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We validated the calculation accuracies and times between the pencil beam algorithm (PBA) and
the Monte Carlo (MC) algorithm in the new proton pencil beam scanning system. Thirty-three
(homogeneous phantom) and three (heterogeneous phantom) uniform-dose plans were verified
for cubic targets. These plans were calculated using the PBA and five MC statistical uncertainties
of 0.3%, 0.5%, 1.0%, 1.5%, and 2.0%. We also evaluated the required dose calculation times per beam
with the statistical analysis. Then, eight clinically realistic beams were validated as the end-to-
end test. The dose differences of 0.3% and 0.5% uncertainty MC plans were satisfied our tolerance
(< =3.0%). All five uncertainty MC plans improved at least the average/minimum gamma score
from 93.8%/33.5% to 98.5%/88.9% for homogeneous (2%/2 mm) and 96.7%/83.9% to 98.8%/94.1% for
heterogeneous (3%/3 mm) than PBA plans. However, the average calculation times of 0.3% and 0.5%
uncertainties in MC plans were 15.5 and 5.8 times longer than in PBA plans (p < 0.001). The end-
to-end tests satisfied the acceptable with a statistical uncertainty of MC below 0.5%. Although the
dose calculation times would be significantly increased, we suggest that the statistical uncertainty
of MC below 0.5% is appropriate for clinical use with PBS plans.

Key words: proton beam therapy, pencil beam scanning, commissioning, Monte Carlo, pencil beam
algorithm
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Fig. 1. Schematic of our pencil beam scanning treatment nozzle.

by continuously varying energies and magnetically
irradiating spots with unique intensities and positions in
lateral planes®. This new system also can provide better
dose conformity than conventional passive scattering
system with compensators, modulation devices, or
collimators®¥.

Currently, there are two main PBS dose calculation
algorithms in the clinical treatment planning system
(TPS), namely the pencil beam algorithm (PBA) and the
Monte Carlo (MC) algorithm®®. The PBA is based on an
analytical algorithm and can calculate the dose distribution
effectively and quickly”. Several studies have suggested
that the dose agreement between measurements and the
PBA calculations deteriorates for plans including a range
shifter (RS)®?. These discrepancies are due to the lack
of proper modeling of the secondary protons, which may
be induced by the beam passing through the air between
the RS and the patient surface. Several reports have also
concluded that the dose accuracy of the PBA deteriorates
in heterogeneous regions such as skull base, lungs, and
implant sites'*?, Meanwhile, the MC dose calculation
requires the tracking of individual particle trajectories
and random sampling of the interaction cross-section
data. The statistical nature of the MC dose scoring
results in variations in the output dose distribution based
on the number of particle histories in the simulations'®.
Although the MC algorithm can calculate doses in
heterogeneous regions with higher accuracy, it requires
a longer calculation time than that of the PBAY. The MC
algorithm requires the statistical uncertainty to be set,
which is one of the parameters involved in calculating
the transport of particles stochastically. Varying the
statistical uncertainty causes differences in dose
distribution and calculation time'”. The PBA and MC
used in this study were calculated by the RayStation TPS
(RaySearch, Stockholm, Sweden), which can calculate
dose distribution using both the PBA (version 6.2) and the
MC (version 7.0) algorithms and details of the PBS beam
calculation model can be found in the reference manual.

Our new PBS proton therapy system, MELTHEA V

(Hitachi, Ltd., Tokyo, Japan), was installed at Tsuyama
Chuo Hospital in January 2016. Although various PBS
machine vendors, such as IBA, Varian, Sumitomo, and
Mevion, no report is observed on the validation of Hitachi's
PBS system installed in our hospital'”?”, The current
proton therapy system which the Mitsubishi Electric
Corporation originally developed, was used in this study.
And the only research on Monte Carlo calculations for
Mitsubishi proton systems was reported by Yamashita ef
al. using conventional passively scattered proton beams?.
Further, many studies have used a statistical uncertainty
of 0.5% for MC plans in the TPS, but the reference
manual and other reports do not state which statistical
uncertainty is preferable'6 2%,

In this study, we introduced our new proton therapy
system firstly. Then, we compared beam commissioning
results for PBS using the calculations from the commercial
PBA and MC algorithms under various statistical
uncertainties for homogeneous and heterogeneous
phantoms. To enable the clinical application of the
MC algorithm, we evaluated the appropriate statistical
uncertainty in terms of dose calculation accuracy and
dose calculation time.

2. Materials and methods

2.1. Proton beam delivery system

Our PBS machine comprises a synchrotron and gantry
room equipped with a dedicated nozzle. The PBS
irradiation method is a raster scanning technique, similar
to step-and-shoot spot scanning; however, the beam in
PBS does not turn off when moving between spots* %,
The PBS system has 92 energies that span from 70.7 to
235.0 MeV with the beam ranges of 40.0 to 340.0 mm
in water. To irradiate depths of less than 40 mm, a pre-
absorber called the offset RS may be inserted downstream
of the nozzle (Fig. 1). These RSs are prepared with a
range of 60 to 66 mm water equivalent thicknesses
(WET). Six additional RSs with a 1 to 6 mm WET are
also available to adjust the high-energy beam range.
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Fig. 2. Screenshots of representative verification plans for (A) homogeneous, (B) heterogeneous, (C)
MultiTarget, (D) C-shape, and (E) Head and Neck phantoms.

The snout of the nozzle can move in the beam direction
to get as close as possible to the patient’'s surface. This
nozzle includes a multi-leaf collimator (MLC) to create a
collimated PBS field area.

2.2. Monte Carlo dose calculations in the TPS
This section describes the MC dose engine for proton
PBS in the TPS. The MC calculation needs to model the
physical processes involved. The MC code transports
primary protons and secondary ions such as protons,
deuterons, and alphas. Primary and secondary protons use
a class II transport method. The heavier secondaries are
transported only considering energy loss in a continuous
slowing down approximation (CSDA), while nuclear
absorption, multiple coulomb scattering (MCS), and
energy straggling are thus neglected for the secondary
deuterons and alphas. The modeling code consists of four
items: stopping power, energy loss straggling, MCS, and
nuclear interactions.

The stopping power model is used based on the well-
established Bethe-Bloch formula as follows:
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where, E, Zi, wi, and A; are the kinetic energy of the
protons, the elemental composition in atomic number,
weight, and mass, respectively. The p, 1, u, ¢, m., m,, and
¢ are the mass density, mean ionization energy of the
medium, anatomic mass unit, speed of light, electron
mass, proton mass, and elementary charge, respectively.
The energy loss straggling is calculated by the classic

Bohr expression as follows:
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This expression considers a Gaussian energy loss
distribution after traversing a slab thickness (Az). The
standard deviation of the straggling is given by Bohr
using Eq. (3) and (4). The 7. in Eq. (3) and Eq. (4) indicate
the target total electron density.

The modeling of MCS is based on the Goudsmit-
Sanderson method?® ??, This method includes the
angular deflection from an angle probability distribution,
Rutherford cross-section, and sampled random hinge step
for electron/positron transport.

The MC dose engine considers three nuclear
interaction processes: the non-elastic reactions (secondary
protons, deuterons, and alpha), elastic proton of proton
scattering, and nucleus scattering. The TPS uses a data
library with pre-stored tables of the quantities needed
to consider non-elastic reactions provided in the ICRU
63 report?®®. The process of the elastic proton (proton
scattering) is modeled as a nuclear force (catastrophic
event). The elastic proton (nucleus scattering) is modeled
as a non-catastrophic event and is embedded in the
calculation of MCS. The other details of MC codes are
described in the reference manual'®,

2.3. Verification plans

Thirty-three uniform dose plans were created by the TPS
for simple cubic targets with various field sizes, beam
ranges (target depths), number of energy layers, and
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spread-out Bragg peak (SOBP) widths in a homogeneous
water phantom without the MLC®. The 20 plans did not
use any RS (RS-), and the remaining 13 plans inserted
RSs (RS+) with a 60 mm WET. In the 13 RS+ plans, the
air gaps were set to 100 mm, except for the beam where
the nozzle collided with the water surface. For all plans,
the field sizes were varied from 30 to 152 mm? The SOBP
widths were determined to range from 30 to 300 mm.
Figure 2A shows a screenshot of the representative dose
distribution of cubic plan in the water phantom. The
homogeneous plan with the RS was optimized for a target
with a field size of 120120 mm? and a SOBP width of 120
mm. Then, to validate heterogeneous regions, three plans
were created for a CT with solid water, bone, and lung
phantom (Tough Water, Tough Bone, and Tough Lung,
Kyoto Kagaku, Kyoto, Japan) as shown in Fig. 2B. There
is a 20 mm thick water area from the surface, and a bone
phantom (40 mm width and 20 mm thick) is contained
in a 70 mm thick lung phantom. The plan was optimized
for a target with a field size of 80 X 80 mm? and a SOBP
width of 70 mm. Then, sufficient thickness solid water
phantoms are placed distal to the lung phantom.

In PBS, pencil beams are placed at regular intervals
to create a uniform dose distribution. The spot spacing
depends on the pencil beam size (spot sigma) of each
energy (layer), and it varies with the beam characteristics
of the treatment machine®. Typically, the default spot
sigma is set as 1.0. However, the value can be changed
with the complexity of the plan. Therefore, in both our
homogeneous and heterogeneous plans, the spot spacing
was determined arbitrarily within the range of 0.5-1.0
sigma. The prescribed doses ranged from 1.0 to 2.0 Gy
(relative biological effectiveness [RBE]) with 50% of each
target volume. The dose calculation grid was 2.0 mm
for all plans. All beams consisted of a 0° gantry angle,
and the isocenter was set at the center of each SOBP.
All plans were optimized using the PBA (version 6.2),
and the final doses were calculated using PBA and MC
(version 7.0). The reason for optimizing with PBA for all
plans is that only PBA could be calculated in the TPS
(version 6.2) when the beam verification was performed.
As the statistical uncertainties of the MC plans were
used 0.5%, 1.0%, and 2.0% according to several papers, we
determined the uncertainties in the range of 0.5% to 2.0%
at 0.5% intervals, and added 0.3% uncertainty as a set value
lower than 0.5%*-%. Thus, the five statistical uncertainties
consist of 0.3%, 0.5%, 1.0%, 1.5%, and 2.0%. In this report,
these uncertainties are denoted as MC_0.3%, MC_0.5%,
MC_1.0%, MC_1.5%, and MC_2.0%, respectively. Then,
the required final dose calculation times of 33 cubic plans
(from completion of spot optimization to end of dose
calculation) were measured using TPS scripting for the
six algorithms. The TPS computer used was an Intel®
Xeon® with an E5-2667 v3 3.20 GHz CPU.

2.4. Clinically realistic plan verifications

To validate clinically realistic PBS beams, we created
three plans in the MultiTarget, C-shape, and Head and
Neck phantoms of the American Association of Physics
in Medicine (AAPM) Task Group Report (TG-119)*.
These plans consist of two, three, and three beams for
the MultiTarget, C-shape, and Head and Neck phantoms,
respectively. All plans were created by the multi-field
optimization (MFO)3*». The MFO is used to create
clinically advanced PBS plans, which optimizes the spots
on all beams simultaneously, producing a very conformal
dose distribution in the sum of all MFO beams. Thus,
individual MFO beams are non-conformal, resulting
in steep dose distributions. The TPS optimization
automatically selected the RSs. The prescribed doses
were 50 GyRBE in 25 fractions for all plans. The
MultiTarget and Head and Neck plans could satisfy all
dose constraints of the targets and OARs in Table II
and Table IV in Ref. 28, respectively. The C-shape plan
was satisfied with the hard constraints (10% volume to
receive less than 10 GyRBE) of the core OAR and 95% of
PTV to receive 50 GyRBE. The spot spacing (1.0 sigma),
optimization algorithm (PBA), final dose calculation
(PBA, MC_0.3%, MC_0.5%, MC_1.0%, MC_1.5%, MC_2.0%),
and calculation grid (2.0 mm) were the same as for the
cubic plans. For the validation of the plans in water, the
eight beams of TG-119 plans were copied to the same
homogeneous phantom that was used as the cubic plans.
The isocenter was determined to be the center of the
SOBP for each beam. Figure 2C-E shows the screenshots
in the TPS for the three TG-119 plans. Table 1 also shows
the beam characteristics of verification plans for the 33
homogeneous, three heterogeneous, and eight TG-119
plans.

2.5. Beam measurements
Verification measurements for homogeneous and TG-
119 plans were performed with the depth doses, lateral
profiles, and absolute doses at the isocenter. We measured
only lateral profiles for the heterogeneous plans. The
depth doses were measured using a 3-dimensional (3D)
water phantom (MP3-M, PTW, Freiburg, Germany),
six ionization chambers (Type 31015, PinPoint, PTW,
Freiburg, Germany) with a dedicated attachment,
and a multi-channel electrometer (MULTIDOS, PTW,
Freiburg, Germany). The calibration factor of six
PinPoint chambers was obtained in the 141.2 MeV mono-
energetic square fields of 102 mm? with a spot spacing
of 3.0 mm and at a depth of 25 mm. The measured doses
and planned doses were analyzed by the gamma index
method® (3%/3 mm and a dose threshold of 10% of the
maximum planned dose) with an in-house python-based
software.

To measure 2-dimensional (2D) dose distributions
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Table 1. Field parameters of verification uniform dose plans for 33 homogeneous, three heterogeneous, and eight TG-119 plans.

Phantom type Number of plans/ Field sjze Energies SOBP width Isocenter RS
Beam name (mm?) MeV) (mm) (mm) (mm)

Homogeneous 1 152 70.7-235.0 300 187 0.0

2 150 70.7-235.0 150 112,263 0.0

3 100 70.7-235.0 100 88,190,289 0.0

5 50 70.7-235.0 50 65, 124, 184, 246, 309 0.0

9 30 70.7-235.0 30 52, 85,117, 149,183, 217, 251, 284, 321 0.0

1 152 89.8222.1 250 124 60.0

2 120 89.8-222.1 120 57,187 60.0

3 80 89.8-222.1 80 38,121, 206 60.0

7 30 89.8-222.1 30 15, 48, 85, 119, 155, 194, 231 60.0

1 80 99.0-157.6 70 155 0.0

Heterogeneous 1 80 147.0-194.1 70 230 0.0

1 80 141.2-1749 40 200 0.0

MultiTarget 1 104.9-143.1 105 5.0

MultiTarget 2 100.4-139.3 105 0.0

C-shape 1 72.1-1115 50 40

TG-119 C-shape 2 Planned value 128.7-170.4 Planned value 120 5.0

C-shape 3 128.7-1704 120 4.0

Head and Neck I 103.4-166.1 75 60.0

Head and Neck 2 111.5-182.0 75 62.0

Head and Neck 3 113.2-184.4 75 64.0

conveniently with absolute doses, the lateral dose profiles
were measured using a 2D ion chamber detector array
(OCTAVIUS 729 XDR, PTW, Freiburg, Germany) and the
Tough Water, Tough Bone, and Tough Lung phantoms.
We measured four lateral planes per beam at the plateau
(25 or 50 mm for the homogeneous plans, 100 mm for
the heterogeneous plans, and 11 or 25 mm for the TG-
119 plans), proximal, middle, and distal planes. The total
measurements consisted of 128 (80 and 48 planes for
the RS- and RS+ plans, excluding plateau planes with
the four RS+ plans with no plateau regions),12, and 32
planes for the homogeneous, heterogeneous, and TG-119
plans, respectively. The measured lateral profiles were
also analyzed using the gamma index at 2%/2 mm or
3%/3 mm and a dose threshold of 10% of the maximum
dose. The gamma pass rate (gamma score) tolerance of
lateral profiles was determined based on the AAPM Task
Group 185*®. The tolerances of more than 98% at 2%/2
mm for the homogeneous plans and 95% at 3%/3 mm for
the heterogeneous and TG-119 plans were allowed for the
lateral profile for each measurement plane.

The absolute doses at the isocenter were measured
using the MP3-M and an ionization chamber Type 31013
(Semiflex, PTW, Freiburg, Germany). A factor of 1.1,
considering RBE, scaled up the values. The absolute dose
differences (DDs) were calculated between the measured
and calculated doses using Eq. (5). The Dmeas and Deaic
indicate the measured and calculated doses, respectively,
and a positive value for DD indicates that the measured
dose is higher than the calculated dose. Based on the
report of beam commissioning with the MC algorithm

for different PBS systems with the same TPS, a DD of
less than +3% was allowed for the absolute DDs for six
algorithm plans™.

(Dmeas - Dmlc)

° - 100 x Dcalc

(%). ()

2.6. Statistical analysis

‘We analyzed the Steel method to perform the nonparametric
multiple comparisons of five MC plans against the PBA
plans such as the gamma scores of the lateral profiles
with the RS- and RS+ plans, absolute DDs, and calculation
times. The statistical analyses were performed by the
EZR (Easy R) version 1.54 (Jichi Medical University,
Saitama, Japan). A p-value of less than 0.05 was considered
as statistically significant.

3. Results

Figure 3 shows the representative depth dose results
for the PBA and MC algorithms under five statistical
uncertainties. The plan was passing through the RS when
all the energy is irradiated, result in causing a 60 mm
range shift. This plan includes a beam range of 277 mm,
SOBP width of 250 mm, and field size of 152x152 mm?
This plan was the all SOBP regions from the surface to
the distal fall-off. Each title represents the name of the
selected dose calculation algorithm. The calculated depth
dose of the RS+ plan using PBA was overestimated at
less than 50 mm depth regions, particularly at shallower
depths. Table 2 shows the summary of gamma scores for
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Table 2. Validation results for the six dose algorithms, which consist of the average/median (minimum-maximum) gamma scores of depth doses
and lateral profiles at 2%/2 mm and 3%/3 mm for the homogeneous and TG-119 plans, and the gamma scores of lateral profiles at 3%/3 mm for the

heterogeneous plans.

Depth doses Lateral profiles
Average/Median (Min-Max) Average/Median (Min-Max)
Homogeneous TG119 Homogeneous Heterogeneous TG-119
at 3%/3 mm(%) at 3%/3 mm(%) at 2%/2 mm(%) at 3%/3 mm(%) at 3%/3 mm(%)
PBA 89.4/931 87.9/91.3 93.8/99.7 96.7/100.0 87.9/91.3
(11.1-100.0) (51.7-100) (33.5-100.0) (83.9-100) (51.7-100)
MC 0% 95.7/100.0 97.8/100 98.5/100.0 98.8/100.0 97.8/100
- (70.0-100.0) (91.7-100) (88.9-100.0) (94.1-100) (91.7-100)
MC 05% 95.6/100.0 97.2/100 98.5/100.0 98.8/99.6 97.2/100
- (58.0-100.0) (91.3-100) (90.0-100.0) (94.1-100) (91.3-100)
MC 10% 94.5/100.0 97.8/100 98.7/99.7 99.2/100.0 97.8/100
- (70.0-100.0) (91.7-100) (91.2-100.0) (95.6-100) (91.7-100)
MC 15% 91.0/95.8 90.6/93.2 99.0/100.0 99.7/100.0 90.6/93.2
- (38.9-100.0) (69.6-100) (94.0-100.0) (98.4-100) (69.6-100)
MC 2.0% 86.9/90.3 84.9/84.8 99.4/100.0 99.9/100.0 84.9/84.8
- (38.9-100.0) (69.6-95.7) (95.6-100.0) (99.3-100) (69.6-95.7)

the depth doses and lateral profiles. For the homogeneous
depth dose results, the average/median gamma scores at
3%/3 mm were 89.4%/93.1%, 95.7%/100.0%, 95.6%/100.0%,
94.5%/100.0%, 91.0%/95.8%, and 86.9%/90.3% for PBA,
MC_0.3%, MC_0.5%, MC_1.0%, MC_1.5%, and MC_2.0%,
respectively. For the PBA plans, the gamma score of
the depth doses at 3%/3 mm averaged less than 90%. At
uncertainties below MC_0.5%, the average gamma scores
exceeded 95% at 3%/3 mm. The average gamma scores
of depth doses were decreased with increasing statistical
uncertainty.

For the homogeneous plans, the average/median
gamma scores of 128 lateral profiles at 2%/2 mm were
93.8%/99.7%, 98.5%/100.0%, 98.5%/100.0%, 98.7%/99.7%,
99.0%/100.0%, and 99.4%/100.0% for PBA, MC_0.3%,
MC_0.5%, MC_1.0%, MC_1.5%, and MC_2.0%, respectively.
The average gamma score of MC plans was improved by

at least 4.8% to that of the PBA plans. All the MC plans
exceeded 90.0% gamma scores except for MC_0.3%. Table
3 shows the summary of average/median (Score ranges)
gamma scores of 80 and 48 lateral profiles for the RS-
and RS+ plans, and multiple comparison results between
the PBA and five MC plans. In the RS-plan, the gamma
scores of all MC plans were not significantly different
from those of PBA. Meanwhile, the MC plans in the RS+
plans had significantly better gamma pass rates than the
PBA plans except for MC_1.0% (p < 0.05). Contrary to the
results of the depth doses, the gamma scores of lateral
profiles in homogeneous plans improved with larger
statistical uncertainty.

Figure 4 shows the representative lateral profile
comparisons at the isocenter between the measurements
and calculations in the heterogeneous phantom. The
top two rows represent 2D dose distributions for six
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Table 3. Summary of the average/median (minimum-maximum) gamma scores of 80 and 48 lateral profiles for the RS- and RS+ plans, and multiple
comparison results between the PBA and five MC plans. The * and ** marks indicate statistically significant differences of p < 0.05 and p < 0.01,

respectively.
80 lateral profiles of RS- (%) 48 lateral profiles of RS+ (%)
Average/Median (Min-Max) p value Average/Median(Min-Max) p value
PBA 95.8/100.0 (38.3-100.0) - 90.6/99.1 (33.5-100.0) -

MC_0.3% 98.4/100.0 (89.7-100.0) 0.872 98.7/100.0 (88.9-100.0) 0.006 **
MC_0.5% 98.4/99.8 (90.0-100.0) 0.995 98.8/100.0 (90.9-100.0) 0.034 *
MC_1.0% 98.7/99.7 (92.2-100.0) 0.945 98.7/99.7 (91.2-100.0) 0.189
MC_1.5% 99.0/100.0 (95.6-100.0) 0.539 99.0/100.0 (94.0-100.0) 0.047 *
MC_2.0% 99.3/100.0 (96.0-100.0) 0.253 99.5/100.0 (95.6-100.0) 0.001 **
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as the statistical uncertainty increases. The minimum/
average gamma scores of 12 lateral profiles at 3%/3 mm
were improved at least from 83.9%/96.7% for the PBA
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with other statistical uncertainties also improved their
gamma scores over the PBA plans, especially for the RS+
and heterogeneous plans.

Figure 5 shows the representative verification results
of three TG-119 beams between the measurements
and calculations with MC_0.3% for (A) MultiTarget,
(B) C-shape, and (C) Head and Neck plans with the
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Fig. 5. Representative TG-119 beam’s verifications of between the measurements and calculations for (A) MultiTarget, (B)
C-shape, and (C) Head and Neck plans with MC_0.3%. The rows 1, 2, 3, and 4 show the 2D calculated doses, 2D measured doses,
gamma distributions at 3%/3 mm (gamma scores were shown in each title), and lateral profiles comparisons between the measured
(scatter) and calculated (plots) doses at the black horizontal line in the 2D dose distribution.

2D calculated doses, 2D measured doses, gamma
distributions at 3%/3 mm, and lateral profiles comparisons
between the measured and calculated doses at the
black horizontal lines in the 2D dose distributions. The
average/median gamma scores of 32 lateral profiles at
3%/3 mm were improved at least from 87.9%/91.3% for the
PBA plans to 97.8%/100.0% for the best one, the MC_0.3%
plans.

Figure 6 shows the absolute DDs at the isocenter
between the measurements and calculations for the six
dose algorithms in the homogeneous and TG-119 plans.
The black, red, and blue scatter indicate the RS-, RS+,
and TG-119 plans, respectively. The blue lines in each
figure indicate our absolute dose error tolerance of =+ 3%.
No trends in absolute DDs were observed for five MC
algorithms due to the difference in measurement depths.
Most RS+ plans of PBA do not appear to have a measured

depth-dependent trend of DD compared to the RS-
plans. However, the DD was worse at -6.7% for the plan
measured at the shallowest depth of 15 mm (Fig. 6 top
left). Table 4 shows the summary of absolute DDs and
multiple comparisons. The minimum/maximum absolute
DDs were -6.7%/2.8%, -2.0%/2.7%, -2.4%/2.9%, -4.1%/4.3%,
-3.1%/5.3%, and -6.5%/8.1% for PBA, MC_0.3%, MC_0.5%,
MC_1.0%, MC_1.5%, and MC_2.0%, respectively. Only the
MC_0.3% and MC_0.5% plans had a satisfactory DD less
than £3.0%. No significantly average DDs were observed
between the PBA and five MC plans (p > 0.05), but the
standard deviation of the DDs gradually expanded as the
uncertainty increased.

Table 4 also shows the summary of average dose
calculation times, the ratio to PBA plans, and multiple
comparison results. The average dose calculation times
per beam were 0.6, 9.3, 3.4, 1.0, 0.5, and 0.3 minutes
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Table 4. Summary of the average * standard deviation (Av.*SD) absolute DDs, mean dose calculation times, mean time ratios of MC plans
compared to that of PBA plans, and the multiple comparisons for DDs and dose calculation times between the PBA and five MC plans. The values
in parentheses indicate the minimum and maximum ranges. The * and ** marks indicate statistically significant differences of p < 0.05 and p < 0.01,

respectively.
Absolute dose differences (%) Mean calculation time (min)
. . Ratio to PBA time
Av.=SD (Min-Max) p value Av.=SD (Min-Max) (Min-Max) p value
PBA -0.1+15 (-6.7-2.8) - 06=0.8 (0.1-3.6) 1.0 -
MC_0.3% 03+1.1(2.0-2.7) 0.797 93+11.1 (1.242.1) 15.5 (6.7-37.0) <0.001 **
MC_0.5% 03+1.2 (-24-29) 0.811 34+41 (0515.3) 5.8 (2.6-13.6) <0.001 **
MC_1.0% 03*1.7 (4.143) 0.998 10+11 (0.24.2) 1.7 (0.8-3.7) 0.020 *
MC_1.5% 0.5+2.0 (-3.1-5.3) 0.927 05+0.5 (0.1-2.0) 0.8 (0.4-2.0) 0.774
MC_2.0% 0.0+29 (-6.5-8.1) 0.921 03+03 (0.1-1.3) 0.5 (0.2-2.0) 0.992
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Fig. 6. Absolute DDs at the isocenter for 33 cubic and eight TG-119 plans as a function of measurement depth for six algorithms.
Each title represents the name of the dose calculation algorithm used. The black, red, and blue scatters indicate the RS-, RS+, and
TG-119 plans, respectively. The blue lines in each figure indicate our absolute DD tolerance of +3%. The average and standard
deviation (minimum-maximum) of DDs is shown in the upper right corner of each graph.

for PBA, MC_0.3%, MC_0.5%, MC_1.0%, MC_1.5%, and
MC_2.0%, respectively. The average dose calculation
times were 15.5, 5.8, 1.7, 0.8 and 0.5 times for MC_0.3%,
MC_0.5%, MC_1.0%, MC_1.5%, and MC_2.0% longer than
that of PBA. The average dose calculation times were

not significant at MC_1.5% (p =0.774) and MC_2.0%
(p=0.992), and increased significantly at MC_0.3% (p <
0.001), MC_0.5% (p < 0.001), and MC_1.0% (p = 0.020) than
that of PBA.
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4. Discussion

In this study, we validated the clinical beam
commissioning of our new PBS system that comprises
both PBA and MC dose calculation engines. We also
compared the calculation accuracies of MC, which can be
used as an alternative to PBA. Saini ef al. reported that a
beam calculated by PBA with a range of less than 30 mm
causes dose overestimation (up to 8.0%) in the plateau
region and within the SOBP*. Similar to the report, our
RS plan with PBA less than 30 mm beam ranges led to a
large dose discrepancy of -6.7% in the absolute DD (Fig.
6 and Table 4). Our MC plans with five uncertainties
showed that all absolute dose overestimations were
improved in the ranges of 2.0%-3.3% for the RS+ plan
less than 30 mm ranges. Thus, more significant dose
overestimation will occur in our PBA plans, especially for
the RS+ plans (Table 3). These PBA dose overestimations
are caused by the nuclear halo, which occurs when air
passes between the RS and patient surface®.

The previous report showed that the gamma scores
of lateral profiles at 3%/3 mm were improved from 70.7-
85.3% for the PBA plan to 92.0-99.1% for the MC plans
in a realistic lung (heterogeneous) phantom®. Widesott
et al. also showed that the MC-calculated beams had all
more than 95% gamma scores of lateral profiles at 3%/3
mm for 0 degree and oblique gantry angle beams in a
realistic head phantom®”. Our results showed that all
MC algorithms as an alternative to the PBA satisfied the
average gamma scores for the lateral profiles of 98% at
2%/2 mm for homogeneous plans and 95% at 3%/3 mm for
heterogeneous and TG-119 plans. As the heterogeneous
plans were created assuming treatment through the
chest wall, we showed that the MC plan calculations are
useful even in the border between the lung and bone. The
gamma analysis of the 2D dose distribution resulted in an
improved gamma score for larger statistical uncertainty
for the homogeneous and heterogeneous plans (Table 2).
The reason why that the gamma analysis of Monte Carlo
dose distributions may underestimate the gamma scores
is because both the Distant-To-Agreement (DTA) and
the gamma functions are sensitive to noise (variations
due to different statistical uncertainties)*”. However,
the gamma scores of TG-119 plans deteriorated when
the statistical uncertainty of more than 1.0%. Thus, the
statistical uncertainty of MC at least below 1% is desirable
for the use of patient fields in terms of the lateral profile
agreements between the calculations and measurements.

Our absolute DDs showed that the MC_0.3% and
the MC_0.5% plans were satisfied both ICRU 24 (less
than =£5.0%) and our tolerance (less than +3.0%) for all
measurements depths®. According to our validation
results, similar to the statistical uncertainty often used
in previous reports, the dose calculations were in good

agreement with the measurements if the statistical
uncertainty was used below 0.5% for our PBS system® 2,
The statistical analysis showed no significant difference
between the PBA and five MC plans. However, a more
significant statistical uncertainty will result in a larger
maximum and standard deviation of the absolute dose,
which is an expected tendency of the MC computational
nature®. Therefore, an increased statistical uncertainty
is expected to deteriorate the target uniformity and dose-
volume histograms of the PBS plans by contributing to
the target uniformity.

The dose calculation times were compared between
the PBA and the MC_0.5% plans in different PBS
machines with the same TPS; the average calculation
time of the MC plans increased 5.7 times longer than that
of PBA plans®. Our average time ratio of the MC_0.5%
plans to the PBA plans was similar to their results (5.8
times). Although our MC calculations were longer than
those of the PBA, the MC calculation time of the TPS is
faster than other in-house MC codes, which takes more
than eight hours®. As shown in our results for various
uncertainties, the calculation time to get better dose
calculation accuracy (lower statistical uncertainty) is a
trade-off. Considering the results of our validations in
the PBS system, the statistical uncertainty of below 0.5%
was desirable to perform clinical use even if the time is
significantly extended. Recently, a new version of the
TPS with a GPU-based dose calculation engine has been
developed®®. We expect that the abovementioned trade-
off between the calculation time and calculation accuracy
will be reduced.

Two limitations were identified in the present study.
First, we performed dose verification using a 2D ionization
chamber that has a more widely spaced ionization
chamber of 10 mm. The verification results may differ
when measured using a radiochromic film with a higher
resolution. Second, no verification was performed on the
dose distributions owing to the differences between the
PBA and the MC plans, as all plans were optimized by the
PBA. The TPS could select both algorithms for the final
dose calculation and plan optimization, thereby optimizing
the beam spot position and MU. Several reports have
concluded that optimization by the MC algorithm is more
effective than that of the PBA for the lung and breast
treatment sites*”*®, Detailed plan evaluations will be
required for the PBS plan that was created for the MC
optimization and the MC final calculation.

5. Conclusion

We introduced the newly installed PBS proton therapy
system and performed beam commissioning before
clinical use. The MC plans with less than 0.5% statistical
uncertainties were in good agreements between



Yuki Tominaga et al. / Radiation Environment and Medicine 2023 Vol.12, No.1 53-64 63

the calculations and measurement and satisfied our
tolerances of absolute dose differences and lateral profiles.
However, the calculation times of below 1.0% statistical
uncertainty were significantly longer than that of the
PBA. We suggest that the MC plans below 0.5% statistical
uncertainty is appropriate for clinical use with PBS plans
even if requiring a longer calculation time.
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