
exists. This test may require a large number of patients, but
it could be an important step for establishing the use of proton
beam therapy in the treatment of prostate cancer,

CONCLUSION

Positron emission tomography imaging of autoactivation
allows for the verification of proton beam therapy. Urine is
a major mode for the diffusion of autoactivation in patients
with prostate cancer who undergo proton beam therapy.
These results indicate that physiologic factors can influence
PET images of autoactivation during verification of proton
beam therapy.
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Current Status and Future of Particle Radiotherapy at the Hyogo lon Beam Medical Center: Masao Murakami*'* and
Yoshio Hishikawa*"? (*'Dept. of Radiology, Hyogo lon Beam Medical Center (HIBMC), **Division of lon Beam Therapy, Kobe
University Graduate School of Medicine)
Summary

The Hyogo lon Beam Medical Center was established in May 2001, a leading project of the ‘Hyogo Cancer Strategy’ . Its
major feature is that both proton and carbon ion beams can be generated. Particle beam radiation therapy had been per-
formed in 2, 639 patients as of the end of March 2009. The diseases were prostate cancer, head and neck tumors, liver cancer,
lung cancer, and bone soft tissue tumors, in decreasing order of frequency, and these 5 major diseases accounted for 87% of
the cases. By beam-type therapy, 2, 122 and 517 patients (80 and 20%) were treated with proton and carbon ion beams,
respectively. The outcomes surpassed those of surgical therapy realizing cancer therapy without resection. Current problems
of particle beam radiation therapy include the unclear effect of differential use of proton and carbon ion beams and the
necessity of laying in large-scale equipment, which prevents its dissemination. We are now aiming at the development and
clinical application of a laser-driven proton radiotherapy device in cooperation with the Japan Atomic Energy Agency. Key
words: Proton radiotherapy, Carbon-ion radiotherapy, Particle radiotherapy, Corresponding author: Masao Murakami, De-
partment of Radiology, Hyogo lon Beam Medical Center (HIBMC), 1-2-1 Kouto, Shingu-cho, Tatsuno, Hyogo 679-5165,
Japan
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RESIDUAL MOTION AND DUTY TIME IN RESPIRATORY GATING RADIOTHERAPY

USING INDIVIDUALIZED OR POPULATION-BASED WINDOWS

Hmrosui Fun, M.D., Pu.D.,* YosamHro Asapa, R.T.T.,* Masumt Numano, R.T.T.*
Haruo YamasHiTa, Pa.D.,* Tersuo NisuiMurRA, M.D., PH.D.,T Taxkayukr HASHIMOTO, M.D.,"t

HmoEYuki HARADA, M.D.,T HmroFUMI ASAKURA, M.D.,T AND SHIGEYUKI MURAYAMA, M.D., Pu.D.*

*Proton Therapy Division and f Radiation Oncology Division, Shizuoka Cancer Center, Nagaizumi, Shizuoka, Japan; and Department

of Radiation Oncology, University of Tsukuba, Tsukuba, Ibaraki, Japan

Purpose: The efficiency and precision of respiratory gated radiation therapy for tumors is affected by variations in
respiration-induced tumor motion. We evaluated the use of individualized and population-based parameters for
such treatment.

Methods and Materials: External respiratory signal records and images of respiration-induced tumor motion were
obtained from 42 patients undergoing respiratory gated radiation therapy for liver tumors. Gating window widths
were calculated for each patient, with 2, 4, and 10 mm of residual motion, and the mean was defined as the pop-
ulation-based window width. Residual motions based on population-based and predefined window widths were
compared. Duty times based on whole treatment sessions, at various window levels, were calculated. The window
level giving the longest duty time was defined as the individualized most efficient level (MEL). MELs were also cal-
culated based on the first 10 breathing cycles. The duty times for population-based MELs (defined as mean MELs)
and individualized MELs were compared.

Results: Tracks of respiration-induced tumor motion ranged from 3 to 50 mm. Half of the patients had larger
actual residual motions than the assigned residual motions. Duty times were greater when based on individualized,
rather than population-based, window widths. The MELs established during whole treatment sessions for 2 mm
and 4 mm of residual motion gave significantly increased duty times, whereas those calculated using the first 10
breathing cycles shoewed only marginal increases.

Conclusions: Using individualized window widths and levels provided mere precise and efficient respiratory gated
radiation therapy. However, methods for predicting individualized window levels before treatment remain to be

explored. © 2009 Elsevier Inc.

Adaptation, Liver tumor, Organ motion, Respiratory gating, Radiotherapy.

INTRODUCTION

Local control of liver tumors has been reported using extra-
cranial stereotactic radiotherapy or particle-beam therapy
(1-12). Some of these studies addressed the feasibility of
using radiotherapy for liver tumors and whether it could be
improved by reducing the irradiated liver volume using con-
formal irradiation (1, 2, 5). However, tumor motion due to
respiration is known to affect the actual radiation dose deliv-
ered and to distort the reduction in planning target volumes
for small-dose baths (13-15). The track of liver tumors due
to respiration is known to range from 10 to 30 mm, which
is greater than the 5- to 20-mm range for lung tumors (15~
17). On account of this motion, liver tumors may require

more advanced motion management strategies when
simulating, planning, and treating these tumors, compared
with tumors in other anatomic site (16, 18-24)

Respiratory gated radiotherapy is one of several effective
techniques for the management of respiratory motion (1, 2,
18, 22, 25). The theoretic basis is this: When a patient is
treated with respiratory gating, there is a tradeoff between
residual motion of the tumor and the efficiency of treatment
delivery. The allowed range of motion is the gating window,
which can be range of respiratory phase or amplitude of the
tumor or an external surrogate. This article will discuss
only amplitude-based gating (16, 20, 21, 26, 27).

Most reports that have investigated the feasibility of this
therapy have adopted a window width between 1% and
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40% of the amplitude of the respiratory signal (20, 28, 29).
For a respiration-induced tumor track of 10-30 mm, the
residual motion corresponds to 0-12 mm residual motion.
The range of residual motion exceeds values to be adopted
in gated treatment according to the recommendation of the
American Association of Physicists in Medicine (16). Using
a standard gating window setting, therefore, may lead to
unacceptable levels.

Another important issue for optimizing respiratory gated
radiation therapy is the timing of the gating window. To
reduce residual motion while a respiratory signal is in the
window, the end of the exhalation phase is generally used
to determine the timing of gating, because deviations in the
tumor position are slow during this phase of the breathing
cycle (20, 28, 29). Furthermore, the amplitude of respiration
at the end of exhalation is known to be more reproducible
than those during inhalation or any other phase of respiration.
However, an issue encountered when gating with a small
window at end exhalation is baseline drift, which could cause
a fixed amplitude window for the respiration surrogate that no
longer corresponds to the patient’s true end exhalation phase.
This not only leads to the possibility of a geometric miss but
also results in a very low duty cycle because the patient
quickly passes through the gating window on the way to
true end exhalation.

Applying standard respiratory window widths and win-
dow levels does not achieve the most precise and efficient
delivery of radiotherapy in many patients. To accommodate
the variety of tumor tracks due to respiration and different
breathing patterns, adaptive respiratory gated radiotherapy
needs to be developed. The current study investigated the
use of individualized parameters for respiratory gating to
improve the precision and efficacy of radiotherapy.

METHODS AND MATERIALS

Patients

In this study we computed the most efficient level (MEL) based
on both the patient’s first 10 breathing cycles and also based on
the entire treatment. We then retrospectively simulated respiratory
gating for each of these gating windows and also for a population-
based window (Fig. 1). The experimental plan for comparing the
individual and population-based gating settings for treatment is
shown in Fig. 1. These retrospective data analyses and simulations
were approved by the Review Board at the Shizuoka Cancer Center,
Japan. Between June 2005 and July 2006, 80 patients underwent
proton-beam therapy for liver tumors using the respiratory gating
technique, according to an institutional review board protocol for
clinical practice and with the informed consent of all patients. Of
the 80 patients, 42 individuals for whom surrogate positioning
markers had been used were selected for inclusion in the study. In
41 patients, 2-mm fiducial markers had been implanted near the
tumors. Surgical clips near the tumors were used as surrogate posi-
tioning markers in 1 patient. The characteristics of the patients are
shown in Table 1. Their performance status was 0-1, their median
age was 60 years, and 40% were older than 70 years. Two patients
had clinically apparent pulmonary emphysema.

Data collection

® Respiratory tumor motions
o Whole respiratory signals

¥

Define the parameters for each patient

® Window width for residual motion |, Population based window width and
o MEL in whole session MEL were defined as their means
® MEL in first 10 breathing cycles

¥ ¥

Simulate respiratory gating Simulate respiratory gating
treatment on treatment on

individualized window setting population based window setting

| ]
1

Compare residual motions and duty times

Fig. 1. Flow chart for comparing the precision and efficiency of
using individualized and population-based respiratory gating win-
dow settings. MEL = most efficient level.

Respiratory data collection

External respiratory signals were obtained by monitoring abdom-
inal wall movement. The height of the abdominal wall was mea-
sured using an infrared laser distance meter targeting the upper
abdomen, and was recorded throughout every treatment session.
For this analysis, respiratory records from the fifth treatment ses-
sions were used, to avoid the interruptions in treatment that occurred
during early sessions when respiration training was carried out. The
first 10 breathing cycles were used for normalization, and the mean
amplitudes at the end of exhalation and inhalation in the 10 breath-
ing cycles were determined as 0% and 100% amplitude of respira-
tion, respectively.

Tracking tumor movement and residual motion

Fiducial markers or other radiopaque materials in the liver were
used as surrogates for tumor position. Two orthogonal fluoroscopes
recorded vertical and horizontal images of the markers. It should be
noted this group of patients had been trained to breath slowly, and
3.5 frames/s gave us approximately 20 samples per breathing cycle.
After checking the stability of the depth and track of respiration for
at least three breathing cycles, images of the positioning markers

Table 1. Patient characteristics (n = 42)

Median age (range) 72 (50-90)

Sex

Male 31

Female 11
Disease

Hepatocellular carcinoma 39

Cholangiocellular carcinoma 2

Liver metastasis 1
Liver cirthosis (Child-Pugh class)

A 36

B 6
¢cTNM

TINOMO 34

T2NOMO 6

T3NOMO 1

TONOM1 1
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were recorded at 3.5 frames/s over one breathing cycle. At the same
time, synchronized external respiratory signals were recorded. The
respiratory signal amplitudes at the end of exhalation and inhalation
were defined as 0% and 100%, respectively. Linear regression for-
mulas for tumor position and respiratory signal (amplitude-based)
were established from the fluoroscopic images and normalized
respiratory signals. Window widths of respiratory signal (ampli-
tude-based) corresponding to residual motions of 2, 4, and 10 mm
were calculated using the measured data for each patient. The
mean tumor track was calculated for all patients and was used to cal-
culate the population-based window width for residual motion as
a percentage of the residual motion. The ranges of residual motion
in all patients when the population-based and general window
widths were applied were calculated. The residual motions with
individualized window widths and a population-based window
width were compared.

Establishing the most efficient level (MEL) in external
respiratory signals

In the current study, the window level was defined as the lower
end of the respiratory gating window. A previously published study
of respiratory gated radiotherapy suggested that window levels were
generally set at the end of exhalation, as 0% amplitude, for long duty
times (28—30). However, the MEL varies for each respiratory signal
pattern and for each window width. Therefore, the duty times for
window widths were calculated from —40% to +40% of the window
levels in each patient, and the window level with the longest duty
time was defined as the MEL for each patient. This MEL was based
on a respiratory signal from a whole treatment session (IW-MEL). In
this work we calculated MELSs in three ways: for the entire respira-
tory history over a given treatment (IW-MEL), for the early part of
the treatment (IF-MEL), and population based (P-MEL). The IF-
MEL was calculated using the first 10 breathing cycles in a given
treatment, The P-MEL was the mean of each patient’s MEL for
the whole treatment session. To assess the predictive accuracy of
MELS calculated from the early part of the respiratory cycle, respi-
ratory signals from the first 10 breathing cycles were used (IF-
MEL). The P-MEL used for each residual motion was the mean
of each patient’s MEL for the whole treatment session.

Comparison of duty time and residual motion

The duty times for individualized window width and population-
based window width were compared for a window level of 0% to
avoid the influence of window level optimization. The duty times
were compared for individualized MELs (JW-MELs and IF-
MELSs) and P-MELs and for a general window level of 0% ampli-
tude to find an efficient window level setting. Statistical analyses
were carried out using SPSS statistic software version 11 J (SPSS,
Chicago, IL).

RESULTS

Respiratory tumor motion and residual motion

The tracks of respiration-induced tumor motion in 42 pa-
tients ranged from 3.0 to 50.2 mm, and the mean track length
was 15.3 mm (Fig. 2). The mean window widths calculated
for 2, 4, and 10 mm residual motion (WWz mm), WWg
mm)> and WW (10 mm), respectively) from the mean respiratory
tumor tracks were 16%, 31%, and 78%, respectively. The
variations in the actual residual motion for the mean WW
mm) are shown in Fig. 3. Half of the patients had larger actual
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Fig. 2. Respiration-induced tumor motion for each patient. The dot-
ted line represents the mean tumor motion,

residual motions than the assigned residual motions. Five
patients in the cohort of 42 showed residual motion that
was more than 150% larger than expected. Two patients
showed residual motion that was more than twice that
expected. The proportion of patients showing far greater
residual motion at WW, ) and WW o mm) Was similar
to that at WW(4 mm)*

MEL for respiratory gdting window

The window levels were specified to give the most efficient
freatment at WW(Z mm)» WW(4 mm)» and WW(10 mm) The
mean MELs for both whole treatment sessions and the first
10 breathing cycles are shown in Table 2. In both cases,
the MELs calculated were less than 0%, with the values
decreasing as the window width increased. The MELs at
assigned window widths were affected by both the baseline
stability, namely the end of exhalation, and the shape of the
respiratory signals.

In patients who showed low baseline variations, the histo-
gram demonstrated that tumor was predominantly located
around 0%, end-of-exhalation phase (Fig. 4, case 1). There-
fore, a longer duty time could be obtained in these cases
even with small window width. The respiratory signal was
negative for only a small proportion of the treatment time.
By contrast, when the respiratory signal showed a greater var-
iation in baseline, a considerable proportion of the treatment
time fell below 0% at larger residual motion (Fig. 4, Patient
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Fig. 3. Simulations of respiratory gated radiation therapy. (a) Residual motion using a population-based common window
width for 4 mm of residual motion. (b) Duty time using an individualized window width for 4 mm of residual motion.

2). At this setting, the window shifted both upward and
downward as the window width increased.

Duty time evaluation

Mean duty time increased as larger window width was
applied in both individualized and population-based window
width settings (Table 3). For this cohort with average tumor
motion of 13.5 mm, the mean duty time was less than 70%
even for 10 mm of residual motion. The mean duty times cal-
culated using individualized window widths and residual
motions of 2, 4, and 10 mm were significantly longer than
the mean duty times calculated on a population basis.

The duty times for different types of window level are
shown in Tables 4 and 5. Individualized MELs (IW-MELs,
IF-MELs) and P-MELs provided significantly longer duty
times than were observed for a window level of 0%, with
the exception for WW 3 nm). The duty times for individual-
ized MELs based on whole sessions using WW ) and
WW mmy Were significantly greater than those for the
P-MELs. By contrast, the individualized MELs based on
the first 10 breathing cycles did not result in significantly lon-
ger duty times than the population-based window level at
WW mmy and WW 15 ). To evaluate the predictive capa-
bility of IF-MEL for IW-MEL, the relationships between IF-
MEL and IW-MEL were calculated. The relationship of
MELSs for WW; 1m), WW (4 my, and WW g o) were signif-

Table 2. Maximum efficient levels for residual motion

First 10 breathing
cycles (%)

Whole treatment
session (%)

Residual
motion (mm)

2 —0.6 (—=9.0t0 11.0) -2.0(-7.0t0 7.0)
4 —3.0(-12.010 9.0) -3.3(—8.01t05.0)
10 —5.9(-33.010 8.0) ~4.4.(-16.0 to 8.0)
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icant (p < 0.001), and Pearson’s correlation coefficients were
0.662, 0.502, and 0.490, respectively.

DISCUSSION

Respiratory gated radiotherapy provides great advantages
for patients with liver tumors; however, the introduction of
common, and therefore arbitrary, gating parameters means
that in some cases there is unacceptable residual motion.
Adaptive respiratory gated radiotherapy, using individual-
ized respiratory gating parameters and predefined residual
motion, is expected to offer the most efficient and precise
irradiation of liver tumors. To explore the effectiveness of
the adaptive technique, we simulated respiratory gated radia-
tion therapy with the data of tumor tracks and records of
respiratory signal.

The current study of thie effectiveness of adapting the tech-
nique to variations in respiration addressed three aspects of
characterizing respiration that might have therapeutic advan-
tages. First, the precise evaluation of respiratory motion was
investigated. Tumor motion was evaluated using radiopaque
positioning markers and fluoroscopy. Simultaneous orthogo-
nal views were recorded after checking the stability of tumor
motion. Respiration-induced tumor motion was observed to
be rapid, and its speed also fluctuated. Therefore, if tumor
motion is measured by a method that involves substantial
interruptions in obtaining sequential images, there is a possi-
bility that it will fail to define peak motion, which should be
taken into account. The fast acquisition of images by fluoros-
copy is a more appropriate method from this point of view.
Furthermore, the use of orthogonal images with excellent
spatial resolution and surrogate positioning markers has
been shown to provide more accurate data on tumor position
than either electroportal imaging or computed tomography
(14, 30-32).
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Fig. 4. Representative plots of 2 patients, 2 with no baseline drift (Case 1) and 1 with drift (Case 2). (a), representative plot
of the patient’s respiratory trace for a portion of a treatment. (b), histogram showing the variation in signal amplitude over

an entire treatment,

Second, our study used more patients than have previous
reports on respiratory motion. Adaptive treatment should
be evaluated in terms of the efficiency with which patient var-
iation can be managed. Therefore, more study participants,
including greater variation, can demonstrate the efficiency
of adaptation more clearly. There have been several reports
of variations in respiratory motion for abdominal tumors
for 424 patients (27, 28, 33). Equally, the management of
respiratory data in these patients has been insufficient. The
472 patients in our study, who were assessed with highly
sophisticated methods for evaluating tumor motion, provide
more reliable data for application to the general population.

Third, we adopted amplitude-based respiratory gated radi-
ation therapy for this simulation rather than the prevailing

Table 3. Duty time for individualized respiratory gating
window width and population-based window width

Duty time (%)

Residual Individualized Population-based
motion (mm) window width window width P value
2 27.0 (4.4-78.9) 20.7 (5.3-42.4) 0.012
4 40.2 (11.4-97.3)  35.5(16.5-58.3) 0.003
10 64.0 (32.2-99.1)  61.6 (39.9-81.5) 0.150

Both simulations were performed with a window level of 0%.
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phase-based gating technique. Several reports have shown
baseline drifting and irregular shape of respiratory signals,
causing uncertainty in gating timing or tumor position
when phase-based gating technique is introduced (27, 34).
By contrast, amplitude-based gating is thought to be affected
only marginally by variations in respiratory signal.

The patients in the current study showed respiration-
induced tumor motion that ranged from 3 to 50 mm. The
observed variation in respiration-induced tumor motion in
this study suggests that a standardized window width is not
adequate in clinical practice to achieve acceptable residual
motion. When the standardized respiratory gating window
width, which is the averaged window width for predefined

Table 4. Duty times for applied level

Duty time (%)

Residual motion (mm) IW-MEL IF-MEL P-MEL L 0%
2 27.7 26.6 25.1 27.0
4 435 424 41.7 40.2

10 67.9 67.6 66.3 64.0

Abbreviations: TW-MEL = individualized maximum efficient
level for whole session; IF-MEL = individualized maximum effi-
cient level for first 10 breathing cycles; P-MEL = population-based
maximum efficient level for whole session; L 0% = level of 0%;
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Table 5. Duty times for applied level

p value

Residual motion (mm) IW-MEL vs. L. 0% IF-MEL vs. L0%  P-MELvs.L0%  IW-MEL vs. P-MEL IF-MEL vs. P-MEL

2 0.337 0.399 0.107 <0.001 0.006
4 <0.001 <0.001 0.009 <0.001 0.074
10 0.001 <0.001 0.049 0.061 0.054

Abbreviations: TW-MEL = individualized maximum efficient level for whole session; IF-MEL = individualized maximum efficient level for
first 10 breathing cycles; P-MEL = population-based maximum efficient level for whole session; L 0% = level of 0%.

residual motion, was applied, half of the patients showed breathing cycles to apply the setting to the following treat-
residual motion larger than predefined values. Furthermore, ment sessions. However, the duty time for the MEL was
the remaining patients needed longer treatment times as not longer than the time for mean MEL. Therefore, the
a result of the inadequate window width. The current study mean MEL, rather than the 0% level, should be introduced
shows that an individualized window width allows limitation until the establishment of a more effective method of predict-
of the residual motion to the predefined value. The duty times ing an efficient level for each patient.
for gated radiation therapy with individualized window ‘We measured abdominal wall motion as external respira-
widths were significantly shorter than those with popula- tory signals. Several authors have argued discrepancies
tion-based window width. between the external respiratory signal and actual tumor
The phenomenon is thought to result from uneven distribu- position (27, 28). Tumor position corresponding to amplitude
tion of respiratory signal histograms. In this skewed distribu- of external respiratory signal was determined by regression
tion, window width extension to less frequent areas does not formula with fluoroscopy image and the respiratory signal.
extend the duty time efficiently, and narrowing the width at The respiratory signals used for the formula ranged from
areas of frequency loses duty time rapidly. Therefore, widths 0% to 100%. The current study revealed that window levels
too great and those too narrow for the tumors both resulted in lower than 0% (—0.6% to —5.9%) allowed beams to be deliv-
inefficient delivery when the generalized window width was ered most efficiently. In most cases, the MEL marginally out
applied. of range does not seem to cause significant deviation from the
To establish the most efficient window settings for respira- position calculated by the formula. However, other cases
tory gated radiation therapy, we explored the contribution of with relatively lower MEL reflecting large baseline drift are
the window level to the duty time for each patient. Our results likely to need different parameters or different methods of
demonstrate that the most efficient levels were, on average, applying the gating technique.
lower than the 0% level determined as that at the end of
exhalation in early breathing cycles. Histogram analysis
showed that the shift in the most efficient level from 0% CONCLUSION
could be attributed to baseline drift. This study has demonstrated that variations in tumor track
The adoption of both individualized and mean MELs and patterns of respiration affect the reliable and efficient
increased the duty times compared with those using a 0% delivery of irradiation to liver tumors. Therefore, adapting
window level. Duty times for individualized MELs were sig- respiratory gated radiation therapy for each patient is crucial.
nificantly longer than those for mean MELs. However, the Individualized window widths, based on the preliminary
use of individualized MELs introduces a different practical evaluation of tumor tracks and the tolerable residual motion,
problem. The respiratory gating window level should be set can provide more precise and efficient treatment, and individ-
before treatment and should be fixed throughout the treat- ualized window levels can also improve efficiency. However,
ment session. Therefore, individual MELs for patients should methods for predicting the most efficient window level
be calculated in advance. We evaluated MELSs on the first 10 before the treatment require further investigation.
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Proton Beam Therapy at Shizuoka Cancer Center: Shigeyuki Murayama and Hiroshi Fuji (Proton Therapy Division, Shizuo-
ka Cancer Center)
Summary

Proton beam therapy (PBT) is a type of radiation therapy using positively-charged particles, i. e. protons, for the treatment
of malignant tumor, and is also an advanced high-technology radiotherapy using large-scale equipment, such as a synchro-
tron accelerator or isocentric rotational gantry systems. Since a proton beam has advantageous physical properties, i. e. Bragg
peak peculiar to a charged particle beam, in formation of dose distribution as compared with megavoltage x-rays in a conven-
tional radiotherapy, a delivery of a conformal high dose to a localized target volume is easily attained, and both improvement
in local control rate and reduction of normal tissue impairment can be expected as the result. PBT is adopted mainly as a
radical treatment for patients with early-stage or locally-advanced prostatic cancer, hepatocellular carcinoma, non-smalf cell
lung cancer, or head & neck malignant tumor. Moreover, the benefits of PBT may be shared not only with a pediatric patient
who is easily injured and growth disturbed by even low-level irradiation of normal tissues/organs and also with an inoperable
elderly patient with several medical complications. Insurance coverage in connection with its use for certain diseases is recently
under discussion. This paper describes the actual status of PBT including present activities and clinical experiences at Shizuoka
Cancer Center about 5 years from the start of PBT. Key words: Proton beam therapy, Neoplasms, Charged particle therapy,
Corresponding author: Shigeyuki Murayama, Proton Therapy Division, Shizuoka Cancer Center, 1007 Shimonagakubo, Na-
gaizumi~cho, Suntou-gun, Shizuoka 411-8777, Japan
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