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conjunction with the MLC and (3) the patient/phantom. Ounce the phase-space data of a
given aceelerator configuration are commissioned, there is no need 1o perform the simulation
through the patient-independent portion of the treatment head again.

2.2.1. Linear accelerator weamment head modelling.  The MC treatment head mode! of
owr Varian Clinac 2300C/D for a 15 MV photon beam was developed using originally
written EGS4 codes. The weatment head was divided into the patient-independent (including
target/backing, primary collimator, vacuum window, flattening filter, monitor chiamber
and mirror) and the patient-dependent (including upper and lower jaws) portions for MC
simulation, Respective codes were developed for particle transport through such treatment
head components. Each of the treatment head components was modeliéd in detail on the basis
of the specifications for geometry and material compositions provided by the munufacturer.
For example, the target/backing was modelled as a two-layer slab with a cylindrical outer
boundary. The complex flattening filter model was developed with an arbitrary number of sets
of layers and truncated conical sections.

Several errors in the manufacturer’s specification have been reported (Bieda er al 2001,
Sheikh-Bagheri and Rogers 2002). The vagueness of the material specifications is also a matier
of concern, as discussed by Siebers es al (2005). We have carcfully checked the reliability
of specifications on the basis of further communication with Varian (Johnsen and Siebers
2003) and the data used in the MC model developed at Virginia Commonwealth University
(Keall er af 2003, Sicbers and Keall 2005). Material compositions and densities were sct
to match those corresponding to the material specifications that the vendor provides to the
part manufacturer. These specifications differ slightly from the pure tungstén used for the
target, primzu‘y collimator, flattening filter and jaw materials. In the MC simulation, the first
phase-space data (PS,) are scored at the end of the patient-independent portion and then used
as an input to the subsequent ransport through the patient-dependent portion of the treatment
head and the MLC. Approximately 5 x 107 incident electrons were simulated to obtain a total
of 2.8 x 10% particles in the PS; file on a 28-CPU Linux cluster.

Characteristics of the incident electron beam are poorly specificd by the manufacturers;
however, many investigators have obtained good agreement with measurements for the Varian
machines using electron beam models, ol which encrgy and radial spread are Gaussian in
shape (Ding 2002a, Sheikh-Bagheri and Rogers 2002, Keall er af 2003, Cho er af 2005).
For this study, the Gaussian distributions are used to model the incident electron energy and
radial intensity spread based upon their previously published works. In the commissioning
of the phase-space data, the mean electron energy on target and the FWHM of the radial
intensity disteibution are the only adjustable simulation parameters. The FWHM of the energy
distribution is defined as 3% and the electron beam is perpendicularly incident upon the target
with no divergence. In the version of EGS4 used in this study, a bremsstrahlung photon is
deflected by a fixed angle and this approximation will cause significant errors in the angular
distribution. To improve bremsstrahlung angular sampling, we have employed an extension
by Bielajew er af (1989) as well as EGSnre (Kawrakow and Rogers 2003). The variance
reduction technique for bremsstrahlung splitting was uscd to reduce the computation time, and
edch bremsstrahiung photon was split into 20 photons with a reduced statistical weight. Note
that this is the only variance reduction technique used in MCRTYV in order to compute doses
as accurately as possible.

222, MLC modelling and dynamic IMRT sinudation.  The MC model of the Varian Mark 11

80-leaf MLC has béen developed with originally written EGS4 codes as a part of the patient-
cdependent portion. lts complex geomeltry of the tonguc-and-groove design, the rounded leaf

_82_



An integrated Monte Carlo dosimetric verification system for radiotherapy treaument planning 1995

tip, and the tapered shape of the leaves were incorporated into the model in greai detail bused on
the machine drawings provided by the manafacturer. Each leaf model consists of a set of sub-
regions divided by plaves in the .v-, y- and z-directions. The rounded leaf tip is modelled with
a series of planes inclined according to the actual design. In the y-direction (i.c., perpendicular
fo leaf motion). the leaf edges are modelied as the planes parallel to the beam ray line from
the target. The material composition of each region corresponding to leaf or interleaf air gap
is assigned to leaf material or air, respectively. The simulation through the patient-dependent
portion is implemented using the PS;. and the second phase-space dara (PS») are then obtained
under the MLC. The PS, is finally used for the simulation in a patient/phantom geometry.

MCRTV is capable of simulating a static MLC field and a dynamic IMRT field. The
positions of the lcaves are read from a .mle file created by Eclipse or the MLC field generator
(Shaper, Varian Medical Systems, Palo Alto, CA, USA), which specilies the projection of
the MLC light field to the isocentre pline. To determine the physical leaf positions, the
parameters in the mictable.txt file provided by Varian are used. The dynamic motion of the
MLC leaves is simulated by sampling the leal positions for each incident history using a
¢umulative probability distribution function of each leaf position, which can be created from
_ a relationship between the fractional number of monitor units (MUs) and the corresponding
leaf positions specified in the .mic leaf sequence file. A similar method was employed by Liu
et al (2001) for the DMLCQ component module in the EGS4/BEAM code.

2.2.3. Cl-based patient modelling.  For the in-patient MC dose calculation, treatment
planning CT images are used to develop.a voxel-based patient model. The conversion process
of CT data 10 an MC model (i.e., materials and densities) is performed scmi-automa(ically
using a program originally developed for MCRTYV, which is one of the important features of
the GUI application to be discussed below. At first, the CT data are converted 10 the materials
based. upon the specific CT number thresholds for each material. We use three tissues (i.c.,
adipose, soft tissuc and bone) and air, and the tissue compositions are obtaingd from the
ICRU report (ICRU 1989). Our program allows adjustment of the CT number thresholds with
visual checking as to whether the appropriate .material is assigned for each voxel. Once the
tissue type is determined for each voxel, the CT data are then converted to the mass density
using the CT scanner calibration curve (for the CT number to cleciron density conversion)
and the tissue-specific conversion factor, which is defined as the ratio of the mass density to
the electron density for each tissue (for the electron density to mass density gonversion). The
relationship between the mass density and the electron density.is assumed 10 be linear for each
tissue (Brooks et al 1981). Table 1 shows composition breakdown and conversion factors of
eleéctron density to mass density for the three types of lissues. An MC patient model consists
of an arbifrary number of voxels with the uniform x-, y- and z-dimensions ranging from
| mum to 5 mm. In the MCRTYV system, the voxel dimension is set to the value identical to the
caleulation grid size used in the Eclipse TPS by default. The MC calculated dose is given as
the dose to the material (not converted to the-dose to water) in the voxel.

2.2.4. Parallel computing.  All the MC simulalions in MCRTV run on a Linux cluster (Hyper
Blade, Appro International, Milpitas, CA, USA), consisting of 14 nodes (2 CPUs/node) of
3.2 GHz Intel Xeon processors. The MC codes have been parallelized using the message
passing: intérface (MP1) for interprocessor communication. Although parallel computing is a
meaningful way to reduce the computation time, its accuracy is critically influenced by the
quality of ‘the random number generator used. We have implemented the scalable parallel
random number genérator (SPRNG) (hup:f/sprng.cs.fsu.cdu/) in our EGS4 MC codes. Tyagi
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Table 1. Composition breakdown (aken from the ICRU reports) and conversion (actors of electron
density to-mass density for the three types of tissues used fo build an MC putient model in MCRTV.

Material ) Adipose  Softtissne  Bone
Conversion factor (10728 kg)y 0.299 0.302 (.322
H 11.4 101 34
C 59.8 th 15.5
N 0.7 2.6 4.2
O 27.8 76.2 433
Na 0.1 0.1
Mg 0.2
P 10.3
S 0.1 0.3
Ci 0.1

K

Cu 225
Ar

et al (2004) also used SPRNG in order to parallelize the DPM codes (Sempau ¢f «f 2000) and
obtained excellent agreement between the results computed with serial and parallel code. A
simplified description of the parailel compuiing in MCRTV is shown in figure 2. First, the
independent PS; data (scored at the end of the patient-independent portion) are calculated for
each processor (figure 2(a)), which is performed only during the beam commissioning process,
as discussed above. In the usual dose computations for clinical treatment plan verification;
we perform the MC simulation only downstream of the patient-independent portion using the
well-commissioned PS, data (¢ontaining a total of 2 -x 108 particles) as an input (figure 2(b)).
The PS, data are created for each processor with a simulation through the patient-dependent
portion, which is then used to perform the in-patient/phantom calculation. The results-are
finally gathered and summed up in the pracessor with MYRANK = 0, and are then transferred
to the GUI application terminal for subsequent processing (see figure 1).

2.2.5. MC calculation parameters and statistical analysis.  The EGS4 transport parameters
are set to ECUT = AE = (.70 MeV for electrons and PCUT = AP = 0.010 MeV for photons
in all the simulations of MCRTV. To precisely estimate the statistical uncertainty for the
in-patient/phantom dose computation, the history-by-history method (Walters er af 2002)
is employed instead of the ordinary batch approach. In the simulation through the patient-
independent portion of the treatment head, each of the scored particles has been tagged with the
number of the primary history (incident electron) that generated it. The tag is recorded as the
phase-space information and preserved through the simulation to kéep track of the relationship
between the primary history and the scored particle. For the patient/phantom simulation, the
statistical uncertainties are calculated on the basis of the history-by-history method and the
outpul file provides the dose value with its statistical uncertainty (o) for each voxel. The MC
calculated results are given in-absolute dose per MU (¢Gy MU™!) converted from dose per
source particle using the same-method as in Siebers ef al (1999). An empirical correction
o account for backscatter to the monitor chambers from the jaws has been performed on the
basis of the technique reported by Liu er of (2000).

2.3, AGUI application

A GUI application has been originally developed for the clinical application of MCRTV using
C++ Builder (Borland, Cupertino, CA, USA) and OpenGl.. The GUI has some capabilities
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as follows: (1) semiauto-creation of MC input files (i.c., MC patient model and. beam
configuration), (2) auto-run of the MC simulation, and (3) display :and analysis of the MC
calculation results. The information needed for MC computation and subsequent process
{including the CT image data, the structure data, the plan data and the dose data) are transferred
via thé interface between MCRTYV und Eclipse in DICOM-RT format. An MC patient mode!
(i:c., matcrials and densities) can be buill from the CT data and the CT number thresholds for
each material type specified by the user, as discussed in the previous section. An MC input file
related to the beam configurations is created automaticaily from the plan data, which contains
field size, gantry angle, couch angle and MLC leaf positions. The input files are transferred
to the Linux cluster and the MC simulation is run automatically. For the processing of the
MC calculated results, isodose curves are displayed, and the dose volume histograms (DVHs)
for the target and the organs at risks (OARs) are calculated using the structure datasets. The
caleculation results obtained by MC and Eclipse (taken as the dose data) can be compared on
the GUL

2.4. Accuracy benchmarks under homogeneous und inliomogencous conditions

The accuracy of MCRTV was benchmarked under homogeneous and inhomogeneous
conditions in comparison with the measurements and the EGS4/DOSXYZ (Ma et al 1995)
culculated results. For the benchmarks under the homogeneous condition, the depth dose and
the dose profile curves were determined for 6 cm x 6 em, 10 ecm x 10 cm and 20 cm X
20 ¢m open fields in a 40 cin x40 cm % 40 cm water phantom (Wellhdfer Blue Phantom,
Scanditronix, Uppsala, Sweden) at 100 cm SSD. The respective PS» files contained 1 x 107,
3 % 107 and | x 10% particles, and they were recycled 20 times in the phantom simulation.
The number of particles in the PS; files and the .number of recycle were determined by
investigating the statistics of the MC results for several combinations of those numbers. ‘We
found no obvious differences in the statistics between the combinations as well as the results
by Walters er al (2002). Thé voxel x-dimension used in the MC calculation was sét to
0.5-2 cm (according to the field size) near the ficld centre, and (.25 cm on the penumbral
region and outside the field to obtain the profiles at a high resolution. Both of the y- and z-
dimensions were (0.5 cm. Measurements were performed vsing the CC-13 ionization chamber
(Scanditronix Wellhéfer, Schwarzenbruck, Germany). The effective point of measurement for
the ion chamber was taken into account by shifting the measured depth dose curves by 0.6r
(where 5 is the radius of the 1on chamber caviiy). An iterative process, similar to that used by
other investigators (Lovelock ef af 1995, Liu et al 1997, Fix et «f 2001b, Hartmann Siantar
et al 2001, Ding et al 20024, Sheikh-Bagheri and Rogers 2002, Chetty er af 2003, Keall
et al 2003, Verhaegen and Seuntjens 2003, Cho e af 20035) was used to commission the phase-
space data. The mean enérgy and the FWHM of the intensity distribution of the incident
electron bedm were adjusted so that the resulting depth dose and the dose profile curves in
water gave the best match with the measurements: Note that the matching process for the
depth dose curves was based on the discrepancies between the MC and the measurements
from 3 to 30 cm depths-excluding the build-up region. The surface was excluded to avoid
the cffects of electronic disequilibrivum, and there has been -a lot of debate on the build-up
region discrepancics (Hartmann Siantar er o/ 2001, Ding 2002a, 2002b, Keall er al 2003,
Abdel-Rahman er al 2005). For the dose profile curves, the discrepancies from 0 1o 1.5, 3.5
and 8.5 cm off-axis positions were considered for 6 cm x 6:cm, 10 em x 10 cm and 20 cm x
20 ¢m open fields, respectively 1o ensuré that the comparisons were in thie umbral region due
to the same rcason as the depth dose curves.
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Two types of layered inhomogeneous phantoms (i.e., water/lung/water and water/bone/
water) were used to benchmark the MC calculated central axis depth doses for 4 cm x 4
em and [0 em x 10 cm open fields against the measurements. ‘The respective PS; files
contained 5 x 10° and 3 x 107 particles, and they were recycled 20 times in the phantom
simulation. Each phantom consists of 5 cm thick water equivalent phantom (TM waler
equivilent phantom, Taisei Medical, Osaka, Japan), 10 cm thick lung (lung LN300 model,
Gammex-RMI, Middleton, WI, USA) or bone equivalent phantom (Gammex-RMI cortical
bone SB3 model), and 10 cm thick water equivalent phantom. In the MC calculation, the
x= and y-dimensions of the voxel were set to 0.5 cm. The z-dimension was 0.5 cm in the
homogeneous medium and 0.25 ¢m in the inhomogeneous medium and around the interfaces.
The central axis depth doses were measured using the CC-04 ion chamber (Scanditronix
Wellhofer, Schwarzenbruck, Germany) with an aciive volume of 0.04 cm®. All the caleuiated
and measured resilts were normalized 10 the Dy valuc in a homogeneous phantom for a
10 ém x 10 cm open ficld. For the mcasurements, we determined the correction factors,
i.c. the products of the restricted collision stopping power ratios ((—I:/p)gg‘;d) and the wall
correction factor (P for the ion chamber, for both lung and bone media to get the true
relative doses. '

The results of MCRTV were benchmarked against the EGS4/DOSXYZ results in the
ICCR (Intemational Conference on the Use of Computers, in Radiation Therapy) accuracy
test phantom (Rogers and Mohan 2000), which were takeén from the NRCC website
(lmp:llwww.irs,inms.m"c_.ca/papers/iccr()O/iccrOO.html). The ICCR test phantom consists of
the four layers: 3 cm thick water, 2 cm thick aluminium, 7 cm thick Tung and 1§ cm thick
water. The input beant was a uniform 18 MV photon beam from a realistic linear accelerator
calculated at NRCC using the EGS4/BEAM code, which were taken from the same website as:
the phantom. The calculation parameters ( including the energy cut-offs for particle ransport,
ilie voxeél dimensions and the characteristics of the incident photon beam) were fully set in
accordance with the ICCR test. The depth dose curves were calculated by MCRTV and the
results were compared with those of DOSXY Z.

2.5. Verification of clinical treatment plan calculation

The MC dosé¢ calculation for a realistic clinical plan has been performed and the result
was compared with that of Eclipse in order to verify the configuration of the beam and
patient/phantom in the MCRTYV system. We have computed the dose distributions with MC
for a prostate IMRT treatment plan created using the Eclipse/Helios system (Varian Medical
Systems, Palo Alto, CA, USA) for 15 MV photon beams with tive gantry angles (0,75, 145,215
4nd 285%). All the intensity modulated fields were gencrated using a Mark [ 80-lcal MLC. The
dosc calculation algorithin employed in the Eclipse system was the pencil-beam convolution
(PBC) algorithm with modified Batho inhomogeneity corrections. The dose distributions
were computed with MCRTY using the treatment plan data transterred from Eclipse and the
resulting isodose curves and DVHs for the stiuctures of interest were compared.

3. Results

3.1. Acairacy benchmarks under homogeneous conditions

Figure 3 shows comparisons of ion chamber measured and MC calculated 15 MV photon beam
depth dose curves for 6 em x 6.em, 10 em % 10 cin and 20 cm x 20 cm open fields in water.
in figure 3(a), the measured values are not corrected for the effective point-of measurement,
and the MC calculated depth dose curves agreed well with the measurements to within 16 for

_87_



2000 ) T Yamamoto of.af

Dose (cGy/MU)

0 5 10 15 20 25 30
Depth in water {cm)

0.0

{b)

Dose (cGy/MU)

0.0 : — . s ;
4 5 10 15 20 25 30

Depth in water {cm)

Figure 3. Comparisons of ion chamber measured (lines) and MC calculated (symbols) 15 MV
photon beam depth dose curves for 6.em x 6 ém. 10 em x 10 em and 20 em % 20 em open ficlds
in water. The measured values are () not corrected and (b) corrected for the effectivé poiiit of
measurement, The dose values are expressed in absolute units (¢Gy MUY in order o allow a
direct comparison between MC and measurements,

all field sizes, excluding the contaminant.clectron range. Significant discrepancies were found
in the build-up region, where MC consistently predicted higher doses than measurements by
up to 10% for a 6 cm x 6 cm field. Figure 3(b) is the same as figure 3(a) but the measured
values are corrected for the effective point of measurement. We found the better agreements
in the build-up region; however, the discrepancies of about 3% still remained. The agreements
at depths beyond the build-up region were maintained within 1%.

Figure 4 shows comparisons of ion chamnber measured and MC calculated 15 MYV photon
beam dose profile curves for 6 cm x 6 em, - 10 cm x 10 cmand 20 e x 20 cm open fields
in water. The.agreements between the measured and MC calculated dose profile curves were
within 1.5% near the field centre and the differences in the widths of the profiles for given
doses were within 1.5 mim for most of the tested field sizes and depths with some exceptions.
The MC calculated dose profilé curves always gave steeper dose gradients than measurements.
The lo statistical uncertainties on the MC results were generally less than {%. As a result
of the itcrative process o commission the 13 MV photon beani phase-space data, the derived
mean energy and the FWHM of intensity distribution of the incident electron beam were
14.5 MeV and 0.17 cmy, respectively. :

3.2. Acciracy benchmarks under inliomogeneous conditions

Figures 5 and 6 compare the ion chamber measurements and the MC caleulated 15 MV
photon.beam depth dose curves for 4 ¢m x 4 cmand 10 em x 10 cm-open fields in layered
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Figure 6. A comparison of ion ¢chamber measured and MC culeutated 15 MV photon heam depth
dose curves for 4 em x 4 cmand 10 em x 10 cm open fields in o luavered water/bone/water
inhomogeneous phantom. The curves are normalized tothe dose at 10 em depth in 2 homogeneous
phantom for a 10.cm » 10 em open field.

respectively. Figure 5 shows the depth doses in a water/lung/water inhomogeneous phantom.
The depth doses for a4 cm x 4 cm field showed a severe dose reduction within the lung medium
and an increase upon entering the water slab below the inhomogeneity, which was much less
discernible for a 10 cm x 10 cm field. Figure 6 shows the depth doses in a water/bone/water
inhomogeneaus phantom. The depth doses for both of 4 cm x 4 cm and 10 em x 10 cm
fields decreased in the bone slab. At the water/bone interface, the MC caleulated depth
doses were increased by about 6% and decreased by about 2% at the bone/water interface.
Most of the MC calculated depth doses agreed with the measurements to within 1% in both
of water/lung/water and water/bon¢/waier phantoms, except in the build-up region, where
there were large discrepancies as well as the case of the homogeneous condition (see figure 3).
However, relatively large discrepancies of about 2% appeared. in the heterogeneous media,
The 1o statistical uncertainties on the MC results were within 1%.

Figure 7 shows a comparison of the 18 MV photon beam depth dose.curves fora 1.5 cm x
1.5 ¢m open field cdlculated by DOSXYZ and MCRTYV in the ICCR test phantomn. The
curves weré normalized 1o the respective Dy, values. The MCRTYV results showed excellent
agréement within 1% with the DOSXYZ results, which were taken.from the NRCC website
(hitp:/fsvwwirs.inms.nre.ca/papersficer00/icerO0.html). The To statistical uncertainties on the
MCRTYV resulis were generally less than 0.5%. .

3.3. Verification of clinicdl treatment plan celendation

Figurc 8 shows a comparison ol the 15 MV photon beam dose distributions for a prostate
IMRT treatment plan calculated by MC and Eclipse. In both calculations, the isodose lines
shown represent the relative values normalized to the isocentre dose. The MC calcuiation
required about'15 h CPU time on the entire 28-CPU Linux cluster. 1t can be seen that the five
MC calculated beams generated a dose distribution similar to Eclipse, which indicates that the
configuration of the beams and the patient/phantom has been well implemented in MCRTV.
There were some dose differences, about 5% between the MC and the Eclipse calculations
within or near the bony anatomy. The io statistical uncertainties on the MC results were
generally 2%.
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Figure 7. A comparison of the depth dose curves for-an 18 MV ploton heam calculated by
EGS4/DOSXYZ and MCRTYV in the ICCR accuracy test phantom (water/aluminium/lung/water).
The curves are normalized 1o the D,y value,

4, Discussion

In the commissioning of our clinical 15 MV photon beam phase-space data, the incident
electron beam parameters were determined with which MC gives the best mateh with the
measuremenis. Many investigators have developed the MC models of 6 and 18 MV photon
‘beams from the Varian linear accelerators (Liu ¢f af 1997, Fix et al 2001b. Hartmann Siantar
et al 2001, Ding 2002a, Sheikh-Bagheri and Rogers 2002, Cheity ¢t ul 2003, Keall ér al 2003,
Cho ¢ al 2005). There are wide variations among the electron bean shapes (ranging from a
pencil beam to cylindrical beams with different sizes) and the derived parameters (mean encrgy
ranging from 3.7 MeV 1o 6.5 MeV for a 6 MV photon beam), even though all of the studies
have reached good agreement between measurements and MC. For a 15 MV photon beamn,
Chetty e al (2003) derived the clectron beam energy of 15.3 MeV with a mono-energetic,
paralle! electron model. Sheikh-Bagheri and Rogers (2002) have derived the mean energy of
(4.5 MeV and 0.17 cm FWHM of radial intensity spread using a Gaussian beam model and
these values were consistent with our results. Part of the causc.of thesc variations could be
attributed to several factors, such as individual differences of the accelerators and methods to
model the treatment head components. '

Good agreements within % between. the measused and the MC calculated dose
distributions have been obtained in water except the surface. 1t was found that the correction
for the effective point of measurement for the ion chamber had a great impact on the
depth dose Curve in the build-up region. The correction of the micasured depth dose curves
aave better agreenient with those calculated by MC, though the discrepancies of about 3%
still remained. Sheikh-Baghéri and Rogers (2002) and Chetty et al (2003) modelled the
15 MV photon beams from their Varian machines and found refatively large differences up
to 3% similar to this study. The remaining discrepancies can be attributed to the limitations
associated with-measurement such as:set-up uncertaintics and variable stopping power ratios,
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(b)

Figure 8. A comparison of the 15 MV photon beam dose distributions for-a prostate IMRT
treatment plan caleulated by (a) MCand (b) Eclipse. The isodose lines-shown are 30%. 40%. 50%.
60%, 70%. 80%. Y0%, 93% and 100% of the isocentre dose.

which have a little impact on the depth dose curves (Sheikh-Bagheri e «f 2000) and have not
been considered in this study. Moreover, it is difficuit 10 accurately convert the ion chamber
readings to the doses in the build-up region in part because of the relatively large detector
size. Other reasons related 1o MC, such as the effects of positrons or low-energy photons
and the limitations of EGS4 physics models, can also be considered. Several papers have
reporied a significant discrepancy between MC and measurements in the build-up region in
water for 18 MV photon beams (Hartmann Siantar er.af 2001, Ding 2002a, Keall 1 af 2003).
Ding (2002b) and Abdel-Rahman er «f (2005) have investigated some of the possible causes
of such discrepancies (i.c., contaminant charged patticles from the accelerator treatment head
and triplet production events); however, they could not posit full explanations tor them. More
thorough studies are required to commission the build-up depth dose curve. Our results of the
benchmarks under inhomogenéous ¢onditions were consistent with the findings reported by
several authors (DeMarco et al 1998, Wang et al 1999, Chelty ef «f 2003, Heath er of 2004,
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Dose perturbations within or near the heterogeneities were well predicted by MC. Relatively
large discrepancies that appeared in the heterogeneous regions are probably attributed to the
inaccuracy in dose determination under the condition of electronic disequilibrium. More
thorough studies on the correction factors are needed to explain such discropancies.

Relatively large differences between the dose distributions calculated with MCRTYV and
the commercial TPS shown within-or near the bony structures can be explained by inaccuracy
‘of the conventional dose calculation algorithm in the heterogencities. Dose perturbations
at the interface between soft tissue and high- or low-density medium are due to a number
of complex effects (Dutreix and Bernard 1966, Biclajew er al 1985, Werner e al 1987,
1990, Yu et «l 1995). which lead to the crrors in dose computation of the conventional dose
algorithms as reported by many investigators (DeMarco ef al 1998, Ma er al 1999, Amficld
et al 2000, McDermott er al 2003, Carrasco et al 2004, Krieger .and Saucr 2005). Ma
et ul (1999) compared the heterogeneity correction factors (HCFs) for layered bong and lung
phantoms calculated by MC, fast Fourier transform (FFT) convolution, and superposition
convolution algorithms in a conmercial TPS (FOCUS, CMS, St Louis, MO, USA). They
found uncertainties in the calculated HCFs of pp to 10% for the FFT convolution algorithim.
With the superposition convolution algorithm, more accurate results were obtained; however,
there were still large uncertainties near the interfaces. Such perturbations can be accounted
for by the MC simulation and this is expected as a powerful methodology to detect the regions
where the conventional dose. algorithms fail to predict the accurate dose distributions, i.e.. MC

“treatment plan verification.

There have been several MC dosc calculation systems, such as MCDOSE of Stanford
University and Fox Chase Cancer Center (Ma ¢t al 2002), RT_DPM of University of 1 Michigan
(Chetty ¢t al 2003y and MCV of Virginia Commonswealth University (Siebers et'al 2000), which
are used for full MC teatment planmm, or treatment plan verification. They employ a variety
of variance reduction and efficiency improving techniques 1o speed up the MC computation
time. Whereas we have employed only one-variance reduction technique (i.e. blemsslmh]ung
splitting) for the patient- -independent portion of the trcatment head, since MCRTV was
originally designed to provide'the dose calculation benchmark results.as accurately as possible,
even though a relatively long CPU time is nceded. MCRTYV is much less efficient and slower
than the fast MC codes, as mentioned.above; howevér, the averall CPU time for the calculation
of a.rcalistic treatment plan is acceptable for the clinical use of MCRTV as a routine IMRT
QA tool inour clinics. The MCRTYV system now implements only one well-commissioned set
of phase-space data for the 15 MV photon beam from our Varian Clinac 2300C /D accelerator.
The photon beams with other nominal energies of 4-and 6 MV from a Varian Clinac 2300C/D
and a 600EX, respectively, will also be modelled to deal with more treatment modalities and
sites. Moreover, future work will concentrate on modelling the Varian Millennium 120-leaf
MLC 1o be introduced to our clinics, and detailed verification of the MLC models. including
the Mark 11 developed in the present study. We are willing to make the MCRTV system
avdilable to the puiblic in the future.

5. Conclusions

An intégrated MC dose- calculation system, MCRTYV, has been developed for clinical treatment:
plan verification, especially for routine IMRT plan QA. We have presented the key features
of the MCRTV system and demonsiiated the feasibility of its clinical application, The phase-
space data of our 15 MV photon beam have been developed. and sever al benchmarks have
been performed ander homogeneous and several inhomogeneous conditions, including high-
and low-density media. The MC. results showed good agreement with the measurements
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to within 1% and 2% for homogeneous -and inhomogeneous conditions, respectively. An
MCRTYV calculation for a prostate IMRT treatment plan validated the implementation of the
beams and the patient/phantom configuration.
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Abstract

Stereotactic body radiation therapy (SBRT) is a new treatment modality for early-stage non-small-cell lung cancer, and has been developed in
the United States, the Furopean Union, and Japan. We started a feasibility study of this therapy in July 1998, using a stereotactic body frame. The
eligibility criteria for primary lung cancer were: 1) solitary tumor less than 4 cm (T1-3NOM); 2) inoperable, or the patient refused operation; 3) no
necessity for oxygen support; 4) performance status equal to or less than 2; 5) the peripheral tumor which dose constraints of mediastinal organs
are maintained. A total dose of 48 Gy was delivered in four fractions in 2 weeks in most patients. Lung toxicity was minimal. No grade 11
toxicities for spinal cord, bronchus, pulmonary artery, or esophagus were observed. The 3 years overall survival for 32 patients with stage IA,
and 13 patients with stage IB were 83% and 72%, respectively. Only one local recurrence was observed in a follow-up of 6-71 months. We
retrospectively analyzed 241 patients from 13 Japanese institutions. The local recurrence rate was 20% when the biological equivalent dose
(BED) was less than 100 Gy, and 6.5% when the BED was over 100 Gy. Overall survival at 3 years was 42% when the BED was less than
100 Gy, and 46% when it was over 100 Gy. In tumors, which received a BED of more than 100 Gy, overall survival at 3 years was 91% for
operable patients, and 50% for inoperable patients. Long-term results, in terms of local control, regional recurrence, survival, and complications,
are not yet evaluated. However, this treatment modality is highly expected to be a standard treatment for inoperable patients, and it may be an
alternative to lobectomy for operative patients. A prospective trial, which is now ongoing, will, answer these questions.
© 2006 Elsevier Masson SAS. All rights reserved.

Résumé

La radiothérapie stéréotaxique extracérébrale est une nouvelle modalité thérapeutique du carcinome bronchique non a petites cellules localisé.
Cette technique a été développée aux Etats-Unis, en Europe et au Japon. Nous avons débuté en juillet 1998 une étude de faisabilité de ce
traitement avec I’aide d’un cadre stéréotactique corporel. Les critéres d’éligibilité pour le cancer bronchique primitif étaient : 1) tumeur isolée
de moins de 4 cm (T1-3NOMO); 2) tumeur non résécable ou patient refusant la chirurgie; 3) pas de nécessité d’avoir recours a une
oxygénothérapie ; 4) indice de performance égal ou inférieur & 2 ; 5) tumeur périphérique n’entrainant pas une irradiation 4 dose trés importante
du médiastin. Une dose totale de 48 Gy a été délivrée en quatre fractions et deux semaines. Chez la plupart des patients, la toxicité pulmonaire a
été minimale. Aucune toxicité de grade 11 n’a ét¢ observée pour la moelle épiniére, les bronches, les artéres pulmonaires ou ’cesophage. Les taux
de survie globale 2 trois ans des 32 patients atteints d’un cancer de stade IA et 13 de stade IB étaient respectivement de 83 et 72 %. Une seule
récidive locale a été observée pendant une période de suivi de 6 & 71 mois. Nous avons par ailleurs, rétrospectivement, analysé les résultats
obtenus dans une série de 241 patients traités dans 13 institutions japonaises. Le taux de récidive local était de 20 % quand la dose biologique
équivalente (BED) était inférieure 4 100 Gy, et de 6,5 % quand elle était supérieure & 100 Gy. Le taux de survie a trois ans était de 42 % quand la
BED était inférieure a 100 Gy et 46 % quand elle était supérieure. Lorsque la BED était supérieure & 100 Gy, le taux de survie 2 trois ans était de
91 %, pour les patients atteints d’une tumeur résécable, et 50 % pour les patients inopérables. Les résultats a long terme, en termes de controle
local, récidive locale, survie et complications ne sont pas encore évalués. Cependant, cette modalité thérapeutique est d’ores et déja considérée
comme le traitement standard pour les patients inopérables et sera une possible alternative & une lobectomie pour les patients opérables. Un essai

prospectif en cours permettra de répondre a ces questions.
© 2006 Elsevier Masson SAS. All rights reserved.
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Stereotactic body radiation therapy (SBRT) for early-stage
non-small-cell lung cancer (NSCLC) is a new treatment mod-
ality, and Japan is one of the leading countries in this three-
dimensional radiation therapy. The background of this treat-
ment is the great success of stereotactic irradiation for intracra-
nial tumors, in terms of the technologies used, quality assur-
ance (QA) and quality control (QC), and clinical outcomes.
That is, a high local control rate has been shown with minimal
toxicities. The success has caused much interest in the applica-
tion of this treatment for extracranial regions [1,5,13]. Why use
stereotactic radiation irradiation (SRI) for lung cancer? The
number of patients detected at an early-stage has been
increased by screening examinations. Accordingly, the number
of older patients with early-stage lung cancer who are not
amenable to operation has increased, and the clinical results
of conventional radiation therapy are not satisfactory. In regard
to technical aspects, the application of this new technique is
easier for lung cancer, because it is visible on fluoroscopy
and because normal tissue toxicities to radiation are relatively
well described compared with other normal tissues.

For the management of stage I NSCLC, surgical resection
alone is the standard treatment, and lobectomy is generally
accepted as the optimal surgical procedure. Survival outcomes
of surgical treatment has recently been reported by the Japa-
nese Association for Chest Surgery. According to these data,
the overall survival of patients in clinical stage IA is 81.3% at
3 years, and 71.5% at 5 years, and that of patients in clinical
stage IB is 62.9% at 3 years, and 50.1% at 5 years.

What about radiation therapy alone for stage I NSCLC? As
is known, radiation therapy has been used primarily for those
patients who are not considered to be surgical candidates; that
is, those who refuse surgical intervention, and those who are
medically inoperable. The reported 5 years survival rate is
around 8-27%, and is not satisfactory. Several prognostic fac-
tors, such as T stage and total dose, have been reported, and
doses higher than 65 Gy did show higher survival rates, which
can be a rationale for dose escalation (Table 1).

However, there remain several problems with stereotactic
radiation therapy for lung cancer compared to its use in intra-
cranial tumors:

o How should the body be fixed with high accuracy?

o How do we cope with the movement of the tumor caused by
respiration?

e What are the optimal treatment regimens?

o Toxicities to normal tissue caused by large-fraction size irra-
diation have not been examined.

e Fractionated stereotactic radiation therapy is considered to
be appropriate for lung cancer, but the optimal fractionation
scheme has not yet been decided.

We started a feasibility study of this SBRT for small lung
tumors in July 1998 [7,8]. The treatment planning with multi-
ple non-coplanar beams is shown in Fig. 1. The patient was
placed in this body frame, and immobilized. We used both
X-ray and computed tomography (CT) simulators, with the
same table, to improve the accuracy of the setup. The move-
ment of the tumor caused by respiration was estimated using

fluoroscopy, and if that movement in the craniocaudal (CC)

direction was greater than 8 mm, a diaphragm control was
employed to suppress the movement of the chest wall. Then
the three-dimensional treatment planning was carried out. We
verified the tumor location in each treatment. As regards the
movement of the tumor caused by respiration, the largest
movement was in the CC direction. It was 0-22 mm, and

Fig. 1. SBRT for stage I lung cancer.

Table 1
Summary of the results on SBRT for primary lung cancer
Author (Refs.) Year Number Median Prescribed dose Reference Isocenter BED?* Overall Local
of follow-up point dose (Gy) survival rate  control
patients (months) (Gy) (%) rate (%)
Uematsu et al. {14] 2001 S0 36 50-60 Gy/5-10 fr.  Isocenter 50-60 96-100 66 (3 years) 94
Fukumoto et al. [3] 2002 22 24 48-60 Gy/8 fr. Isocenter 48-60 76.8-105 NA 94
Hof et al. [4] 2003 10 15 19-26 Gy/1 fr. Isocenter 19-26 55.1-93.6, 64 80
Waulf et al. [15] 2004 20 11 30-37.5 Gy/3 fr. Periphery 45-56.25 113-162 32 92
Onishi et al. [11] 2004 35 13 60 Gy/10 fr. Periphery 70-75 119-131 58 94
McGarry et al. [6] 2005 47 27 (T1), 19(T2) 24-72 Gy/3 fr. Periphery 30-90 60-360 NA 79
Zimmermann et al. [17] 2005 30 18 37.5 Gy/3 fr. Periphery 62.5 193 75 87
Nagata et al. [7] 2005 45 30 48 Gy/4 fr. Isocenter 48 106 83 (T1),72 98
(T2)
Nyman et al. [9] 2006 45 43 45 Gy/3 fr. Periphery 63 195 n 80
Beitler et al. [2] 2006 75 17 40 Gy/s fr. Periphery 47 91.2 45 NA

# Biologically effective dose at the isocenter with a/f ratio of 10.
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movement of less than 15 mm occurred in 90% of all tumors.
When that movement was over 20 mm, we used the diaphragm
control, and, with the use of this device, the movement of the
respiration decreased significantly. The set-up error with
patients was greater than 3 min in at least one direction. Patient
repositioning had to be undertaken in 21.6% of all treatments.

The eligibility criteria for primary lung cancer were as fol-
lows: solitary tumor less than 4 cm; inoperable, or the patient
refused operation; histologically confirmed malignancy; no
necessity for oxygen support; performance status equal to or
less than 2; and the tumor was not close to spinal cord.

The eligibility criteria for metastatic lung cancer were as
follows: one to two tumors less than 4 cm each, primary
tumor controlled, no other metastasis, no necessity for oxygen
support, performance status less than 2, and tumors not close to
the spinal cord. Between July 1998 and November 2005, a
total of 147 patients received this treatment modality. Their
ages ranged from 17 to 87 years, with a mean of 74 years.
Seventy-nine patients had primary tumors, and 54 patients
had secondary tumors. In 115 tumors, a total dose of 48 Gy
was delivered, in four fractions in 2 weeks. Twenty-seven
tumors were treated with a total dose of up to 60 Gy in five
fractions. In the initial three tumors, a total dose of 40 Gy was
administered. '

Survival curves for 32 patients with stage 1A, TINOMO
NSCLC are shown in Fig. 2. One local recurrence was
observed in a follow-up of 6-71 months (median, 30 months).
Intrapulmonary recurrence developed in four patients, regional
lymph node recurrence developed in two patients, and bone
metastases developed in one patient.

Survival curves for 13 patients with stage IB, T2ZNOMO
NSCLC are shown in Fig. 3. No local recurrence was observed
at a follow-up of 6-64 months (median, 22 months). Intrapul-
monary recurrence developed in four patients, liver and brain
metastases developed in one patient each.

We examined the toxicity by National Cancer Institute
Common Toxicity Criteria (NCI-CTC) version 2. Lung toxicity
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Fig. 2. Survival curves of patients with stage IA: TINOMO NSCLC treated with
SBRT.

was grade II in 4% and grade I in 96%. No grade II toxicities
for spinal cord, bronchus, pulmonary artery, or esophagus were
observed. The clinical course of one patient who responded
well to this treatment is shown in Fig. 4.

We retrospectively analyzed data from 241 patients from 13
Japanese institutes [10]. Their ages ranged from 35 to 92 years,
with a median of 76 years. Histology was squamous cell carci-
noma in 106 patients, adenocarcinoma in 102 patients, and
“others” in 33 patients. As regards clinical stage, 153 patients
were stage 1A, and 88 patients were stage IB. Tumor diameter
ranged from 7 to 58 mm, with a median of 28 mm. One hun-
dred and sixty-one patients were inoperable, and 80 patients
were operable. -The biological equivalent dose (BED) was
57-180 Gy, with a median of 108 Gy.

Lung toxicities were minimal, with grade II in only 2.2%
and no grade III. Local response to the treatment was complete
response (CR) in 23%, and partial response (PR) in 62%. The
local recurrence rate was 20% when BED was less than
100 Gy, and 6.5% when BED was over 100 Gy, at follow-up
periods of 4-72 months (median, 18 months). Overall survival
at 3 years was 42% when BED was less than 100 Gy, and 46%
when BED was over 100 Gy. For tumors, which received a
BED of more than 100 Gy, overall survival at 3 years was
91% for operable patients, and 50% for inoperable patients.

Based upon several good clinical results [2,3,6,12,14-17],
we have started a prospective multiinstitutional phase II
study with a grant from the Health and Welfare Ministry of
Japan. The target is stage JA NSCLC. A total dose of 48 Gy
in four fractions will be delivered in 4-8 days. Entry of 165
patients from 16 institutes in 3 years is expected. By the end of
May 2006, 85 patients were entried. The primary endpoint is

“survival. This is the first trial of the Radiation Therapy Study

Group (RTSG), which is the newest group in the Japanese
Clinical Oncology Group (JCOG). We hope that this trial will
provide more conclusive data on stereotactic body irradiation
for early-stage NSCLC.
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Fig. 3. Survival curves of patients with stage IB: T2NOMO0 NSCLC treated with
SBRT.
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Fig. 4. Clinical course of a patient treated with SBRT. The patient, a 71-year-old man, had primary lung cancer (squamous cell carcinoma; T2ZNOMO).

In summary, regarding SBRT for early-stage NSCLC:

e long-term results, in terms of local control, regional recur-
rence, survival, and complications are not yet evaluated;

e technologies to cope with tumor movement, gauging track-
ing, need to be improved,

e this treatment modality is highly expected to be a standard
treatment for inoperable patients, and may be an alternative
to lobectomy for operative patients.

A prospective trial ongoing is expected to resolve these mat-
ters.
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STEREOTACTIC RADIATION THERAPY WORKSHOP

A Japan Clinical Oncology Group Trial for Stereotactic Body
Radiation Therapy of Non-Small Cell Lung Cancer

Masahiro Hiraoka, MD, PhD,* and Satoshi Ishikura, MD, PhDjf

Stereotactic body radiation therapy (SBRT) 1s a new treat-
ment modality. To confirm the safety and efficacy, the Radi-
ation Therapy Study Group of the Japan Clinical Oncology
Group (JCOG) has started a phase I1 study of SBRT for stage
IA non-small cell lung cancer (JCOG 0403). This study is
ongoing with a strict quality control and quality assurance
program, and the results will indicate whether a future phase
{11 trial comparing SBRT with surgery is warranted. In
addition, international collaboration will be critical to estab-
lish the role of SBRT in the treatment of lung cancer.

Key Words: Stage [ non-small ccll lung cancer, Stereotactic body
radiation therapy, Clinical trial.

(J Thorac Oncol. 2007;2: Suppl 3, S115-S117)

ung cancer is the leading cause of cancer-related death for

men and the second for women in Japan. During 2003,
approximately 57,000 patients died of lung and bronchus
cancer;! and the number is not decreasing. Because of the
application of spiral computed tomography (CT) for lung
cancer screening, the number of patients .with eafly-stage
non-small cell lung cancer (NSCLC) has increased recently.
The number of elderly patients who are not suitable for
surgery has also increased. Although surgery is the accepted
standard of care for stage.I NSCLC, conventional radiother-
apy has been applied for these frail patients with inferior
survival compared with surgery.

Stereotactic body radiation therapy (SBRT) is a new
treatment modality based on the.same.principles and the great
success of stereotactic radiosurgery/radiotherapy for intracra-
nial tumors. The success and high {ocal control with minimal
toxicity have drawn much interest in the application -of this
treatiment for extracranial regions, and there are several single
institutional retrospective reports.>-8
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Although there is no large-scale prospective trial con-
firming the safety and efficacy of SBRT for early-stage
NSCLC, it has been widely used in Japan. Onishi et al. have
reported the results of a multicenter retrospective survey.?®
Data from 245 patients from 13 institutions were -analyzed.
There was a large variation in the dose schedule used (18-75
Gy in 1-22 fractions), and they used a biologically effective
dose (BED) to-account for it. With a median follow-up of 24
months, local recurrence occurred in 8% for BED =100 Gy
and 26% for BED <100 Gy. The 3-year overall survival for
medically opérable patients treated with BED =100 Gy was
88%. Onishi et al. claimed that SBRT may achieve equivalent

local control and survival compared with surgery; however,

as in any retrospective study, it has many inherent limitations:
relatively short follow-up with many censored cases, which
leads to the overestimation of local control and survival;
patient selection because SBRT is more often applied at a
higher dose to a peripheral lesion that has favorable outcome
compared with a central lesion; migration between operable
and inoperable because advanced age was considered to be.
inoperable, which may lead to Will Rogers phenomenon;.and
a limited number of patients in subgroup analyses.

Therefore, we decided to develop a prospective trial
to evaluate the safety and efficacy of SBRT for stage 1A
NSCLC.

JAPAN CLINICAL ONCOLOGY GROUP TRIAL OF
SBRT FOR STAGE IA NSCLC

The Japan Clinical Oncology Group (JCOG) 0403 is a
single-arm phase II study. This study was planned to deter-
mine whether SBRT is superior to conventional radiotherapy
for medically inoperable patients .and to explore whether
SBRT can achieve survival comparable to that with surgery
for operable patients with clinical stage IA. NSCLC. The
primary endpoint is 3-year overall survival, and the planned
accrual was 100 inoperable and 65 operable patients. Local
progression-free survival, pattems of failure, and toxicity
were included as secondary endpoints.

Eligibility criteria included previously untreated pa-
tients: with pathologically proven NSCLC; age =20 years;
performance status (based on Eastern Cooperative Oncology
Group scale) 0 to 2; PaO, =60 torr;and FEV, o =700 ml. All
patiénts. signed written informed consent in accordance with
each institutional review. board.

Patients were stratified into two groups afler consulta-
tion with an experienced thoracic. surgeon: 1) operable pa-
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