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Fig. 1

Distribution of annual patient loads/FTE radiation oncologist in designated cancer care hospitals and other

radiotherapy facilities. Horizontal axis represents facilities arranged in order of increasing value of the annual
number of patients/FTE radiation oncologist within the facilities,
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We report the demonstrated irradiation effect of laser-accelerated protons on human cancer cells. In
vitro (living) A549 cells are irradiated with quasimonoenergetic proton bunches of 0.8-2.4 MeV
with a single bunch duration of 15 ns. Irradiation with the proton dose of 20 Gy results in a distinct
formation of y-H2AX foci as an indicator of DNA double-strand breaks generated in the cancer
cells. This is a pioneering result that points to future investigations of the radiobiological effects of
laser-driven ion beams. Unique high-current and short-bunch features make laser-driven proton
bunches an excitation source for time-resolved determination of radical yields. © 2009 American

Institute of Physics. [DOI: 10.1063/1.3126452]

After the initial proposal by Wilson,' it has been widely
recognized that the use of particle ion beams in cancer radio-
therapy has the physical advantage of delivering highly local
dose distributions due to the well-known inherent Bragg
peak phenomenon of energy deposition. Further benefit of
the ion beam therapy (IBT) was found with increased rela-
tive biological effectiveness (RBE) within the Bragg peak
region.

Recently, high-intensity lasers have been suggested as a
potential cost-saving alternative’ to conventional ion accel-
erators for the radiotherapy. When a laser pulse with inten-
sity well exceeding 10'® W/cm? interacts with a foil target,
the laser field accelerates a significant number of electrons to
relativistic velocities. Some of these “hot” electrons pass
through the foil ocncratmg a strong electrostatic field ex-
ceeding 1 TV/m,*® at the rear (downstream) surface, which
can surpass the ion-acceleration field typical of conventional
accelerators by six orders of magnitude. A unique feature of
laser acceleration is the extremely high peak current attrib-
uted mostly lo the short duration of a single proton bunch. In
recent works,” smgle high-intensity laser pulses have pro-
duced proton bunches of charge level at 10", corresponding
to ~1 kA peak ion currents 1 mm from the target. However,
there has been no experimental work investigating biological
effects of such high-current, short-bunch laser-driven ion
beams.

In this letter, we describe a laser-driven ion irradiation
apparatus for biological studies. We demonstrate DNA
double-strand breaks (DSB) of in vitro human cancer cells
and discuss the potential of the laser-driven ion beam as a
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0003-6951/2009/94(18)/181502/3/$25.00

94, 181502-1

short-pulse excitation source for biochemical reactions.

The experiment was performed using the J-KAREN
(Ref. 9) Ti:sapphire laser system at JAEA. The laser pulses
of 0.6 J energy and 35 fs duration are focused to a peak
intensity of 5X 10! W/cm? onto a thin foil target, which is
continuously fed by a servomotor, providing a “fresh” target
surface for each laser shot. The laser pulses are delivered at
a repetition rate of 1 Hz. As illustrated in Fig. 1(a), such
intense laser irradiation generates energetic protons that di-
verge from the rear side of the target with a half-cone angle
of ~10° with respect to the normal of the foil rear surface.
The proton beam has a continuous distribution of the energy
up to 2.5 MeV, as illustrated in Fig. 2(a) with a gray line.

Accompanying proton emission, are electrons and x rays
that are generated simultaneously from the laser-induced
plasma. In order to remove them, we used a pair of dipole
magnets with magnelic fields of 0.04 T oriented antiparallel

Beam ”
(a) source / %
D2 CR-39
Detector
X-rays ’
: : Capsule
~~_ _HighE} .
Protons i
Leadshiod|
Target LowE Cancer
Driver » Cells

40 cm

FIG. 1. (Color) (a) A schematic drawing of experimental setup. (b) An
image of cancer cells taken by a microscope. (c) A spatial distribution of
protons detected by CR-39 in a single laser shot. Each red point represents
a single proton bombardment. The screen size is set to be same as that in the
frame (b).
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to each other, as shown in Fig. 1(a). Protons, electrons and x
rays enter the first magnetic field through a 1-mm-wide one-
dimensional aperture made on a lead shield. Protons are
steered in the opposite direction to that of the electrons,
while x rays propagate straight through along the target nor-
mal axis. In the present experiment, electron energies are
observed to be lower than 2 MeV, corresponding to a Larmor
radius of about 20 c¢m; meaning that they are completely
swept away from the normal axis and the protons. On the
other hand, the proton trajectory is steered slightly by the
first magnetic field, and again by the second one, such that
transmitted proton trajectories are laterally displaced from
the target normal axis by an energy-dependent distance.

The experimental setup as shown in Fig. 1 is placed in a
vacuum chamber and the irradiated cancer cell culture is en-
closed in a specially designed capsule. As shown in Fig. {a),
the capsule consists of a vessel for culture solution and a
12.5-um-thick polyimide foil window for protons. The foil
window and the vessel are sealed by a silicon rubber o-ring
that is fixed by screws with a lid having a pinhole of 2 mm in
diameter on its center. We use human lung cancer cells: A549
pulmonary adenocarcinoma, the microscopic image of which
is shown in Fig. 1(b). The average cell nucleus is of width
~20 pm and thickness of ~5 um, as determined by a
laser-probe microscope (Keyence VK-9700 Generation II).
The in vitro A549 cells are cultured directly on the surface of
the polyimide foil. Protons irradiate the cells after penetrat-
ing the polyimide film. The polyimide foil is strong enough
to sustain a 1 atm pressure difference across it (the culture
solution is at 1 atm). During the proton irradiation, we placed
the capsule at the exit of the magnet pair, shifting the capsule
window by 5 mm from the center axis of the magnets. Con-
sequently only higher-energy protons enter the capsule win-
dow and irradiate the cells, as shown in Fig. 1(a). X rays
emitted from the target emerging around the center axis are
cut off by the lead shields. They do not radiate the cell
samples.

The energy and number of protons are determined by a
time-of-flight specn‘ometerm located downstream of the
magnets, with the capsule temporarily removed and a differ-
ent 2-mm-wide aperture placed at the same position as the
capsule window. A typical incident energy spectrum obtained
at this location is shown as a blue line in Fig. 2(a). The figarc
clearly shows that the energy spectrum looses its lowest-
energy components (<<0.8 MeV, as seen in the gray line)
when the magnets are used. The proton bunch duration at the
capsule position is about 15 ns. Protons with the energies

Depth: z [pm]

above 0.8 MeV can penetrate the polyimide window to irra-
diate cancer cells. The measured number of protons per
bunch varies by less than 20% (bunch-to-bunch) at the 1 Hz
repetitive rate.

The number of protons corroborated during cell irradia-
tion by an ion-track detector (CR-39), which is covered with
another 12.5-pum-thick polyimide foil and placed beside the
capsule window. Protons penetrating the foil window im-
pinge on the CR-39, as shown in Fig. 1(c). Each red point in
the image represents the bombardment of one proton, which
is visualized with software postprocessing. The screen size
(80X 110 um?) is set to be same as that in Fig. 1{b). The
average number of protons per bunch irradiating the cells is
measured to be 2.5+0.5 X 10* with the energy spread from
0.8 t0o 2.4 MeV.

The proton dose is estimated from the measured proton
number and energy spectrum per bunch using a Monte Carlo
simulation in the TRIM code.'' We calculate the energy loss
of the protons in a three-dimensional (3D) target consisting
of the layers of 12.5-um-thick polyimide and 5-um-thick
liquid water, which is assumed to be equivalent to the layer
of the cancer cells planted on the polyimide-foil window.

Figure 2(b) shows the calculated z dependent proton en-
ergy loss distribution d€/dz (to the target electrons) for sev-
eral beam energies in the range of £=0.8-2.5 MeV. Here,
the depth of z=0 wm represents the entrance (upstream) sur-
face of the polyimide window. We note that protons with
energies of £=0.8 and 2.5 MeV leave the bottom of the
polyimide window with energies of 0.16 and 2.17 MeV,
respectively, and encounter the cancer cells. For &
= 1.5 MeV, the electronic energy loss d€/dz is about
20 keV/um in the cell layer (12.5=z=<17.5 um). At lower
incident energy (£=0.8 MeV), protons have the highest
d€/dz value and are stopped in the cell layer. The d&/dz
used in this work is equivalent to the linear energy transfer
(LET). As illustrated in Fig. 2(a), more than 85% of the
protons have energy above the 1 MeV level. Belli ef al.'? has
reported that RBE exhibits a strong dependency on the LET
of the primary ions: for protons, the RBE takes a maximum
with the LET range of 20-30 keV/um. Hence, in the
present experiment, the cancer cells are irradiated predomi-
nantly with protons of energy near the RBE maximum.

The energy E; deposited on the cell layer is determined
by integrating the stopping power according to: Ey (&)
=/ ‘;f(dé'/ dz)dz. Here, d€/dz is in units of keV/um for each
incident beam energy ¢ and integrated over the cell layer
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Edge of the window

FIG. 3. (Color) y-H2AX focus formation induced by irradiation of laser-
accelerated protons with 20 Gy. y-H2AX and nucleus are stained with
anti-y-H2AX antibody (green) and DAPI (blue).

from z;=12.5 um to 7,=17.5 um. Therefore absorbed dose
D of a single proton bunch is estimated (in Gy units) by the
following relation: D=[d&[EE)-N(£)]/{(z,—2z,)- Q] 1.602
X 1077, where N(&) is the proton fluence distribution at the
capsule entrance {in units of mm~> MeV™' [see the right ver-
tical axis of Fig. 2(a)]} and Q is the mass density of liquid
water in g/cm?®. We determine the absorbed dose of protons
to be D=0.1+0.02 in a single laser shot.

DNA DSB induced on A549 are investigated by using
phosphorylated histone H2AX immunostaining method. It
has been 1'ec0gnized13 that the H2AX phosphorylation along
the DNA strand corresponds only with the site of DSB.
Therefore, the remark of phosphorylated H2AX in the nuclei
(termed as y-H2AX focus formation) can be used as a crite-
rion for DNA DSB. Figure 3 illustrates the results of
yH2AX immunofluorescence staining oblained for the pro-
ton irradiation with 20 Gy. The proton dose was accumulated
with 200 laser shots at a repetition rate of 1 Hz. Here, nuclei
and v-H2AX foci are stained with blue and green, respec-
tively. One can easily find that »-H2AX focus formation is
detected in the nuclei. Moreover, the region of y-H2AX
positive exhibits a clear boundary along the edge of the cap-
sule window; indicating that y-H2AX foci are generated
only in the nuclei that were irradiated with the protons. We
note that we have confirmed that y-H2AX foci are generated
independently of the culture condition (see supplemental
materials).14 Therefore, we conclude that DNA DSB were
induced by the irradiation of the laser-accelerated protons.

In what follows we discuss the inherent potential of
laser-accelerated protons. In this study ~2.5%10% laser-
driven protons irradiate a 1 mm? cell layer within a time
interval of only 15 ns. We then estimate the proton flux to be
~10* mm™ ns™!. On the other hand, in a typical operation
of IBT," tumors arc irradiated with the beam with flux of
~10~* mm™2ns™' and a proton bunch duration of 0.4 s.
Within 15 ns the present laser-driven source delivers protons
with a proton number comparable to that delivered with 0.4 s
duration pulse in the IBT operation. The dynamics differ by
seven orders of magnitude for these cases. In radiation chem-
istry, it is recognizedb that the chemical transformation in-
duced by the energetic ions continues over the time scale of
1079 to 107 s, which spans the duration of our laser-driven
source of 1078 s. Therefore, the laser-driven proton bunches
can be a potential excitation source for the time-resolved
measurements of chemical reactions including the formation
and dissipation processes of hydroxyl (OH) radicals'® in-

Appl. Phys. Lett, 94, 181502 (2009)

duced by the ion irradiation. A study such as ion-pulse radi-
olysis enabled by such short irradiation durations can explore
the relationship between the fundamental chemical reactions
of radiation effects and the ensuing biological processes.

In conclusion, we have shown that DNA DSB are gen-
erated in human cancer cells irradiated with the high-current
and short-bunch ion beams driven by a laser system. It is
interesting to note that about 8 proton particles, in average,
were delivered to the single cancer cell nucleus in duration of
the single beam bunch of 15 ns. The laser-driven rable-top
ion-irradiation apparatus will open a new ficld of radiobio-
logical science and applications.
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A PRELIMINARY STUDY OF IN-HOUSE MONTE CARLO SIMULATIONS: AN
INTEGRATED MONTE CARLO VERIFICATION SYSTEM
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Purpose: To develop an infrastructure for the integrated Monte Carlo verification system (MCYVS) to verify the
accuracy of conventional dose calculations, which often fail to accurately predict dose distributions, mainly due
to inhomogeneities in the patient’s anatomy, for example, in lung and bone.

Methods and Materials: The MCVS consists of the graphical user interface (GUI) based on a computational envi-
ronment for radiotherapy research (CERR) with MATLAB language. The MCVS GUI acts as an interface between
the MCVS and a commercial treatment planning system to import the treatment plan, ereate MC input files, and
analyze MC output dose files. The MCVS consists of the EGSnrc MC codes, which include EGSnr¢/BEAMnrc to
simulate the treatment head and EGSnr¢/DOSXYZnre to calculate the dose distributions in the patient/phantom.
In order to improve computation time without approximations, an in-house cluster system was constructed.
Results: The phase-space data of a 6-MV photon beam from a Varian Clinac unit was developed and used to es-
tablish several benchmarks under homogeneous conditions. The MC results agreed with the ionization chamber
measurements to within 1%. The MCVS GUI could import and display the radiotherapy treatment plan created
by the MC method and various treatment planning systems, such as RTOG and DICOM-RT formats. Dose distri-
butions could be analyzed by using dose profiles and dose volume histograms and compared on the same platform.
With the cluster system, calculation time was improved in line with the increase in the number of central process-
ing units (CPUs) at a computation efficiency of more than 98%.

Conclusions: Development of the MCVS was successful for performing MC simulations and analyzing dose distri-
butions. © 2009 Elsevier Inc.

Monte Carlo simulations, Verification, Photon beam, High precision radiotherapy.

INTRODUCTION for commercial treatment planning systems (1-3). However,
these algorithms often fail to predict accurate dose distribu-
tions, mainly due to inhomogeneities in the patient’s anat-
omy, for example, in lung and bone, and to several
multileaf collimator (MLC)-specific effects, which include

leakage of radiation, the tongue-and-groove effect, and

Improvements in dose delivery techniques have rendered it
possible to point the dose exactly to the tumor volume and
spare the surrounding normal tissues. However, beam deliv-
ery in radiotherapy has become increasingly complex since
the advent of three-dimensional conformal radiotherapy

(3DCRT), intensity-modulated radiotherapy (IMRT), and
stereotactic body radiotherapy (SBRT). Especially with these
high-precision radiation therapies, accurate dose calculations
are essential for radiotherapy planning. To meet this need,
comparatively accurate dose calculation algorithms, such as
the convolution/superposition method, have come into use

beam hardening (4-10). For example, some conventional al-
gorithms in widespread use for commercial treatment plan-
ning systems cause systematic errors exceeding 10% in the
thoracic area (11). Although the accuracy required for dose
computation is generally between 1% and 2%, major errors
in the doses calculated by conventional dose algorithms
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reportedly exceeded that criterion (5, 12-15). These uncer-
tainties concerning dose distributions may cause unintended
geographic misses of the target or an overdosage to normal
tissues due to the incorrect prediction of isodose coverage
and may thus negatively affect the clinical outcome (16).

Monte Carlo (MC) simulation is the most accurate dose
calculation method currently available, since it can accurately
calculate realistic radiation transport through the accelerator
treatment head, the MLC, and the patient’s internal anatomy.
Moreover, the MC method uses the only algorithm that con-
siders all aspects of photon and electron transport within
a heterogeneous situation. The most widely used MC code
is EGSnrc, which includes EGSnrc/BEAMnrc and EGSnrc/
DOSXYZnre (17, 18). BEAMnrc is an MC user code for
modeling the linear accelerator, and DOSXYZnrc is its coun-
terpart for 3D absorbed dose calculations.

The purpose of this study was to develop an integrated MC
dose calculation system, which we called the MC verification
system (MCVS). In this paper, we describe in detail the key
features of the MCVS and the results of dose calculation
accuracy benchmarks.

METHODS AND MATERIALS
Overview of the MCVS

Figure 1 shows a schematic diagram of the usual calculation flow
for plan verification. The MCVS consists of two MC codes, that is,
EGSnrc/BEAMnrc, which simulates radiation transport through the
complex geometry of the linear accelerator treatment head, and
EGSmrc/DOSXYZnrc, which calculates the patient’s heterogeneous
internal anatomy. The MCVS has an interface with a commercial

MCVS GUI

i (DICOM-RT) |
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treatment planning systems (Eclipse, Varian Medical Systems,
Palo Alto, CA) and reads the information needed for the MC simu-
Tation transferred in the DICOM-RT format. With the graphical user
interface (GUT), the MC input files are auto-created, and the output
files are then processed for display and/or analysis.

Linear accelerator head simulation

For this study, a 6-MV photon beam from a Varian Clinac 23EX
unit was simulated with the EGSnrc/BEAMnrc code. The following
modeled linear accelerator head components were used: target/back-
ing, primary collimator, vacuum window, flattening filter, mirror,
and jaws on the X and Y coordinates. The monitor ion chamber could
be omitted from modeling since it had only a minor attenuating ef-
fect on the photon beam (19). Figure 2 shows the schema of the sim-
ulated geometry. The phase-space data (PSD) file was scored at
a plane immediately behind the lower jaws. The mean electron
beam energy incident on the target and the full width half maximum
(FWHM) of the radial intensity distribution were set to 5.95 MeV
and 0.8 mm, respectively. The FWHM of energy distribution was
consistently 3% of the mean energy. The distributions of the energy
and intensity were assumed to be Gaussian in shape.

For MC simulation, 4.0 x 107 electron histories were simulated.
The photon and electron cutoff energies, PCUT and ECUT, of
0.010 MeV and 0.700 MeV were used for all simulations. The vari-
ance reduction technique directional bremsstrahlung splitting was
used during head simulation with a splitting number of 500 while
the electron was also split. The PSD file contained approximately
8.5 x 10°to 3.4 x 107 photons which corresponded to the 270 MB
to 1.0 GB file size for 10 x 10,20 x 20, and 30 x 30 cm? open fields.

Dose calculations for a water phantom
The EGSnre/DOSXYZnrc was used to calculate doses for a phan-
tom. The 50 x 50 x 50 cm? simulated water phantom was divided

1

i g_;qa ~ modeling linear accelerator i
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of freatment head

MC input files 4—— "

EGSnre/DOSKY Zore l

In-house
Linux cluster

Fig. 1. Schematic diagram of the MCVS GUI showing the EGSnrc MC dose calculations in relation to an Eclipse treatment
planning system, The MCVS GUT acts as an interface between EGSnrc and commercial treatment planning systems to read
the radiotherapy planning data, create the patient phantom data, and analyze the output dose files calculated by EGSnrc.
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coordinate.

into 1.0 cm, 2.0 cm, and 0.5 cm in the x, y, and z directions, respec-
tively. The voxel deviation was small enough not to average the
dose in a voxel. The jaws were set to produce 10 x 10, 20 x 20,
and 30 x 30 cm”® open fields at the surface of the phantom, and
the source-to-surface distance was 100 cm. The stored PSDs were
used as source inputs for the calculation of dose distributions in
the phantom. A total of 2.5 x 10° histories were simulated in the
DOSXYZnre calculation, recycling the particles in the PSD file
about 50 to 250 times to reduce statistical uncertainties. Depth—
dose curves were calculated along the central axis, while y axis lat-
eral dose profile curves were calculated at depths of 5, 10, and 20 cm
in the phantom.

A history-by-history method was used to estimate uncertainties
in BEAMnrc and DOSXYZnrc (20). This method involves
grouping scored quantities (e.g., doses, energy depositions)
according to the primary history during a run and then determin-
ing the root mean square standard deviation for the mean of the
groupings.

CT-based patient modeling

For in-patient MC dose calculation, treatment planning CT im-
ages were used to develop a voxel-based patient model. The process
of converting CT data to an MC model (i.e., materials and densities)
was performed with a software program, as well as with
CTCREATE software, distributed by the National Research Coun-
cil. For the transformation of data from CT Hounsfield units into ma-
terials, four discrete intervals were defined corresponding to air,
lung, soft tissue, and bone, which were obtained from the ICRU
report (21). The mass densities were allocated at a range of 0 to
2.0 for discrete intervals.

Parallel calculation

The in-house-developed cluster consists of three calculation
nodes which include two central processing units (CPUs)/node
of an Intel Xeon processor with a speed of 3.4 GHz. The dual pro-
cessors on each node are configured with 1.5 GB of random
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Table 1. Speedup and efficiency of the in-house-developed
cluster by total CPU time for the run*

No.
of CPUs Time (hr) Speedup Efficiency (%)
1 44.1 1.00 100.0
2 224 1.97 98.6
3 14.8 2.98 99.5
4 11.2 3.93 98.4
5 8.9 4.96 99.2
6 7.4 5.95 99.2

Abbreviations: Speedup = ratio of execution time on a single pro-
cessor to the execution time using N processors. Efficiency = ratio of
the speedup to the number of processors.

* The jobs were distributed to different processors.

access memory and therefore can operate as symmetrical multi-
processors on the node. The cluster uses the gigabyte-sized Ether-
net network for the interconnection of nodes. In parallel
processing, the EGSnre/DOSXYZnre code splits a job into smaller
jobs which can be distributed to different processors, and all the
split jobs use the original input file. The calculation results are col-
lected and accumulated by a portable batch system. In this pro-
cess, scveral files arc transported via a network file system,
which is a file sharing system. All nodes’ home directories share
the master node’s home directory via the network file system. We
used the indices of speedup and efficiency to evaluate the perfor-
mance of the cluster. The speedup, Sy, can be defined as the ratio
of execution time on a single processor, T, to the execution time
using N processors, or Sy = T/Ty. The efficiency of the speedup
can also be defined as the ratio of the speedup to the number of
processors, or Ey = Sn/N. Ideal speedup is achieved when Sy =
N and Ey = 100%.

GUI application

We developed an interface based on a computational environ-
ment for radiotherapy research(CERR) software version 3.0.2 us-
ing MATLAB software version 7.0.4 with an Image Processing
Toolbox (The MathWorks, Natick, MA). CERR is a software
platform developed at Washington University for the review
and analysis of radiotherapy planning data (22, 23). Importing
and displaying radiotherapy planning data from a wide variety
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of commercial or academic treatment planning systems, for ex-
ample, RTOG and DICOM-RT formats, can be done with
CERR. We developed certain features to analyze and display
MC calculation dose data. Some of the programs were newly de-
veloped and others were developed by modifying the CERR pro-
gram. Specifically, the MCVS GUI auto-creates patient phantom
data for EGSnrc/DOSXYZnrc and the input files for EGSnrc/
BEAMnrc and EGSnre/DOSXYZnre MC calculation parameters.
These parameters were extracted from the plan data which con-
tained the beam configuration (i.e., the opening of jaws and the
MLC, gantry angles, couch angles, and collimator angles). The
GUI also imports the MC-calculated dose data to analyze these
results in detail. These features were integrated into CERR.

Verification of the benchmarks under homogeneous
conditions

The depth doses and lateral doses of the MCVS were bench-
marked for comparison with the measurements and the calculated
dose. The microionization chamber was used for measurements in
the water phantom for a Varian Clinac 23EX linear accelerator in-
stalled at Osaka Medical Center for Cancer and Cardiovascular
Diseases. Central axis depth—dose curves and lateral dose profile
curves at depths of 5, 10, and 20 cm were obtained at a source-
to-surface distance of 100 cm. Both the calculated and the mea-
sured depth-dose curves and the lateral dose profile curves were
normalized to the maximum dose (D) value of the central
axis dose for a 10 x 10 cm® open field. Therefore, the MC-calcu-
lated results were given in the absolute dose per monitor unit
(MU) (cGy/MU), converted from the dose per source particle
(24). The dose differences were then determined for comparison
of the calculated depth-dose curves or the lateral dose profile
curves with the actual measurements.

Validation of the clinical treatment plan

The MC dose calculation for a realistic clinical plan was per-
formed, and the results were compared with those of Eclipse in order
to verify the configuration of the beam and the patient/phantom in
the MCVS. We also computed dose distributions with MC for
a lung SBRT treatment plan. Four fractions of 12 Gy were pre-
scribed to the isocenter by using an Eclipse/Helios system (Varian
Medical Systems, Palo Alto, CA) for 6-MV photon beams with
seven noncoplanar beams, The dose calculation algorithm employed
in Eclipse was the pencil-beam convolution algorithm with modified
Batho inhomogeneity corrections. Dose distributions were com-
puted with the MCVS using treatment plan data transferred from
Eclipse, and isodose curves and DVHs for the structures of interest
were compared.

RESULTS

Parallel calculation

Table 1 shows the computation time, speedup, and effi-
ciency values calculated for the cluster. The computation
time decreased as the number of CPUs increased, while
the speedup increased in proportion to the number of
CPUs. The efficiency could be maintained at more than
98%. Figure 3 shows the relationship between the speedup
and number of CPUs used in the simulation, indicating that
the CPU time was shortest when six CPUs were used. The ef-
ficiency was 99.2%, so that these results were quite similar to
those of the ideal situation.
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lateral dose profile curves for a 20 x 20 ¢cm” open field; (d) lateral dose profile curves for a 30 x 30 cm? open field.

Dose calculations under homogeneous conditions

Figure 4 a shows depth-dose curves at the central axis for
10 x 10, 20 x 20, and 30 x 30 cm? open fields. The calcu-
lated depth doses beyond the buildup region showed
agreement of within 1% with the measurements for the
depth-dose curves for all field sizes. Figure 4b to d shows
lateral dose profile curves at 5-cm, 10-cm, and 20-cm depths
for 10 x 10, 20 x 20, and 30 x 30 cm” open fields. The cal-
culated lateral doses within the region of flatness agreed to
within 1% with the measurements for lateral dose profile
curves for all field sizes except the penumbra region. The
MC-calculated dose profile curves for large fields yielded
less steep dose gradients than measurements obtained at
a greater depth. The statistical uncertainties for the simulated
dose values at the edge of the lateral dose profile curves were
2.5%, and, except for the edge, the uncertainties including
those for the depth-dose curves were within 1%.

Validation of the clinical treatment plan calculation

Figure 5 shows a comparison of the 6-MV photon beam
dose distributions for a lung SBRT treatment plan calculated
by MC and by Eclipse. For both calculations, the isodose
lines show the absolute dose. The seven beams calculated
by the MC method generated a dose distribution similar to
that of Eclipse, which indicates that the configuration of the
beams and the patient/phantom were satisfactorily imple-
mented in the MCVS. There were some dose differences of

about 5% between the MC and the Eclipse calculations
within or near the lung anatomy. The lo statistical uncer-
tainty for the MC results was generally 2%.

Figure 6 shows dose volume histograms (DVHs) for MC
and Eclipse calculations on the MCVS GUL In this figure,
the DVHs for internal target volume and lung are shown,
and the same data as that of the radiotherapy planning were
used for these structure data. The dose index could be shown
as the output next to DVHs, such as D cans Dmax> a0d Dyins
and furthermore, the dose which was irradiated at a certain
percent volume, such as D95, and the percent volume at
which the dose exceeding a certain dose was irradiated for
a certain structure, such as V20, could also be shown as out-
put with the MCVS GUL

DISCUSSION

Several academic and commercial MC dose calculation
systems have been developed (4, 25-39). These systems
are summarized in Table 2 for comparison. The PERE-
GRINE system has been used with multiple processors
and several variance reduction techniques to reduce the
CPU time of the simulations (26). Several fast MC codes,
such as VMC/XVMC, VMC++, DPM, MCV, and
MCDOSE, have been developed (27-35). These codes em-
ploy a variety of variance reduction techniques and achieve
reduction of CPU time by factors ranging from 2 to 48
compared with EGS4/PRESTA/DOSXYZ calculations,
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Fig. 5. Comparison of the 6-MV photon beam dose distributions for a lung SBRT treatment plan calculated by Eclipse (left
panel) and MC (right panel) on the MCVS GUL Four fractions of 12 Gy were prescribed to the isocenter. Isodose lines from

8 Gy to 48 Gy at intervals of 8 Gy are shown.

which corresponds approximately to EGSnrc (40). The MC
method with its accurate dose computations is now becom-
ing fast enough to be used in clinical settings. While the
fast MC codes use various variance reduction technique s
to reduce computation time, the results are only approxi-
mate, but with the cluster system, the MCVS could reduce

e i

Dose Vohume Histograms

computation time without such approximations. Parallel
computation with the in-house-developed cluster achieved
good performance at a computation efficiency of more
than 98%. In Japan, the MCVS of Osaka University and
the MCRTYV of Kyoto University are the only two systems
in existence, while several MC research groups in other
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Fig. 6. The DVHs of internal target volume and lung calculated by DOSXYZnrc (dashed line) and by Eclipse (solid line)
are shown. On the MCVS GUI, these structure data are identical to those of radiotherapy planning. The dose index can be
displayed next to DVHs, such as D e, Dinax, a0d Dy, Furthermore, the dose which was irradiated at a certain percent
volume, such as D95, and the percent volume at which the dose exceeding a certain level was irradiated to a structure vol-

ume such as V20 can also be calculated on the MCVS GUIL
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Table 2. Survey of academic and commercial MC dose calculation systems

Calculation time

Location or company (MC system) MC code Type of MC code (min) Reference
Academic
Osaka U (MCVS) EGSnrc Full 429 (7.2%)
Kyoto U (MCRTV) EGS4 Full 429 38
MSKCC EGS4 Full 39
UCLA (RTMCNP) MCNP Full 60 4
McGill U (MMCTP) EGSnrc + XVMC Full + fast 37
Stanford U/FCCC (MCDOSE, MCSIM) modified EGS4 Fast 1.6 35,36
Virginia Commonwealth U (MCV) modified EGS4 Fast 21.8 34
U of Tiibingen XVMC Fast 28
U of Leipzig VMC Fast 27
U of Michigan (RT_DPM) modified DPM Fast 7.3 33
U of California PEREGRINE Fast 26
Commercial
BrainLAB, CMS and Elekta XVMC Fast 1.1 25
Nucletron and Varian VMC++ Fast 0.9 25
NOMOS PEREGRINE Fast 433 25

Abbreviations: MCTP = Monte Carlo treatment planning system; Full = full Monte Carlo not using variance reduction technique (VRT) to
keep the accuracy; Fast = fast Monte Carlo using VRT to reduce the calculation time.

* Calculation time with the in-house cluster system.

countries have developed in-house MC calculation systems,
such as MCDOSE at Stanford University and Fox Chase
Cancer Center, MCV at Virginia Commonwealth Univer-
sity, and MMCTP at McGill University (35-38). MCRTV
was developed for clinical treatment plan verification, espe-
cially for routine quality assurance of IMRT plans. MCVS
was originally developed for all of the high-precision radio-
therapy treatment plans including the noncoplanar treat-
ment plans for SBRT. All of the high-precision
radiotherapy treatment plans should be verified with MC
because of their complexity, but few institutions, especially
in Japan, are able to do it.

We commissioned our clinical 6-MV photon beam phase-
space data by determining, on the basis of the incident elec-
tron beam parameters, that MC calculations showed the best
match with the measurements. Due to the inability to accu-
rately correlate the ionization chamber reading with the
dose in the build-up region and outside the region of flatness,
accuracy of the estimation of the dose difference at these re-
gions remains questionable (38). The differences were deter-
mined from the depth-dose curves for the region
corresponding to each depth beyond the build-up region
and from the lateral dose profile curves for each point of
the off-axis within the region of flatness. Excellent agree-
ments to within 1% between measurements and MC-calcu-
lated doses were obtained for the water phantom, except
for the surface. There were wide variations among the inci-
dent electron beam parameters for MC models of 6-MV pho-
ton beams from the Varian linear accelerators (mean energy
ranging from 5.7 MeV to 6.2 MeV and FWHM of radial in-
tensity spread ranging from 0.10 cm to 0.20 cm, using
a Gaussian beam model), even though many investigators de-
termined on the basis of the incident electron beam parame-
ters that MC showed the best match with the individual
measurements. These variations can be partly attributed to

several factors, such as individual differences among the ac-
celerators and methods to model the treatment head compo-
nents. Our results for the benchmarks under homogeneous
conditions were consistent with these variations (41-44).

Relatively large differences between the dose distribu-
tions calculated with the MCVS and the commercial treat-
ment planning systems were observed at the boundary of
the tumor and the lung structures. This can be explained
by inaccuracy of the conventional dose calculation algo-
rithm due to heterogeneities. Dose perturbations at the in-
terface between soft tissue and high- or low-density
medium are due to a number of complex effects, which
lead to the errors in dose computation associated with the
conventional dose algorithms (5).

With the MCVS, high-precision radiotherapy treatment
plans, such as 3DCRT, SBRT, and IMRT can be simulated.
However, several aspects of the MCVS need to be explored,
such as the tongue-and-groove effect and leaf leakage radia-
tion through the Varian Millennium 120-leaf MLC, Actual
measurements and those obtained with simulation need to
be compared for validation of the MCVS.

CONCLUSIONS

Development of the MCVS was successful for performing
MC simulations, including those for high-precision radio-
therapy, 3DCRT, SBRT, and IMRT, as well as for analysis
of calculated dose distributions. In this paper, we have pre-
sented the key features of the MCVS. The phase-space data
of a 6-MV photon beam was developed, and several bench-
marks were established under homogeneous conditions.
The MC results showed good agreements with the actual
measurements with discrepancies of 1% or less. However,
measurements and simulations of the MLC-specific effects
need to be compared for validation of the MCVS.
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FIGURE: Chronology of design awards and medical equipment
development

1.Introduction

There is historical evidence in healthcare that the development of
medical equipment/medical device found new test methods and
freatment methods. And the design of medical equipment i3
considered to becomie Important for future society as coping
strategles against global aging and anival of global infecton,
Therefore, the quality of medical equipment should be improved by
evaluating the design of medical equipment from the viewpoint of
therapeutic efficacy and security. For this purpose, design awards
currently In place in each country is considered to be helpful.

However, there are few studies compiled about design
award of medical equipment so far. Transition of design awand
winning equipment and trend of design award is not unambiguous,

Thus, in this writing, we will verify the history of design award
and make dlear the transition of equipment. In addiion, we wil
make dear the trend of design award based on this transifon.
Furthemnore, we will describe the perspeciive of future healthcare
and design considering the utiity of the role of design played in
healthcare,

2. Study methods

2.1 Surveyed Design awards

Three awards of Good Design Awards (G mark prize), Insutrie
Forum Design Hannover (IF design award), and Medical design
Excellent Award (MDEA) will be subjected to study. There are four
reasons for taking up these awards.

»  The design award has history.

« The design awand evaluates design of medical equipment.

» The design award is in place in each region of the world,
such asAsia, Europe, and North America.

«  The design award Is aimed at products in each county.

+  We wil Investigate the award-winning results of these design
awards especially in 1854 and 1055, 1984, 1988, and 2007.
There are three reasons for taking up these four pesiods.

« The period clarifies the design of medical equipment in early
design age.

»  Evaluation of the design of medical equipment was started in
these periods x
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« The period helps foreseeing future development based on
the recent award-winning trend.

Chronology of design awands and medical equipment
development are shown in the table. (FIGURE)

2.2 Qutline of Good design award

Good design award (G mark) system is a design award in Japan (1,
There are more than 1,000 award-winning products annually, G
matks were awarded to 1,047 products entered in 2007. Good
Design Award was started from “Good design selection system®
established by the Minishy of Intemational Trade and industry in
1957. Since 1984, the award system has broadened the soope of
fis activity with allindustrial products as target of evaluation. Medical
" equipments have become the target of evaluation at this phase.
The system was privalized in 1898, and the award is named as
*Good Design Award” hosted by Japan Industrial Design Promofion
Organization up to the present date. The evaluation is roughly
categorized as follows @, .

+  Product design

+". -Architecture and Environment Design
»  Communication Design

* New Frontier Design

+ AseanDesign

Medical equipment is handled in Product Design category.
Criterion for evaluation is divided into three main stages. ©

+ Isitagood design? (The basic elements required of a Good
Design product or facility)

* Is it a superior design? (Considerations that make the
superior aspecls of the product or facility)

* s R a design that breaks new groud for the
future?(Considerations for evaluating whether the design
actively engages issues having to do with the future e,
Industry, and sociely)

There are few design awards in the world with such detailed
critesion.
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2.3 Outline of iF deslgn award

IF design award is a German design award hosted by Industrial
Forum Design Hannover, which is annually awarded to more than
800 products; in 2007, IF award was presented to 821 entered
products ¢, [ design award was established in 1953 as ‘Die gute
Industrieform” ®. The name was changed in 1930 to the cument
name of F Industial Forum Design Hannover. The hosting
system was changed in 1997; verious categories have been
targeted for design award in addition to the existing iF product
design award. Medical equipment has been targeted for evaluation
since the beginning of the award. Criterions for evaluation are
eleven catagories.

+  Design qualily

+  Workmanship

+  Choloe of material

+ Degree ofinnovativeness
»  Environmental compatibility
+  Functionality

»  Ergonomics

+  Visualzation of use

+  Safely

+  Brand value/branding

+  Universal design

2.4 Outline of Medical design excellence award

Medical design excellence award (MDEA) is an American design
award tergeted for design of medical equipment hosted by a private
company, Canon Corporations LLC, with publishing as & main
business®, About 30 products are awarded annually. The first
evaluation was in place In 1998, and is stil in place today. Design
award specialized in the design of medical equipment is unique on
a global basis. Criterions for evaluation are six categories.

«  Innovative use of materials, companents, or processes in the
fabrication of the product. ,

« The abiity of the product development team to overcome
design and engineering challenges so that that product
meets its clinical objectives.

«  Userelsted design and engineering features that improve
health care delivery, with special attention to functional
innovations that broaden the scope of users, change
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traditional medical attitudes or pracfices, or offer significant
use-related improvements.

+ Design and engineering features that provide enhanced
benefits to the patient (e.g., comfort, fit, service acoess, safety,
appropriate aesthetics, overall improvement of health care).

«  Aspects of product design ‘and engineering that improve the
manufacurer’s profitabiiity.

»  Product features that improve the overall delivery of healthcare

3. Result

3.1 Beginning design awards - 1953, 1954

Dominant design award was IF product award only in this period in
early design period. Total number of awarded products of iF product
design award was 221. Number of awarded medical equipment
among them was only one. Products targeted for award was a
medical operating table.

Total number of awarded products was increased to 394 in
the following year; four medical equipmenis were awarded.
Products targeted for award were orthodontic appliance,
thermometer, hearing aid, and dental dnll case; products from
medical equipment to weifare apparatus in cument classification
were targeted [n this phase.

3.2 Perlod of design award — 1984

Medical equipment was targeted for evaluation as G mark this year.
Total number of awarded products of iF award was 360, Number of
awarded medica! equipment among them was seven. Products
targeted for award was centered on electronic medical equipment
such as X-ray diagnostic apparatus, magnetic resonance imaging
device, dental implement, respiratory monitoring equipment, and
transmittarireceiver of pacemaker, But, al of them awarded were
provided by Slemens AG. :

On the ather hand, total number of awarded producis of G
mark was 1341, among which 34 products were awarded in
medical category. Awarded producis were comprised of imaging
system such as X-+ay diagnostic apparatus, and specialized
equipment such as laser surgical equipment Commercialized
products such as dumbbell and consumer sphygmomanomster
were also awarded at the same time. Among them, four overseas
manufacturer’s products were also awarded.

3.3 Spread of Medical design - 1998

Total number of awarded products of iF design award was 394,
Number of awarded medical equipment among them was 27,
Awarded products were compiised of X-ray diagnostic apparatus
and laser surgical equipment always awarded in the past In
addion, we can focus on the point that artificial heart ung
apparatus, directly finked to iife, is also awanded. Equipment based
on QOL of patient such as rehabitation apparatus and wheslchaiy
is also targeted for the award.

And the number of products awarded for G mark was 855,
Medical equipment was categorized as "Ciinfc, Health and welfare®
category this year. Number of products awarded in this category
was 37. Product awarded a good design gold prize, evaluated as
excellent design, was automated teller maching; a product different
from so-called medical equipment was highly evaluated. Some
imaging systems were awarded, however, mixture of products
categorized in welfare apparalus such as hearing aid and Braille
plate, and hospital faciity such as nurse call were awarded,

The total number of awarded products of MEDA started this
year was 18, Awarded producis were comprised of apparatus
related to physical Invasiveness such as syringe pump and Infusion
device. This award is unique in presenting award fo porlable
stretcher related to emergency medical care, which Is different from
other awards.

3.4 During recent year - 2007

- Total number of awarded products of iF award increased greatly to

754. Medical equipment, welfare apparatus, etc. were integrated
this year into Medical + heatth care category, and 20 products were
awarded. Awarded products were comprised of various products
such as imaging system, joint supporter, in vitro clinical test
equipment, medical information monitor. Products manufactured by
Japanese manufacturers were also awarded. Equipments directly
related to medical treatment awarded include only incubator;
relatively more products categorized as welfare apparatus were
awanded. .

In G mark, medical equipment and welfare apparatus were
categorized In different categories this year. Total number of
awarded products was 1043, among which 20 products were
awarded in facilities, and systems for medical institutions category.
Awarded products were comprised of the existing imaging system,
however, products based on the needs of heatthcare professionals
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such as tape holder were awarded. A product in very limited
category such as bone clamp used for operation by a doctor was
entered and awarded. It Is unique that design of medical system is
glso among the target of award in a new frontier design category,
which s different from faciiities, and systems for medical institutions.

Total number of awarded products in MEDA was 18. The
awarded products were comprised of brain surgical apparatus as
well as facility in a hospital such as in vitro clinical test equipment. it
is marked by evaluating advanced medical care and equipment for
fts pupose.

4, Discusslon

4.1 Comparison of awarded products in each design
award by perlod

Throughout all the period, advanced and valuable imaging system
is awarded. As performance of such system is improved In a cycle
of several years, the design is renewed in each case, which
snables consecutive award winning in simiar equipments.

Gemman F award Is profound In evalusting design of
advanced products such as electronic equipment irespective of the
early period of design award In 1854.

In 1984, medical equipment category in iF award is stagnant,
and it is peculiar that only one company was awarded. Meanwhile,
from this year in Japan, not only general consumer products but
also medical equipment and hospital faclity were targeted for
evaluation, which shows the expansion of design field related to
heslth such as from imaging system to dumbbell in several
manufacturers.

In 1938, wheelchair was awanded in IF award. It is assumed
that not only providing product simply equipped with required
function but also designing of the product has become improved. In
Japan, there is no award winning of products directly related to
human Ife such as medical freatment equipment Mearwhile, in
foreign countries, relation of maturity in design and heafthcare in
each country can be seen in the fact that artificial heart lung and
surgical instrument were awarded.

From 2007, not only products used in hospital but elso
equipments used in each scene of dally living are designed. The
fact shows the beginning of reflection of needs that keeps good
health in everything in one’s [ife.
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4.2 Future perspective of design for medical equipment
Number of awarded design of equipment related fo medical
freatment s few from the beginning. With harsh evaluation required,
improvement of evaluation method for advanced approach as well
as tightening selection method in design award Is considered .
necessary. As a resull, treatment process and its related
equipment/system may become awarded with design award for
medical care itself.

5. Conclusion - Recent development of medical
equipment category in each country

Evaluation for new treatment method and device can be seen in
America. Products based on the needs of healthcare professionals
are coming in Japan. New design area Is being established in
medical equipment and in a scene of daily ife In Germany.

However, there are few awards winning for surgical
instruments, etc. Introduction of design for equipment refated to
treatment is required. Although system design for medical care is
different from one nation to another, evaluaion of medical
equipment, ete. should be performed through intemational design
award. In addition, the deslgn, which promotes medical care in
dsveloping countries, should be implemented, and the system
should promote it by holding design award,
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Background

Treatment for patients with severe end-stage cardiac failure dye
to a heart disease includes "heart transplantation” based on the
Braln Death and Organ Donation Law and "arificial hea
implantation®. However, social issues conceming lack of hearts
to be donated and ethical situation of the society remain in the
former. Thus, development of artificial hearts has been
anticipated.

At present, artificial hearts are roughly divided into two;
*assistant artificial hear" and “total arfificial heart”. The formeris
fitted for the purpose of assisting the pump function in the leftor
right heart or both while preserving the natural heart of the
patient. The latter, in contrast, is implanted in the place of the
natural heart that has been taken out. Development of artificial
hearts has a long history in comparison to other artificial organs
but no definite conclusion or solution has. been reached yel.
They have been developed mainly by cooperation of medicine
and engineering and infroduction of design has been neglected
completely. Design methodology is "an approach b
manufacture a product together with the techniques and
knowledge to be materialized” and the design methodology
alone cannot achieve final production. Engineering technology
is essential for Industrialization. In other words, it Is an approach
that enables academic cooperation with other fields.

This study is intended to supplement what lacks in the
present cooperation of medicine and engineering and to
propose a new development system by smoother cooperation
focusing to design by introducing the design methodology to the
development of ariificial hearts, especially to advance
materialization of "total artificial heart".

Method ¥

Based on the research and development of artificial hearts s0
far and actual historical events, hypothesis will be formulated
assuming that the "design methodology” was introduced afready
to the artficlal hearts developed in the past. From the
hypothesls, excesses and shortages found in the research and
development as well as materialization will be extracted 0
discuss and examine how to introduce the design methodology.

The design methodology used here refers to all imaginary
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