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B. Dose calculations in a thorax phantom and in
human lung

Dosimetry properties of the kilovoltage 3DCSRT system
were investigated to irradiate targets in a thorax phantom and
human lung. The thorax phantom consisted of three types of
densities: the density of the lung region was 0.3 g/cc, the
densities of the tumor (2 cm ¢ sphere situated at the center
of the right lung) and other soft-tissue equivalent material
were 1.0 g/cc. The density of the spine was 1.3 g/cc. CT
measurements of the thorax phantom were performed to ob-
tain CT images. Patient-specific CT images of lung tumors
(=2 cm ¢) were used to assess dose distributions in real
situations. In both cases (e.g., thorax phantom and human
lung), the thickness of CT slices was 2 mm and the matrix
size of each slice was 512 pixels X 512 pixels for a dimen-
sion of 50 cm along the x and y axes.

To calculate dose distributions with Monte Carlo, CT val-
ues of images need to be converted into physical densities
called egs4phant.22’23 All CT numbers in CT images in this
study were converted to egsdphant data using their corre-
sponding electron-density data. The matrix size of egs4phant
data was reduced to 256 pixels X 256 pixels; these data were
used in the Monte Carlo dose calculation system. Voxel size
of the data in egsd4phant was 0.195X<0.195X0.2 cm.

Three non-coplanar converging arcs around the center of
the gross tumor volume (GTV) were employed to calculate
Monte Carlo dose with the thorax phantom and human lung
for 147.5, 200, 300, and 500 kVp x-ray energy. For each of
three different couch angles, 0° and +25°, the gantry rotation
around the target was 200° both for the thorax phantom (
160° to 360°) and the human lung (190° to 30°). A 3 cm
X 3 cm beam size was used to investigate the dose distribu-
tion by using the phase space file for the corresponding en-
ergy as previously calculated. All dosimetry calculations
were performed using DOSXYZnrc code, which has nine
different options for defining a beam source. In our calcula-
tions we used source 8, which allowed us to use phase space
sources from multiple directions to produce non-coplanar
arcs.

To compare dose distributions of kVp energy for the ki-
lovoltage 3DCSRT system with MV energies of a linac sys-
tem, Monte Carlo dose calculations were performed with the
same CT data and arc information for 4, 6, and 10 MV
energy.24 Beam source 7 was used to produce non-coplanar
arcs from multiple directions using energy spectra. In all
cases, 300X 10° photon events were used, and dose errors
were within 1.0%. The phase space data was redistributed
and recycled when used as beam source.

Recently, we have developed an interface to analyze
DOSXYZnrc dose data on a commercial RTP system (XiO
version 4.2, CMS, St. Louis, USA). With this interface, the
DOSXYZnrc Monte Carlo dose-file format can be converted
to XiO RTP dose-file format and the dose file of the XiO
RTP can be replaced with the Monte Carlo dose-file. The
necessary information required in conversion procedures are
patient ID, planning ID, and coordinates of the center of the
coronal image on the XiO RTP system. This system leads us
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to analyze the Monte Carlo dose on a XiO RTP system in the
form of either integral or differential DVH and analysis of
dose homogeneity in terms of maximum, minimum, and av-
erage dose described in International Commission on Radia-
tion Units and Measurements (ICRU) reports 50 and 60.2%

To analyze our Monte Carlo dose on a XiO RTP system,
all thorax phantom and human CT images were transferred
to the XiO RTP system and an arbitrary RTP plan with arbi-
trary energy was generated to analyze DVH of Monte Carlo
dose on a defined structure like GTV and planning target
volume (PTV). A 5 mm margin with GTV was used to define
PTV. Using our interface, all Monte Carlo doses were ana-
lyzed with the XiO RTP system.

C. Dose calculation and measurements
in water phantom

The simulated system was verified by comparing mea-
sured and calculated percentage of depth dose (PDD) values
and profiles in water phantom for the x-ray energy of 120
and 147.5 kVp. A water phantom with dimensions of
20 cm X 20 cm X 20 cm was used to investigate PDD and
profiles with DOSXYZnrc Monte Carlo simulations.*** The
beam size at an SSD of 50 cm was 2 cm X 2 cm. In all cases,
full phase-space source file was considered. To confirm ac-
curacy of the PDD results, a CT x-ray beam operated at 120
and 147.5 kVp with 400 mA was used to irradiate a solid
water phantom (WE-211, Kyoto Kagaku Co., Kyoto, Japan)
with normal incidence. The tissue maximum ratio (TMR)
was measured with a pinpoint ionization chamber (IC)
(PTW-31006) to calculate PDD. In TMR measurement, the
absolute charge rate (C/min) at each phantom depth was
measured with the IC chamber and converted to absolute
dose rate. Beforehand, the experimental IC was calibrated
against a standard IC (PTW TN30001, PTW-Freiburg,
Freiburg, Germany). The center of the active volume of the
IC was adjusted to the center of the beam with laser markers,
and fine adjustment was performed with real-time two-
dimensional scout view x-ray image from the CT interface.

The PDD was also measured with GAFCHROMIC® XR
film type R (International Specialty Products-ISP, Wayne,
NJ, USA) in a water phantom with dimensions of 20 cm
X 20 cm X 20 cm for normal incidence of the beam. Film
(originally 14 in. X 17 in.) was cut to 10 cm X 20 cm and
clamped to place its height along the beam direction for an
exposure of 2 min. The film was scanned with a color scan-
ner (ES-2000, Seiko Epson Corporation, Nagano, Japan) and
saved as an image; pixel values from each region of interest
on the scanned image were converted to dose after back-
ground subtraction with proper calibration.”” All measured
PDD values were compared with simulated PDD values.

Beam profiles along the center of the x (in-line) and y
(cross-line) directions at a phantom depth of 5 and 10 cm
were measured with GAFCHROMIC film for a distance of
—2.5 cm to +2.5 cm with an interval of 1 mm.
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FiG. 2. Monte Carlo dose data calculated in a thorax phantom for x-ray
energy of 147.5, 200, 300, and 500 kVp are displayed on the XiO RTP
system. Dose distributions on isocenter slice are shown in the figure. In all
cases, doses were normalized with the dose at the center of the gross tumor
volume (GTV). For three couch angles, 0° and +25° the gantry rotations
were 200° (clockwise direction 160° to 360°).

lil. RESULTS

A. Dose calculations in a thorax phantom
and human lung

Monte Carlo dose distributions to tumor in a thorax phan-
tom and in human lung with DOSXYZnrc for the x-ray en-
ergy of 147.5, 200, 300, and 500 kVp and MV energy of 4,
6, and 10 MV were calculated using non-coplanar multiple
arcs with a common isocenter. All Monte Carlo doses were
analyzed with the XiO RTP system using the interface we
developed. Isodose curves appearing on the XiO RTP system
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for the x-ray energy of 147.5, 200, 300, and 500 kVp are
shown in Fig. 2. All these curves were normalized with the
dose at the center of GTV.

Comparative studies of integral and differential DVH val-
ues of GTV and PTV for kVp and MV energies are shown in
Figs. 3 and 4, respectively. In Fig. 3, the integral DVHs of
kVp energy were better than the DVHs of MV energy, but
within all histograms, the 500 kVp data were better than the
data for all other energies.

In the differential DVH data of GTV for all kVp, energies
ranged from almost 80% to 100% and the dose peak for 300
and 500 kVp was around 92% dose; however, the 200 kVp
dose peak was shifted at 87% dose. For 4 MV energy range,
the dose distribution was similar to kVp energy and the dose
peak was at 97%. The dose peaks of 6 and 10 MV energy
were flat compared with other energies, and a trend of dose
distributions toward the lower dose can be seen with in-
creases in energy. When a 0.5 cm margin was added to GTV
to define PTV, both the integral and differential DVHs of
PTV for all MV energies were worse than DVHs of GTV
(Fig. 4) and the tendency to dose distributions below 80%
increased. Notably, the integral and differential DVHs of
PTV for kVp energies were still better than histograms for
MYV energies.

The minimum, maximum, and average doses within the
GTV of the thorax phantom for the energies considered in
these studies are shown in Table I. Dose homogeneity only
within the GTV was defined as the quotient of minimum and
average dose. In Table I, although the minimum and average
doses of the kVp energies increased with increasing energy,
in contrast those doses decreased with increasing MV energy.
But in all cases the dose homogeneity of kVp energies was
better than the MV energies.

The dose distribution for each energy was reconstructed
on transverse, coronal and sagittal planes taken through the
isocenter, and compared with the distribution for 4 MV (see
Fig. 5). The comparisons of dose distributions in the form of
a dose map were generated from the dose output file of
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FIG. 3. Integral (left) and differential (right) dose volume histograms (DVHs) of gross tumor volume (GTV) in a thorax phantom for Monte Carlo doses of
kVp and MV energies. All data were analyzed with the radiotherapy planning system. Size of GTV was 2 cm diameter; beam size was 3 cmX 3 cm.
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FiG. 4. Integral (left) and differential (right} dose volume histograms (DVHs) of planning target volume (PTV) in a thorax phantom for Monte Carlo doses
of kVp and MV energies. A 0.5 cm margin with the GTV defined PTV. Size of PTV was 3 cm diameter; beam size was 3 cm X3 cm.

DOSXYZnrc. The dose maps for first, isocenter, and last
slices of GTV are shown in Fig. 6. The absorption of dose to
bone from kVp x rays is demonstrated by the calculations,
and easily seen in Figs. 5 and 6. It can be clearly seen that a
relatively high dose appears at the rib bones when the target
in the human lung is irradiated with low-energy x ray. The
range of apparent dose to the ribs was 80%-90% for
200 kVp, 40%—60% for 300 kVp and 20%-40% for
500 kVp. Rib doses were higher for low-energy x rays: With
increasing x-ray energy, dose to the bones decreased. The
DVHs of GTV delineated on the human lung tumor for 200,
300, and 500 kVp with 4 MV energy are shown in Fig. 7.
The DVH of 500 kVp is better than the histograms of other
energies. To analyze DVHs on the XiO RTP system, the
doses in all cases were normalized with dose of center of
GTV.

B. Dose calculations and measurements
in water phantom

Comparison of experimental and simulated PDD values
only for 120 kVp energy is shown in Fig. 8 using a logarith-
mic scale. TMR measurements with IC were performed up to
a depth of 12 cm, and those data were converted to PDD.
The simulated PDD and actual PDD values obtained from

TaBLE 1. Dose homogeneity of the kVp and MV energies in the GTV of the
thorax phantom. In all cases, maximum dose was normalized to 100%.

Minimum Average Dose homogeneity
Energy dose (%) dose (%) (minimum dose/mean dose)
147 kVp 80.4 90.2+6.6 0.89
200 kVp 83.3 92.1x5.1 0.90
300 kVp 84.2 92.7+5.3 0.91
500 kVp 88.9 94.0x4.2 0.95
4 MV 70.8 85.4+9.1 0.83
6 MV 65.2 82.6+9.4 0.79
10 MV 60.5 80.3+9.2 0.75
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TMR measurements with IC matched up well with each
other. In film measurements, the PDD obtained up to 9 cm of
depth matched up well with the PDD obtained from simula-
tion and IC measurement; however, at depths greater than
9 cm those values were relatively high.

The measured and simulated profiles match up well with
each other and those profiles for x-ray energy of 120 kVp at
a depth 10 cm in a water phantom are shown in Fig. 9. All
data were normalized with their corresponding maximum:
values.

IV. DISCUSSION

BEAMnrc Monte Carlo? based on EGS4”® is a well-
recognized code to provide the calculation of particle trans-
port through the accelerator head, and DOSXYZnrc™ is a
general-purpose Monte Carlo EGSnrc® user code for three-
dimensional absorbed dose calculations. The DOSXYZnrc
code allows sources such as a monoenergetic diverging or
parallel beam, phase-space data generated by a BEAMnrc
simulation or a model-based beam reconstruction produced
by BEAMDP.> Different types of source to model the beam
from energy spectra including phase-space files can be used
in DOSXYZnrc. Sources 7 and 8 have options to define mul-
tiple beam directions using an energy spectra and phase-
space source, respectively. The user may define the incident
angles of the phase-space beam by changing angles theta and :
phi.22 In the polar coordinate system, the polar angle, theta,
has a range of 0°-180°, and the azimuthal angle phi has a.
range of 0°~360°. In our simulations, non-coplanar arcs were
defined by changing the angles theta and phi. Although the
phase-space file is inconvenient to handle due to its large
size, it nevertheless gives accurate dose results,22 and this
was the method used in this study. Although 300 m X 106
electron events were used to simulate the x-ray tube, the total
number of photons observed in the phase space files were
12 m X 10° to 18 m X 10°, depending on the energy and col-
limator size. To reduce statistical uncertainty, 300 million
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Fic. 5. Monte Carlo dose calculated in a human lung tumor for x-ray ener-
gies of 200, 300, and 500 kVp, as well as 4 MV. Dose distributions on the
planar (isocenter slice), coronal, and sagittal images displayed with XiO
RTP system are shown in the figure with beam arrangement. In all cases,

_ doses were normalized with the isocenter dose within the gross tumor vol-
ume (GTV). Beam directions of three non-coplanar arcs for gantry rotations
200° (clockwise direction 190° to 30°) and couch angle 0° and *25° ap-
peared on the coronal image.

photon events were used in the dose calculation procedures,
and the phase-space data were redistributed and recycled.30
In its present form, our CT system’s highest operating volt-
age is 147.5 kVp. Therefore, for a kilovoltage 3DCSRT sys-
tem with 200, 300, and 500 kVp, 147.5 kVp energy was also
investigated in the simulation study.

Phantom dosimetry to validate the system was performed
with 120 and 147.5 kVp x-ray energy. The pinpoint IC with
a volume 0.015 cm? is designed for stereotactic field mea-
surements in radiation therapy, but because we are investi-

. gating a narrow beam 2 ¢cm X 2 cm field, we used this cham-
~ ber for our experiments. As the active volume of the IC is
_ very small, the center of that volume was positioned at the
center of the x-ray beam with laser beams and a two-
- dimensional scout view x-ray imaging from the CT interface.
The TMR method was used in this study to obtain PDD data
with pinpoint chamber measurement. Usually TMR can be
measured “manually” by lowering the detector in the phan-
tom and raising the water phantom with the same distance, or
it can be derived from the PDD results.”' In our study we
used a solid water phantom and pinpoint chamber. Because it
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Fi6. 6. Monte Carlo dose map in a human lung tumor irradiated with kVp
and MV energy. Dose distributions appearing in the GTV of the first, iso-
center, and last slices are shown in the figure.

is very important to place the active small volume of the
chamber at the center of the x-ray beam, the positioning of
the chamber to measure PDD for each depth of the water
phantom is time consuming; small displacements of the
chamber may lead to error in the absolute measurements.
Therefore, TMR measurements were performed in this study
and necessary correction factors”> were used to convert the
TMR results into PDD results. The pinpoint chamber used in
the study was cross-calibrated against a secondary standard
ionization chamber and electrometer system calibrated by the
Japan Calibration Service System (JCSS) calibration labora-
tory.
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FiG. 7. Dose volume histograms (DVHs) of GTV in a human lung for
Monte Carlo doses of kVp and MV energies. Size of the GTV was 1.7 cm
diameter; beam size was 3 cm X3 cm.
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F1G. 8. Comparison of simulated and experimental percentage of depth dose
(PDD) values for 120 kVp. Ionization chamber and film were used in ex-
periments to calculate PDD. An ionization chamber was used to measure
PDD in a water equivalent material with a depth of 12 cm. Both in the film
measurement and simulation water phantom, a depth of 20 cm was
considered.

It has been reported that GAFCHROMIC® XR film type
R is suitable for dosimetry of the lower-energy x-rays used in
diagnostic x-ray, computer tomography, and superficial/
orthovoltage therapy.33 We used this film to measure PDD
data in our experiment (Fig. 8). Dosimetry with GAFCHRO-
MIC film after exposure can be obtained from density data
derived with a densitometer™ or pixel values of images after
scanning the film with a scanner.”” In our study we used a
scanner to measure pixel values, and those pixel values were
converted to dose according to the calibration procedures
described elsewhere.”’

The PDD results of the film up to 9 cm were a good
match with PDD data obtained from IC measurement and
Monte Carlo simulation. However, at depths greater than
9 cm the PDD values from film measurements were higher
than those obtained with IC and Monte Carlo simulations. It
has been shown that GAFCHROMIC XR film type R has
strong energy dependency and the sensitivity of the film
around an effective energy of 40 keV is higher than sensitiv-
ity at other energies.33 Over 300 keV, film sensitivity is al-
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FiG. 9. Experimental and simulated beam profiles at 10 cm depth in a water
equivalent phantom with a source-center distance of 60 cm. The solid and

dashed lines represent simulated and experimental profiles, respectively.
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most constant with effective energy. In our PDD measure-
ment with the film, we found that by increasing the depth of
the phantom beam, intensity became weaker and low-energy
scattered photons gradually increased. Those low-energy
scattered photons may lead to higher film sensitivity as well
as higher doses.

For kilovoltage 3DCSRT with the thorax phantom, the
integral DVHs of kVp energies (Figs. 3 and 4) were better
than the histograms for MV energies. The reason for these
improvements in DVHs for kVp energies was clarified from
the corresponding differential DVHs (Figs. 3 and 4). As pho-
ton energy increases, distributions of lateral scatter electrons
are increased, and thus there are wide ranges of lower doses
(40%—-100%) within the target for MV energies. When a
0.5 cm margin is added to the target, the effect of a lower
dose within the PTV becomes more prominent, even for
4 MV energy (Fig. 4). In a previous study it has been men-
tioned that the non-coplanar technique with the lower energy
photons covered the tumor with the greatest isodose at the
tumor periphery without tangential sparing in the coronal
plane,34 and this we found consistent with our results.

It is important to note that in order to visualize MC doses
on the XiO RTP system, an arbitrary plan was first generated
using standard beams on the XiO RTP system. The XiO dose
data was then substituted with the MC dose file in that arbi-
trary plan. Therefore, the field edges depicted in Figs. 2 and
5 are from arbitrary generated plan and do not correctly rep-
resent the field dimensions.

To investigate dose homogeneity (Table I) we considered
only GTV; wide range of lower doses in PTV will increase
the dose inhomogeneity. In the thorax phantom, there were
no highly dense media such as bone along the path of the
beam before incidence on the target; uniform dose distribu-
tion appeared around the target for all kVp energy (Fig. 2). In
the case of human CT data (Figs. 5 and 6), the incident beam
attenuated more at rib bones due to high density and caused
an elevation in absorbed dose due to photoelectrons because
low-energy x rays are sensitive to high-Z value materials.
However, for 200 kVp x-ray energy, the range of the rib dose
was 80%-90%. With increases in energy up to 500 kVp, the
range of the rib dose was reduced to the 20%-40% mark.

If we consider activity in terms of dose homogeneity only,
a medium-energy x ray such as 200 kVp can provide almost
homogeneous dose distribution for a kVp 3DCSRT system.
However, if we consider both dose homogeneity and dose
absorption at the ribs, a minimum of 500 kVp is suitable for
the lung kVp 3DCSRT system.
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HIGH-DOSE PROTON BEAM THERAPY FOR STAGE I NON-SMALL-CELL
LUNG CANCER

Keur Niner, M.D., TakasH1 OGiNo, M.D., SatosHr ISHIKURA, M.D., AND HIDEKI NisHiMURA, M.D.

Radiation Oncology Division, National Cancer Center Hospital East, Kashiwa, Chiba, Japan

Purpose: To evaluate retrospectively the safety and efficacy of high-dose proton beam therapy (PBT) for Stage
I non-small-cell lung cancer (NSCLC).

Methods and Materials: Between 1999 and 2003, 37 patients were treated in our institution. The indications for
PBT were pathologically proven NSCLC, clinical Stage I, tumor size =5 cm, medically inoperable or refusal of
surgery, and written informed consent. A total dose of 70-94 Gy, was delivered in 20 fractions (3.5-4.9 Gyg per
fraction).

Results: Patient characteristics (number of patients) were as follows: Stage IA/IB, 17 of 20; medically inoperable/
refusal of surgery, 23/14; total dose 70/80/88/94 Gyy, 3/17/16/1. With a median follow-up period of 24 months, the
2-year local progression-free and overall survival rates were 80% and 84 %, respectively. The 2-year locoregional
relapse-free survival rates in Stage IA and Stage IB were 79% and 60 %, respectively. No serious acute toxicity
was observed. Late Grades 2 and 3 pulmonary toxicities were observed in 3 patients each. Of these 6 patients,
S had Stage IB disease.

Conclusions: Proton beam therapy is a promising treatment modality for Stage 1 NSCLC, though locoregional
relapse and late pulmonary toxicities in Stage IB patients were substantial. Further investigation of PBT for

Stage I NSCLC is warranted. © 2006 Elsevier Inc.

Proton beam therapy, Radiotherapy, High dose, Non-small-cell lung cancer, Stage 1.

INTRODUCTION

Lung cancer continues to be the leading cause of cancer
death worldwide. Surgical resection for Stage I (T1-2N0)
non—small-cell lung cancer (NSCLC) results in 5-year over-
all survival rates of approximately 60~70% and remains the
standard treatment for this population (1, 2).

Some patients with Stage I NSCLC cannot undergo sur-
gery, owing to preexisting comorbidities, advanced age, or
refusal. Conventional radiotherapy alone has been used as
the next alternative approach for these patients with early-
stage NSCLC, but outcomes have been inferior to those of
surgical resection (3—6), although there is a potential selec-
tion bias due to stage migration and patients’ general con-
ditions. Some studies reported a benefit of dose escalation,
suggesting that higher doses of radiation therapy might
improve both local tumor control and survival (7). How-
ever, conventional radiotherapy often cannot deliver higher
doses to the tumor without increasing adverse effects.

Proton beams have a distinct physical advantage over
conventional photon beams. Proton beams have a low en-
trance dose, a maximal dose at any prescribed depth, called
the “Bragg peak,” and no exit dose. The “Bragg peak” can

be spread out and shaped to conform to the depth and
volume of an irregular target. Proton beam therapy (PBT)
can thus create an inherently three-dimensional conformal
dose distribution without extra dose to the surrounding
normal tissue compared with conformal photon treatment.

At the National Cancer Center Hospital East, we intro-
duced PBT for clinical use in 1998. In the present study, we
retrospectively evaluated the safety and efficacy of high-
dose PBT for Stage I NSCLC.

METHODS AND MATERIALS

We started a Phase I dose escalation study of PBT for Stage I
NSCLC in December 1999 for the purpose of determining the
maximum tolerated dose. The eligibility criteria were (/) patho-
logically proven NSCLC, (2) clinical Stage 1, (3) tumor size <5
cm in diameter, (4) pO, =60 torr, (5) medically inoperable or
refusal of surgery, (6) Zubrod performance status 0-2, and (7) :
written informed consent. Patients received escalating doses of
PBT in 20 fractions (fx) over 4 or 5 weeks as follows: level 1: 70
Gyg (3.5 Gyg/fx); level 2: 80 Gyg (4.0 Gyp/fx); level 3: 88 Gyg
(4.4 Gyg/fx); level 4: 94 Gy, (4.7 Gyg/fx); level 5: 98 Gy, (4.9 J
Gy/fx). Dose-limiting toxicity included Grade 4 radiation derma-
titis and other Grade 3 nonhematologic toxicities. "

Reprint requests to: Keiji Nihei, M.D., National Cancer Center
Hospital East, Radiation Oncology Division, 6-5-1, Kashiwanoha,
Kashiwa, Chiba, Japan. Tel: (+81) 4-7133-1111; Fax: (+81)
4-7131-4724; E-mail: knihei @east.ncc.go.jp
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In total, 10 patients were enrolled in the dose escalation study.
Three patients were enrolled in each of levels 1 to 3. The first
patient enrolled in level 4 (94 Gy,,) suffered symptomatic radiation
pneumonitis after PBT, which resulted in early closure of the
study. In July 2001, PBT in Japan was authorized by the govern-
ment as a highly advanced medical technology. and thereafter an
additional 27 patients who had met the criteria above were treated
by PBT on an off-study basis. Thirteen of them received a total
dose of 88 Gy (4.4 Gy,/fx), and the other 14 patients with poorer
pulmonary function received a total dose of 80 Gy (4.0 Gyg/fx)
at the discretion of the radiation oncologists.

For PBT planning, thoracic CT images were obtained in the
exhalation phase with a respiratory gating system. Patients were
immobilized in the supine position on a body cast with both arms
above the head. The primary tumor was delineated on a lung
window as the gross tumor volume. The clinical target volume was
defined as the gross tumor volume with a margin of 8 mm in all
directions for subclinical tumor extension. The planning target
volume was defined as the clinical target volume with a setup
margin of 5 mm and with an internal margin of 5 mm for uncer-
tainty of respiratory motion. Two or four portals of proton beams
were arranged in the optimal angles to avoid excessive dose
exposure to the normal lung and skin. Range modulation by
bar-ridge filters was used to generate Spread-Out Bragg Peak, and
150-MeV or 190-MeV proton beams were selected to conform to
the target volume. Daily verification of patient positioning was
performed by the image subtraction method with digital radiogra-
phy (8). Respiratory gating was used in all patients during the
treatment to deliver proton beams to the target volume in the
exhalation phase. The relative biologic effectiveness of our proton
beam was 1.1 (Gyg = proton Gy X 1.1), according to a previous
animal examination (9).

After PBT, patients were examined every 3 months for the first
2 years and every 6 months thereafter. Chest X-ray films and CT
images were also obtained at the same time to evaluate the local
tumor response and other radiographic findings.

Tumor response was evaluated according to the previously
published Response Evaluation Criteria in Solid Tumors (10). A
complete response indicated that the tumor had completely disap-
peared, and partial response was defined as =30% reduction in the
maximum cross-sectional diameter. Although it was difficult to
distinguish the residual tumor tissue from radiation fibrosis, the
observed residual density was considered free of local progression
unless its size subsequently increased.

The Kaplan-Meier method was used to assess survival. Acute
toxicities were assessed by the Common Toxicity Criteria (version
2.0), and late toxicities were scored according to the European
Organization for Research and Treatment of Cancer/Radiation
Therapy Oncology Group late radiation morbidity scoring scheme.

Table 1. Patient characteristics

Median age (range) (y) 75 (63-87)
Men/women (1) 30/7
Clinical stage* (IA/IB) (n) 17/20
Histology (SCC/adeno/others) (1) 15/15/7
Medically inoperable/refusal of surgery (n) 23/14
Total dose (70/80/88/94 Gyy) (n) 3/17/16/1

Abbreviations: SCC = squamous cell carcinoma; adeno =
adenocarcinoma.
* TNM classification.
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Fig. 1. Local progression-free and disease progression-free sur-
vival rates in all patients.

RESULTS

Between December 1999 and October 2003, 37 patients
with Stage I NSCLC, including 10 patients enrolled in the
dose escalation study, were treated by PBT in our institu-
tion. Patient characteristics are shown in Table 1.

The median duration of follow-up in all patients was 24
months (range, 3—62 months). The overall response rate
was 86% (95% confidence interval [CI], 71-96%), but
primary tumor regrowth occurred in 2 patients, at 7 and 12
months after treatment, respectively. The 1- and 2-year local
progression-free survival rates, defined as no evidence of
both primary tumor regrowth and death from any cause,
were 91% (95% CI, 81-100%) and 80% (95% CI, 66~
95%), respectively (Fig. 1). The corresponding disease pro-
gression-free survival rates were 73% (95% CI, 58—-87%)
and 58% (95% CI, 42-75%), respectively (Fig. 1). The
overall survival rate at 2 years was 84% (95% CI, 71-97%)
(Fig. 2).

Acute and late toxicities in all patients are shown in Table
2. Acute Grade 1 esophagitis was observed in 1 patient with
T2 tumor (Stage IB) near the aortic arch who received a
total dose of 88 Gyg. Acute Grade 1 fever was observed in
1 patient with Stage IB disease who received a total dose of
80 Gyg. No Grade 2 or greater acute toxicity was observed.

)

Fig. 2. Overall survival in all patients
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Table 2. Acute and late toxicities

Table 4. Patterns of failure by clinical stage

Toxicity Grade No. of patients
Acute
Dermatitis 1 29
Esophagitis 1 1
Fever 1 -1
Late
Chest pain 1 4
Pulmonary* 1 25
2 3
3 3

* Including radiation pneumonitis and pleural effusion.

Late Grade 1 chest pain, consistent with the proton ther-
apy field, was observed in 4 patients who received 80 or 88
Gyg. Grade 2 and Grade 3 late pulmonary toxicities were
observed in 3 patients each. They received 88 Gyg of PBT,
except for 1 patient who received 94 Gyg. All Grade 2
pulmonary toxicities were radiation pneumonitis, which oc-
curred from 4.5 to 8 months after the treatment. Two of the
late Grade 3 pulmonary toxicities were pleural effusion
requiring repeated drainage. One was observed at 9 months
and the other at 23 months after treatment, with no evidence
of disease progression. The other late Grade 3 pulmonary

toxicity was radiation pneumonitis, treated by steroid pulse
‘ therapy and oxygen inhalation. It occurred 2.5 months after
the beginning of PBT.

Late toxicities by clinical substage are shown in Table 3.
Of 6 patients who suffered Grade 2 or greater late pulmo-
nary toxicity, 5 had Stage IB disease.

The patterns of failure by clinical substage are shown in
Table 4. Two local tumor regrowths were observed in Stage
IB disease. Of the 5 patients who experienced pulmonary
hilar or mediastinal lymph node recurrence without primary
tumor regrowth, 4 had Stage IB disease. Distant relapse
alone occurred equally in Stage IA and Stage IB. The
locoregional relapse-free and overall survival curves in
Stage IA and Stage IB are shown in Figs. 3 and 4. The
2-year locoregional relapse-free survival rates were 94%
(95% CI, 58—-100%) in Stage IA and 62% (95% CI, 38—~
81%) in Stage IB, and the 2-year overall survival rates were
83% (95% CI, 62-100%) in Stage IA and 82% (95% ClI,
64-100%) in Stage IB.

Table 3. Late toxicities by clinical stage

All Stage IA Stage 1B
Toxicity (n = 37) (n=17) (n = 20)
Chest pain
Grade 1 4 2 2
Pulmonary
Grade 1 25 14 11
Grade 2 3 1 2
Grade 3 3 0 3

All Stage 1A Stage 1B

Site (n = 37) (n=17) (n = 20)
Local only 1 0 1
Locoregional 1 0 1
Regional only 5 1 4
Regional and distant 1 0 1
Distant only 6 3 3

DISCUSSION

Our results show that PBT is a promising treatment
modality for Stage I NSCLC. Although the number of
patients was small and the duration of follow-up was short,
the 2-year local progression-free and overall survival rates
were 80% (95% CI, 66-95%) and 82% (95% CI, 68 -97%),
respectively. Loma Linda University and Tsukuba Univer-
sity also reported similarly good results of PBT for Stage I
NSCLC (11-13). At Loma Linda University, 68 patients
were treated by a total dose of 51 Gyg or 60 Gyg in 10
fractions, and the 3-year disease-specific survival rate was
72% (12). At Tsukuba University, in 28 Stage I patients
(Stage IA/IB, 9/19), the 2-year and 5-year cause-specific
survival rates were 66% and 40%, respectively (13).

These results of PBT series are superior to those of
conventional radiotherapy, for which 5-year overall survival
rates range from only 5% to 30% (3-6). Stereotactic radio-
therapy with photon beams, however, has been used to treat
Stage I NSCLC in many institutions and produces better
outcomes than conventional radiotherapy (14-17). Onishi
et al. retrospectively reported the results of a Japanese
multi-institutional study. The 3- and 5-year cause-specific
survival rates were both 78% (17).

Stratifying the results of PBT series by clinical substage,
the Loma Linda study showed increased tumor relapse rates
in Stage IB patients compared with Stage IA patients (51%
vs. 13% at 3 years), and overall survival in Stage IA patients
was better than that in Stage IB patients (median survival,
39 months vs. 19 months) (12). Tsukuba University also

-
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Fig. 3. Locoregional relapse-free survival rates in Stage IA and
Stage 1B disease.
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Fig. 4. Overall survival rates in Stage 1A and Stage IB disease.

reported that Stage 1A patients fared significantly better than
did Stage IB patients both in 5-year cause-specific (88% vs.
23%) and disease-free survival rates (89% vs. 17%) (13).
Similarly, in the present study, a poorer outcome was ob-
served in Stage IB patients compared with Stage IA pa-
tients. Two patients who experienced local tumor regrowth
both had Stage IB disease, and locoregional recurrences
were observed more frequently in Stage IB disease (30%
[95% CI, 12-54%]) than in Stage IA disease (6% [95% CI,
0-28%])) (Table 4, Fig. 3).

Thus, in Stage IA disease, the results of high-dose PBT
alone might be comparable to those of surgical series. In
Stage IB disease, however, the outcome remains poor. As
discussed in the Tsukuba study (13), these results of PBT
series in Stage IB patients suggest that clinical Stage IB
patients might have had pathologically more advanced dis-
ease. The addition of elective nodal irradiation or systemic
treatment could eradicate the microscopic nodal or distant
diseases. Some randomized trials have recently suggested
the significant benefit of adjuvant systemic therapy after
surgical resection over surgery alone, even for pathologi-
cally proven Stage IB disease (18-20).

Another hypothesis explaining the poor outcomes in
Stage IB disease was that the total doses used by the PBT
series might be insufficient to control primary tumors.
Larger tumors contain more malignant cells and more hy-
poxic areas, thus requiring higher radiation doses to be
controlled. If the malignant disease is confined to the pri-
mary site, higher doses focusing on the primary tumor might
prevent the malignant cells from metastasizing, thereby
improving the outcomes in Stage 1B diseases.

The acute toxicities of PBT were acceptable in the current
study, as other institutions reported. As for late toxicities,
the Loma Linda study reported no radiation pneumonitis
requiring steroids or anti-inflammatory therapy (12). At
Tsukuba University, among 51 patients with more advanced
diseases, there were three Grade 2 and one Grade 3 lung
toxicities approximately 3 months or longer after radiother-
apy completion (13). In contrast, we experienced substantial
late pulmonary toxicities. Six patients, corresponding to

Volume 65, Number 1, 2006

16% (95% CI, 6-32%), suffered Grade 2 or greater late
pulmonary toxicities.

One possible reason for the late pulmonary toxicities
observed in the present study was that the total doses used
in our institution were biologically higher than those used in
other institutions. According to the linear—quadratic model,
the biologic equivalent dose (BED) is defined as D(1 +
d/a/B), in which D is the total dose, d is the daily dose, and
a/B is assumed to be 10 for tumors. The BEDs for 70/80/
88/94 Gyg used in the current study were 95/112/127/138
Gy, o, whereas the BED used in the Loma Linda study was
96 Gy,, and those in the Tsukuba study were 90 Gy, for
Stage IA and 105 Gy,, for Stage IB. Six patients who
experienced Grade 2 or greater late pulmonary toxicities in
the present study received 88 Gyg (127 Gy,o) or 94 Gyg
(138 Gy,o).

Independent of total dose, there are some considerations
to explain pulmonary toxicities after PBT. The proton beam
should stop at the distal margin of the target volume, but
because aerated lung tissue is less dense than other soft
tissues of the body, the proton beam might pass through
beyond the target volume, and an unexpected high dose area
might be generated in the surrounding normal lung. From a
biologic viewpoint, because it is suggested that the relative
biologic effectiveness of proton beams becomes larger at
the distal end of their track, higher biologic lung dose
behind the target volume potentially might be associated
with the late pulmonary toxicities.

Another consideration is the tumor shrinkage during the
treatment period. If overall treatment time is long enough for
the tumor to respond to PBT and start shrinking, an aerated
space appears where the tumor existed, and the proton beam
will deliver excessive doses to the normal lung tissue both
around and behind the reduced tumor in the target volume.
A hypofractionation approach with a shorter treatment pe-
riod can avoid this phenomenon. Proton beam therapy in the
hypofractionation schedule can be finished before the tumor
begins to shrink, and the planned dose should be completely
delivered to the target volume. A hypofractionation strategy
might be potentially more effective for the tumor and less
toxic for the surrounding normal lung. Our PBT schedule
required 4 to 5 weeks to complete the treatment, but a
shorter overall treatment time with hypofractionation can be
considered as a future strategy. Loma Linda University has
been using a 2-week/10-fraction schedule, and some Japanese
stereotactic radiotherapy institutions have already experienced
shorter treatment schedules, within 1 week (12, 14, 15).

Another concern with late pulmonary toxicities is the
target volume. Of 6 patients who developed Grade 2 or
greater pulmonary toxicities, 5 had Stage IB disease. As the
target volume increases, naturally the volume of the irradi-
ated normal lung becomes larger, and the risk of pulmonary
toxicities gets higher.

From these findings and discussions, the PBT schedule
for Stage IB patients should be reconsidered. As discussed
above, if the malignant cells are confined to the primary
tumor, higher doses to the primary tumor can lead to better
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local tumor control and reduce both locoregional and distant
relapse in Stage IB diseases; but in contrast, it also includes
more risk of generating pulmonary toxicities. Therefore,
although there might be an opportunity for further dose
escalation for Stage IB disease, it should be cautiously
examined only on a prospective clinical study basis.

In Stage IA patients, the results of high-dose PBT alone
might be comparable to those of surgical series. To further
enhance its efficacy and reduce its toxicity, a hypofraction-
ation schedule is considered to be a promising future strat:
egy. More data from prospective clinical trials will be
needed to confirm the benefit of PBT in the future.
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Current status of stereotactic body radiotherapy for lung cancer
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Abstract Stereotactic radiotherapy (SRT) for extracranial
tumors has been recently performed to treat lung and liver
cancers, and has subsequently been named stereotactic
body radiotherapy (SBRT). The advantages of hypofrac-
tionated radiotherapy for treating lung tumors are a short-
ened treatment course that requires fewer trips to the clinic
than a conventional program, and the adoption of a smaller
irradiated volume allowed by greater setup precision. This
treatment is possible because the lung and liver are consid-
ered parallel organs at risk. The preliminary clinical results,
mostly reported on lung cancer, have been very promising,
including a local control rate of more than 90%, and a rela-
tively low complication rate. The final results of a few clini-
cal trials are awaited. SBRT may be useful for the treatment
of stage I lung tumors.

Key words Stereotactic body radiotherapy - Conformal
radiotherapy - Lung cancer - Stereotactic body frame - Ste-
reotactic radiotherapy - Extracranial tumors

Introduction

Stereotactic radiotherapy (SRT) for extracranial tumors
has been recently performed to treat extracranial tumors,
mainly lung and liver cancers, and has subsequently been
named stereotactic body radiotherapy (SBRT) or extracra-
nial stereotactic radiotherapy (ESRT). The advantages of
hypofractionated radiotherapy for treating lung tumors are
a shortened treatment course that requires fewer trips to
the clinic than a conventional program, and the adoption of
a smaller irradiated volume allowed by greater setup preci-
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sion. This treatment is possible because the lung and liver
are considered parallel organs at risk (OAR). The disad-
vantages of SBRT are the uncertain effects of altered frac-
tionation and the theoretical risk of worsening the ratio of
normal tissue to tumor tissue through the use of a high dose
per fraction. In this article, the technical procedures and
clinical results of SBRT, especially in lung cancer, are
reviewed.

Biology

The biological background of SBRT is important. There is
no past clinical evidence for this kind of hypofractionated
regimen to extracranial tumors; therefore, most clinical
regimens should be based on biological estimations.

The two great issues in hypofractionated regimens are
dose response for tumor control and toxicity to normal
tissue. Can the conventional linear-quadratic (LQ) model
be applied in the SBRT dose range? Can repopulation be
avoided in the SBRT regimen? How great is the effect of
hypoxia in SBRT?

Fowler et al.' answered these questions, which are mostly
applicable to SBRT; however, they recommended that
SBRT be performed three to five fractionated schedule
rather than using single SRS. These biological speculations
should be reconfirmed in the clinical setting.

Body fixation

The first body fixation device was introduced in clinical
practice as a stereotactic body frame by Bromgren et al’
and Lax et al.? Patients were fixed in the stereotactic frame,
using a vacuum pillow. The concept of this frame is to utilize
the cranial SRT coordinates for extracranial SBRT. The
difference between cranial SRT and extracranial SBRT is
the accuracy of the setup. The Japanese national guidelines
for SRT state that the allowance of setup error is 2mm for
cranial tumors and Smm for extracranial tumors.
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Fig. 1. Stercotactic body radio-
therapy (SBRT) for lung cancer.
In this image for treatment plan-
ning for left lung cancer, five
beams are focused on the target

Some other fixing apparatuses using a vacuum sheet or
thermoplastic shell are clinically available.

Respiratory monitoring

In the clinical practice of SBRT, the regulation of respira-
tory movement is essential. There are three ways to
regulate the respiration of patients: respiratory holding, re-
spiratory regulation, and respiratory gating.

The respiratory holding method is to ask patients to hold
their breath for about 10s during radiation; therefore.
radiation is performed intermittently four to ten times.
Theoretically, this method can reduce the internal target
volume (ITV). Holding can be done either voluntarily by
patients or by using devices such as an active breathing
control (ABC).

Respiratory regulation can be performed by exerting
pressure on the abdomen using a plate like our diaphragm
control or an abdominal belt.*

The respiratory gating method was originally developed
in Japan. The gating sensors are a respiratory flow
monitor, abdominal wall fiducials, and implanted gold
fiducials.

Target definition

In computed tomography (CT) images taken under free-
breathing long-scan (4-8s) conditions, the target outlines of
the 1TV are delineated. These CT images include the respi-
ratory movement of the target. ITVs and Clinical Target
Volume (CTV)s were not edited for anatomy.

If patients are irradiated with gated radiotherapy, the
target outlines of CTV could be delineated under gating
conditions.

The setup margins between the ITV and the planning
target volume (PTV) must be determined at each institu-
tion. Our margins are Smm for the anteroposterior (AP),
5mm for the lateral, and 8-10mm for the craniocaudal
directions. Overlapping the outlines under inhale and ex-
hale conditions is an alternative choice.

Treatment planning

There are two different concepts of Radiotherapy Treat-
ment Planning (RTP) for SBRT. One concept, mainly used
in Japan. is to maintain dose homogeneity within the target.
In this case, the dose is usually prescribed at the isocenter.
The other concept, mainly used in the United States, is not
to maintain dose homogeneity. In this case, the dose is
prescribed at the PTV margin. Our method adheres to the
former concept, with selection of the optimal direction of
noncoplanar beams, with the goal of the RTP being 6-10
portals for noncoplanar static beams, as shown in Fig. 1. The
beam energy used was 6 MV and the isocenter was single
for all beams. Four single treatments with 12 Gy of radiation
were prescribed at the isocenter. Using an LQ model,’ the
Biological Effective Dose (BED) was here defined to be nd
(1 +d/alpha-beta) Gy, where n is the fractionation number,
d is the daily dose, and the alpha-beta ratio for tumors was
assumed to be 10. The value was 105.6 Gy-BED for 48 Gy
in four fractions. The most important issue for RTP in
SBRT is to maintain the dose constraints of OAR to avoid
serious complications. The dose constraints of the OAR,
including the spinal cord, pulmonary artery, bronchus, and
heart, under the Japan Clinical Oncology Group (JCOG)
0403 protocol, are shown in Table 1.
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Verification before radiation

In the clinical practice of SBRT for lung cancer, verification
before each treatment is mandatory. In our institute, before
each treatment, AP and lateral portal films are taken for
verification. The position of each patient is verified by three
experienced oncologists and technologists for each treat-
ment. When the setup errors are larger than 2mm between
the X-ray simulation film and portal film in any direction,
the patient is repositioned and portal films are taken and
verified again. CT on rails and FOCAL units are also useful
materials for verification before each treatment.

Clinical indications for SBRT

Currently, the eligibility criteria for patients with primary
lung cancer are: (1) tumor size less than 5cm in diameter
without nodal and distant metastases (T14NOMO); (2) sur-
gery was contraindicated or refused; (3) the patient could
remain stable in the body frame for longer than 30min
(WHO performance status <=2); (4) no active interstitial
pneumonitis; and (5) written informed consent was ob-
tained. The criteria for patients with secondary lung cancer
are: (1) tumor size less than Scm in diameter; (2) tumor
number three or less; (3) no other metastases, and (4) local
tumor is controlled.

Tumor size is an important factor when dose homogene-
ity within the target should be maintained. The dose con-
straints of mediastinal organs should be maintained;
therefore, a central tumor could be less suitable for SBRT
indications than a peripheral tumor.

Table 1. Dose constraints of various organs at risk, according to the
JCOG 0403 protocol

Organ Dose Volume Dose Volume

Lung 40Gy <=100cc  MLD <=18cc
V15 <=25% V20 <=20%

Spinal cord 25Gy Max

Esophagus 40Gy <=lcc 35Gy <=10cc

Pulmonary artery 40Gy <=lcc 35Gy <=10cc

Stomach 36Gy <=10cc 30Gy <=100cc

Intestine 36Gy <=10cc 30Gy <=100cc

Trachea, main bronchus  40Gy  <=10cc

Other organs (heart, etc) 48Gy  <=lcc 40Gy <=10cc

18-Fluoro-deoxy-glucose (FDG)-positron emission
tomography (PET)

18-Fluoro-deoxy-glucose (FDG)-PET scanning is an impor-
tant examination both for the staging and the follow-up of
lung cancer. For lung cancer staging, occult mediastinal and
hilar lymph nodes, and distant metastases, are frequently
found by FDG-PET.

In the follow-up of lung cancer after SBRT, radiation fi-
brotic change cannot be distinguished from residual tumor.
FDG-PET is also useful in this situation.’

Clinical resuits
Local tumor response

The local control rates of primary lung cancer with SBRT
have been previously reported by several authors, as shown
in Table 2: 94 % (47/50) for 50-60 Gy in five fractions with
a median follow-up of 36 months,” 92 % (22/24) for 60Gy
in 8 fractions with a median follow-up of 24 months,” 81%
(30/37) for 60 Gy in three fractions with a median follow-up
of 15 months,’ 80% for 48-60Gy in eight fractions with a
median follow-up of 17 months," 95% for 45-56.2Gy in
three fractions with a median follow-up of 10 months," 90%
for 30-40Gy in four fractions with a median follow-up of
21 months,” and 98% (44/45) for 48 Gy in four fractions
with a median follow-up of 30 months."” However, the defi-
nition of local control after radiotherapy is difficult because
local tumor failure and Radiation Induced Lung Damage
(RILD) cannot be clearly delineated. Even though the defi-
nition of local control is different in various trials, a BED
larger than 100 Gy may be effective for the SRT of solitary
lung cancer with a local control rate of above 85%.

Survival

The survival rates of stage IA (TINOMO) lung cancer and
stage IB (T2NOMO) lung cancer have not been separately
reported by several authors. In our stage IA series, the 1-
year and 5-year local relapse-free survival rates were 100%
and 95%. The isease-free survival rates after 1, 3, and 5
years were 80%, 72%, and 72%. respectively, and the over-
all survival rates were 93%, 83%, and 83%, respectively. In
our stage IB series, the 1-year local relapse-free survival

Table 2. Local control rates of stereotactic radiotherapy for primary lung cancer

Author (year) Total dose (Gy) Daily dose (Gy)

Reference point Local control Median follow-up

(months)
Uematsu’ (2001) 50-60 10 80% Margin 94% (47/50) 36
Arimoto® (1998) 60 7.5 Isocenter 92% (22/24) 24
Timmerman® (2003) 60 20 80% Margin 81% (30/37) 15
Onimaru™ (2003) 48-60 6-7.5 Isocenter 80% (20/25) 17
Wulf'! (2004) 45-56.2 15-15.4 80% Margin 95% (19/20) 10
Nagata' (2005) 48 12 Isocenter 98% (44/45) 30
Lee™ (2003) 30-40 10 90% Margin 90% (8/9) 21
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Table 3. Clinical toxicities after stereotactic radiotherapy for primary lung cancer

Author (year) Number of cases

Lung >=grade 3

Lung grade 5 Other grade 5

Uematsu’ (2001) 50 0%
Arimoto® (1998) 24 NA
Lee® (2003) 28 0
Onimaru" (2003) 45 2%
Wulf!" (2004) 61 0
Nagata' (2005) 45 0
Timmerman'® (2006) 70 20%

J-CERG?" (2006) NA

0

0

0%

0% Esophagus

0%

0

9% Hemoptysis, pericarditis
0.50% Esophagus, hemoptysis

NA, not available

rate was 100%. The disease-free survivals after 1, 3, and 5-
years were 92%, 71%, and 71%, respectively, and the over-
all survival rates were 82%, 72%, and 72%, respectively.”
Onishi et al." recently reported the results for 13 institu-
tions in Japan, which summarized findings for 245 patients:
155 with stage IA lung cancer and 90 with stage 1B lung
cancer. There were 87 operable and 158 inoperable pa-
tients, and their results showed that the intercurrent death
rate was especially high in the inoperable patient group.
Moreover, the 5-year survival rates of operable patients ir-
radiated with more than BED=100Gy was 90% for stage
IA and 84% for stage IB, and their clinical results were as
good as those for surgery.

These survival rates should be compared with the results
of surgery; however, the results of SBRT may differ de-
pending on how many of the group are operable and how
many are inoperable, and how many of the tumors are
central and how many, peripheral.

Toxicities

The great concern of pulmonary toxicity with this SBRT
treatment was relieved by the very low rates of complica-
tions in early studies. Most pulmonary complications were
less than National Cancer Institute common toxicity criteria
(NCI-CTC) version 2.0 grade 2. No other serious complica-
tions were reported, except for rib fracture, intercostals
neuralgia, and mild dermatitis. However, recently, a few
serious complications have been reported by several in-
stitutions in Japan.” These complications include grade
5 pulmonary complications, radiation pneumonitis, hemo-
ptysis, and radiation esophagitis. Most cases of grade 5
radiation pneumonitis were associated with interstitial
pneumonitis. Cases of interstitial pneumonitis should be
carefully considered. Thoraco-cutaneous fistula was report-
ed in a patient with previous tuberculosis history. Acute
cholecystitis was reported in a patient with gallstones who
had been pressed with an abdominal press board at the time
of SBRT.

Another toxicity concern was the effect on the central
bronchus, pulmonary artery, esophagus, heart, and spinal
cord. The effects of a hypofractionated dose on the main
bronchus, pulmonary artery, heart, and esophagus have not
been followed up for a sufficiently long time. Lethal pulmo-
nary bleeding and esophageal ulcer have been reported
previously by several authors. Timmerman et al.'® recently

reported a series of complications with SBRT. Central hilar
tumors adjacent to mediastinal organs should be carefully
considered."” Table 3 shows the toxicities reported by vari-
ous groups.

Ongoing clinical trials

Recently, a multi-institutional phase II study of SBRT for
TINOMO non-small cell lung cancer under JCOG (http://
www.jcog.jp/) protocol 0403 was started in Japan. Sixteen
institutions entered together and started the same 48-Gy
SBRT dose at the isocenter in four fractions for TINOMO
lung cancer. One hundred patients have been registered.
The results of SBRT for both inoperable and operable stage
I lung cancer patients are awaited.

A new dose-escalation study of SBRT for T2ZNOMO lung
cancer is also planned, under the JCOG.

Timmerman et al.’ concluded that a 60-Gy marginal dose
in three fractions was the limiting dose, and the Radiation
Therapy Oncology Group (RTOG) study 0239 for inoper-
able patients is already closed. There are a few other reports
so far.®* The coming RTOG protocols for operable pa-
tients, central tumors, and lung metastases are awaited.

Future directions

Both a new IGRT technique and four-dimensional RTP are
future directions of SBRT. Systemic chemotherapy may be
considered when the local tumor is well controlled and re-
gional/distant metastases are frequent.

The primary indication for stereotactic radiotherapy in
lung cancer could be a stage 1A (T1INOMO) patient. Very
carly-stage lung cancer can now be detected by screening
CT examination, and these cases are also good indications
for SRT; however, the issue in these cases is histological
confirmation. In our clinical experience, 7 of a total of 95
SRT cases could not be finally confirmed histologically. Of
course, these 7 cases were not included in our study.” They
could not be histologically confirmed because of failure or
difficulty in CT-guided biopsy or transbronchoscopic lung
biopsy (TBLB). Currently, CT screening has revealed very
early-stage lung cancer with ground glass opacity (GGO)
and some patients with severe emphysema could be contra-
indicated for biopsy. Therefore, the indication for SRT for
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these cases without histological confirmation should be dis-
cussed in the future. When the tumor is larger than 3cm in
diameter, which corresponds to stage 1B (T2NOMO), SRT
is possible; however, the intratumor dose becomes less
homogeneous, and the rate of occult distant metastases
may increase. Therefore, extension of the indication of this
technique for T2 tumors requires more consideration for
dose escalation or adjuvant chemotherapy.

The current standard choice for stage IA lung cancer
treatment is lobectomy;™* however, for many patients this is
not indicated because of accompanying diseases, such as
chronic obstructive pulmonary disease (COPD), cardiac
disease, and diabetes. For such patients, various minimal
surgical techniques are indicated, including wedge resection
and video-assisted thoracoscopic surgery (VATS), as well
as ablation. The local control rates of various other modali-
ties for primary stage I lung cancer previously reported
were 93% for wedge resection and 83%-95% for VATS,
and the 5-year survival rates were 82% and 50%-70%, re-
spectively. A further randomized trial comparing SBRT
with surgery should be considered.

Conclusion

SBRT is a safe and effective treatment method for stage I
lung tumors. Further clinical studies are therefore
warranted.
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