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Abstract

Purpose: This work presents the validation of an analytical pencil beam
dose calculation algorithm in a commercial treatment planning system (TPS)
for carbon ions by measurements of dose distributions in heterogeneous
phantom geometries. Additionally, a comparison study of carbon ions ver-
sus protons is performed considering current best solutions in commercial
TPS.

Methods: All treatment plans were optimized and calculated using the RaySta-
tion TPS (RaySearch, Sweden). The dose distributions calculated with the TPS
were compared with measurements using a 24-pinpoint ionization chamber
array (T31015, PTW, Germany). Tissue-like inhomogeneities (bone, lung, and
soft tissue) were embedded in water, while a target volume of 4 x 4 x 4 cm?®
was defined at two different depths behind the heterogeneities. In total, 10 dif-
ferent test cases, with and without range shifter as well as different air gaps,
were investigated. Dose distributions inside as well as behind the target volume
were evaluated.

Results: Inside the target volume, the mean dose difference between calcu-
lations and measurements, averaged over all test cases, was 1.6% for carbon
ions. This compares well to the final agreement of 1.5% obtained in water at the
commissioning stage of the TPS for carbon ions and is also within the clinically
acceptable interval of 3%. The mean dose difference and maximal dose
difference obtained outside the target area were 1.8% and 13.4%, respectively.
The agreement of dose distributions for carbon ions in the target volumes
was comparable or better to that between Monte Carlo (MC) dose calculations
and measurements for protons. Percentage dose differences of more than
10% were present outside the target area behind bone—lung structures, where
the carbon ion calculations systematically over predicted the dose. MC dose
calculations for protons were superior to carbon ion beams outside the target
volumes.

Conclusion: The pencil beam dose calculations for carbon ions in RayStation
were found to be in good agreement with dosimetric measurements in hetero-
geneous geometries for points of interest located within the target. Large local
discrepancies behind the target may contribute to incorrect dose predictions for
organs at risk.
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1 | INTRODUCTION

The physical characteristics of light ions have great
potential to improve clinical outcomes in radiotherapy.
Except protons, only carbon ions are currently applied
clinically, with 13 centers in operation worldwide.'
Helium ions are expected to be the next ions species
being clinically explored.

The physical advantage of carbon ions over protons
is their reduced lateral scattering leading to a sharp lat-
eral dose fall-off around the target. While for protons
no dose is deposited behind the Bragg peak, for car-
bon ions projectile fragments from nuclear interactions
form a so-called fragmentation tail that contributes to
dose deposition behind target structures 23 Fluctuations
in the energy loss of individual ions (“energy straggling”)
lead to Bragg peak broadening and range uncertainties.
The energy straggling for protons is a factor 3.5 larger
than for carbon ions, resulting for protons in a broader
Bragg peak. For practical reasons so-called ripple filters
are typically inserted into the carbon ion beam line to
broaden the Bragg peak to some degree and reduce the
number of energy layers required to generate uniform
dose distributions within the target. Another important
aspect of carbon ions is that they are densely ionizing,
resulting in radiobiological advantage for hypoxic and
radioresistant tumors*° and which may even generate
stronger immunological responses® Clinical research in
carbon ion therapy is in an early stage.’> Even though
there are treatment sites which have predisposition to
benefit from carbon ions, clinical evidence is limited so
far*57 Better understanding of physical limitations and
radiobiological effects of carbon ion beams is necessary
to improve the clinical outcome of carbon ion therapy.

Dose calculation accuracy is an important aspect
in radiation oncology and benchmarking of algorithms
in the presence of heterogeneities that mimic clinical
scenarios are commonly performed irrespective of the
treatment technique®'# At present, numerous com-
mercial treatment planning systems (TPSs) are in use
for proton therapy among the most widely used are
RayStation (RaySearch Laboratories, Sweden), Eclipse
(Varian Medical Systems), Pinnacle (Philips), and XiO
(Elekta)." All of them provide analytical pencil beam
(PB) algorithms and some also a Monte Carlo-based
(MC) algorithm. The limitations of PB algorithms for
protons have been extensively studied,'® with well-
known shortcomings for heterogeneities, especially for
lung'7=1927.28 and treatments with a range shifter.'”20-2
These studies underlined the importance of upcom-
ing Monte Carlo dose calculation for routine clinical
treatment planning, particularly for scanned proton
beams.!*1522 PB algorithms represent the current
global standard for carbon ion therapy. Japanese cen-
ters use mainly the TPS XiO-N (ELEKTA and Mitsubishi
Electric), while European centers use either the TPS
Syngo RT planning (Siemens) or RayStation?® As far

as the TPS RayStation is concerned, PB algorithms
are implemented differently for proton and carbon
ion beams. To handle large scattering effects in the
presence of inhomogeneous boundaries parallel to the
beam direction, PB modeling for protons divides the
physical beamlet into 19 sub-spots. Calculations are
subsequently carried out for all individual sub-beams?*
The calculated range of individual sub-spots depends
on the material its central axis passes through. In other
words, in this step the respective materials are con-
sidered to be laterally infinite?® In contrast to protons,
carbon beams can be well described by the Gaussian
small angle approximation when traversing matter, and
no sub-spot division of the beamlet is therefore intro-
duced in the analytical PB model2® Even though the
lateral scatter for carbon ion beams is small, the dose
calculation performance might be, similarly to protons,
challenging in the target at the heterogeneous tissue
interfaces. Furthermore, the difficulties in modeling the
fragmentation tail have been previously reported and
might contribute to incorrect dose predictions for organs
at risk (OAR)?’ located at the distal end of the beam.

The focus of this work was twofold: First, to bench-
mark pencil beam dose calculations for scanned carbon
ion beams against measured dose distributions in het-
erogeneous phantom geometries for clinically relevant
materials. Besides setups with different air gaps, setups
with range shifter were studied for shallow target depths.
Apart from the dose inside the target, also the distribu-
tions behind the target were analyzed to study the dose
calculation accuracy for adjacent OARs and normal tis-
sue, respectively. Secondly, the results for carbon ions
were compared to PB and MC-based dose calculations
for protons.

2 | MATERIALS AND METHODS
2.1 | Dose calculation algorithms
and treatment planning

All dose calculations and treatment plan optimizations
for scanned ion therapy were performed with the TPS
RayStation (RaySearch Laboratories, Sweden). The car-
bon ion delivery sequences were optimized to achieve
a uniform physical target dose. The dose calculations
used the pencil beam algorithm (PB v3 in RayStation
v7.99) which is at present the only available algorithm
for carbon ions in the RayStation TPS. The dose con-
tribution from each beamlet is calculated by performing
a convolution of the lateral dose profile with the dose
kernel for the subspot. The PB model-based dose cal-
culations for carbon ions are labeled as “carbon PB” in
the following.

Proton data from a previous study?® were partly re-
used and added to this study to facilitate the compar-
ison between the different dose calculations in proton
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FIGURE 1 Overview of setup
configurations. The solid red rectangles
represent the target; the dashed rectangles
indicate the region where the IC array was
positioned. Configuration 1: target directly
behind bone and soft tissue inserts (SOBP1).
Configuration 2: target directly behind bone
and soft tissue inserts (SOBP1) with presence
of a range shifter. Configuration 3: target
directly behind bone and lung inserts
(SOBP1). Configuration 4: target directly
behind the bone and lung inserts (SOBP1)
with presence of a range shifter. Configuration
5:target at 8 cm from the inner surface of the
water phantom behind bone and lung inserts
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TABLE 1 Overview of all test cases used in this study
Test case Particle type and energy range
(configuration) Material inserts Target Range shifter Air gap (cm) Carbons (MeV/n) Protons (MeV)
1(1) Bone—Soft tissue SOBP1 - 16.1 127.0- 209.4 -
2(2) Bone—Soft tissue SOBP1 in 16.1 181.7-255.3 97.4-134.4
3(1) Bone—-Soft tissue SOBP1 - 36.1 127.0-209.4 67.5-112.3
4(2) Bone-Soft tissue SOBP1 in 36.1 181.7-255.3 97.4-134.4
5(1) Bone-Soft tissue SOBP1 - 66.1 127.0-209.4 67.5-109.6
6 (3) Bone-Lung SOBP1 - 16.1 120.0-209.4 -
7(4) Bone-Lung SOBP1 in 16.1 168.4-253.0 -
8 (3) Bone-Lung SOBP1 - 66.1 120.0-209.4 62.4-109.6
9 (4) Bone—Lung SOBP1 in 66.1 168.4-253.0 -
10 (5) Bone-Lung SOBP2 - 66.1 154.3-242.3 83.9-129.0

and carbon ion therapy. Dose distributions for protons
were calculated in RayStation using the MC optimiza-
tion (v4.1 in RayStation v6.99) for spot positions and
spot weights. Subsequently to MC-based optimization,
dose distributions were calculated either with the MC
algorithm (v4.1, labeled as proton MC) or PB algorithm
(v4.2, labeled as proton PB).

Active modulation method is applied to generate
spread-out Bragg peak (SOBP) at MedAustron (Cen-
ter for lon Therapy and Research), where the beam
energies are varied via a synchrotron-based accelera-
tor. Basic beam data acquisition and commissioning of
the respective beam models for proton and carbon ions
were performed as required by the vendor?® Identical
setups were used for both particle beams, except for the
fact that the carbon ion beam model was created with
ripple filters, consisting of two 2-mm thick plates with

a triangular structure made of Polymethyl Methacrylate
(PMMA)3% which were inserted in the nozzle. Accord-
ingly, all measurements for carbon ions were performed
with the ripple filters. At the commissioning stage a final
agreement of 1.5% and 3% was obtained for carbon
ions and proton beams, respectively.

2.2 | Testcases

The dose calculation accuracy of the TPS was evalu-
ated by a comparison with dose distributions measured
with ionisation chambers (IC) in five test configurations
and 10 test cases (Figure 1, Table 1). Experimental setup
was similar to the one described in a previous study
for proton beams,2® and therefore only brief summary
is given: A CT model dataset of a water phantom with
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inhomogeneities was generated in Matlab (2016b, Math-
works, USA) and imported into the TPS. The dimensions
of the virtual water phantom were 50 x 50 x 50 cm?,and
both voxel size and slice thickness were 1 mm.Inside the
phantom various heterogeneities, that is, bone, lung, and
soft tissue materials were positioned. These inhomo-
geneities, consisting of 1-cm thick slabs, were enclosed
in a thin PMMA holder and surrounded by water. That
way, energy losses and scattering for all materials were
handled in the TPS.

A fixed target size of 4 x 4 x 4 cm® was used, and
dose calculations were performed for a grid size of
1 x 1 x 1 mm3. A physical target dose of 1 Gy was
planned, that is, radiobiological models were not consid-
ered in this study. Two different SOBP scenarios with the
SOBP located at two different depths behind the hetero-
geneous interfaces were considered: SOBP1 (starting
directly behind the tissue interface) and SOBP2 (start-
ing at 2.6-cm distance behind the heterogeneities).

The impact of the air gap was validated by changing
the distance between the water phantom and the noz-
zle. For the isocentric setup, this distance was 66.1 cm.
Besides the isocentric setup, two additional air gap set-
tings of 36.1 cm and 16.1 cm were investigated for car-
bon ions, and these are categorized as non-isocentric
setups. Additionally,a range shifter (PMMA) with a water-
equivalent thickness of 3 cm was inserted in the beam
path to investigate its influence on the dose calculation
accuracy.

Figure 1 and Table 1 provide an overview of five
configurations that make up the 10 test cases studied,
including different air gaps. In summary, the following
characteristics and parameters influencing the dose dis-
tribution were investigated:

1. The combination of different tissue-equivalent mate-
rials as heterogeneities.

2. The position of the target of 4 x 4 x 4 cm® behind the
heterogeneities (proximal and distal target).

3. The size of the air gap between the nozzle and the
phantom (isocentric/non-isocentric setup).

4. The presence/absence of a range shifter.

Although using large air gaps in combination with
range shifter does not represent clinical practice, the test
case with the range shifter and largest air gap was inves-
tigated for bone—lung materials (test case 9) as a worst-
case scenario.

2.3 | Experimental setup and dosimetric
validation

All dosimetric experiments were carried out at MedAus-
tron facility for proton and carbon ion therapy and based
on the current standard patient-specific quality assur-
ance (PS-QA) procedure' The setup for absorbed

FIGURE 2

Experimental setup of the water phantom MP3-PL
with inhomogeneous tissues (lung — bone tissue) and 24 ionization
chambers. Upper right insert: 24 ICs in the 3D block. Lower right
insert: EBT3 films attached to the front of the 3D holder for chambers
(red arrow indicates the direction of the beam)

dose measurements (shown in Figure 2) consisted of a
water phantom (MP3-PL, PTW, Germany) with embed-
ded heterogeneities: bone, lung, and soft tissue (CIRS,
USA) and an array of 24 PinPoint ionization chambers
(ICs, T31015,PTW, Germany) connected to two Multidos
electrometers (T10004, PTW). All 24 ICs were placed in
a 3D holder, made of PMMA, which was attached to the
moving mechanism of the water phantom. The cham-
bers in the 3D holder were aligned on a 6 x 4 grid. The
spacing between the chambers in the holder was 12 mm
(in depth) and 10 mm (laterally), and to obtain a higher
measurement resolution the holder with ICs was moved
in the horizontal plane on a grid of 6 mm (in depth)
and 5 mm (laterally). The chamber arrangement and
distances in the 3D block were specifically designed in
such a way to avoid dose distortion effects.3? In-house
developed software (PS-QA script and PlanVerificator
v1.1)21:33 was used for IC array positioning as well as
for comparing TPS calculated and measured doses.
In this procedure, the effective point of measurement
was accounted for at the respective IC positions. As
recommended by IAEA TRS 3984 the reference point
of every ionization chamber was positioned at the
distance of 0.75 X ry further away from the phantom
surface than the center of IC, hence, 0.75 mm.

The focus of this study was on dose distributions
along the interface region of two materials. The areas
outside the target in lateral direction were not investi-
gated. As illustrated in Figure 1, the region of interest
(defined by the IC array) was positioned in the target
volume and up to 3 cm behind the target.

In addition to IC measurements, radiochromic films
(GafChromic EBT3, Ashland, KY, USA) were used for
relative dosimetry to assess the lateral dose distribu-
tions at the distal part of the target for the test cased
with and without the range shifter at the air gap of
16.1 cm (test case1, test case 2). For that purpose, the
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TABLE 2 Summary of dose differences between calculations and IC measurements at regions of interest inside the target for all test cases
Inside the target
Maximum dose difference
Mean dose difference + SD (%) (%)
Test Range Air gap Carbon() Proton?8 Carbon() Proton?8
case Target shifter (cm) PB PB MC PB PB MC
Bone-soft tissue
1 SOBP1 - 16.1 0.7 + 0.6 (2.7 + 4.5) - - 2.4 (15.0) - -
2 SOBP1 in 16.1 1.8+1.0(22+17) 21+14 20+1.8 3.7 (8.0) 6.6 7.5
3 SOBP1 - 36.1 0.9+0.7 (1.9 + 2.6) 1.3+15 12+12 3.2(11.1) 8.4 6.4
4 SOBP1 in 36.1 29+1.2(28+1.2) 21+19 20+1.2 5.5 (5.5) 71 4.9
5 SOBP1 - 66.1 0.8+0.5(0.8+0.7) 1.3+1.1 1.2+0.9 2.0 (3.7) 53 3.1
Bone-lung
6 SOBP1 - 16.1 1.0+0.6 (2.7 +£4.1) - - 2.5(15.3) - -
7 SOBP1 in 16.1 1.9+1.0(4.0+£54) - - 3.9 (24.6) - -
8 SOBP1 - 66.1 1.0+ 05(1.4+1.5) 16+1.2 1.1+£09 2.2(8.1) 5.7 3.5
9 SOBP1 in 66.1 45+14 (54 +3.3) - - 7.1 (20.5) -
10 SOBP2 - 66.1 0.9+ 0.7 (0.9 +0.7) 09+0.7 06+04 2.6 (2.6) 44 1.6

Abbreviation: PB, pencil beam; MC, Monte Carlo.

(*)The mean dose differences and corresponding standard deviations of measurements which include the last row of measurements inside the target for carbon ion

beams are given in brackets.

EBT3 films were attached to the anterior surface of the
3D holder for the PinPoint IC and aligned in a way to
coincide with the depth of the last row of PinPoint IC
inside the target. Assessment with films was performed
in one session successively to chamber measurements
for both carbon and proton experiments. All irradiated
films were scanned between 24 and 48 h after the
exposure using a flatted scanner (Epson Expression
11000XL, Epson America, CA, USA)3° Calibration
curves were determined for dose ranges of 0-10 Gy
for protons with a nominal energy of 148.2 MeV and 0—
2 Gy for carbon ions with a nominal energy per nucleon
of 402.8 MeV. An in-house developed Matlab program
and the VeriSoft software (PTW, Freiburg, Germany)
were employed for film analysis.

2.4 | Data analysis

Relative dose differences between the TPS calculated
and experimental doses were determined and dose
difference maps were created, where individual voxels
correspond to a single chamber position. The dose dif-
ferences were normalized to the maximum value of the
calculated target dose in the underlying treatment
plan?®:

Percentage dose difference

_ TPS predicted dose — Measured dose

100.
Maximum TPS predicted target dose x 100

(1)

Besides the mean dose differences, also the maximum
dose deviations were calculated. The analyzed regions
of interest were separated for the group of IC cham-
bers located inside and behind the target region; the
corresponding mean and maximum dose differences
were always stated for both areas. Dose calculation
accuracy was compared to the clinically acceptable tol-
erance level of 3%, defined for the target volumes.*® For
the data acquired outside the target volume, an addi-
tional evaluation was performed, where the differences
between the TPS predicted and measured doses were
normalized to the average of the TPS calculated dose.
Dose profiles were derived from the irradiated EBT3
films at the distal edge of the target and compared with
the TPS predicted dose distributions using a 1D gamma
evaluation (gamma pass criteria 2% and 2 mm).

3 | RESULTS

Tables 2 and 3 summarize the results (percentage of
the mean dose differences including respective stan-
dard deviations and maximum dose differences) inside
and outside the target volume for both carbon ion and
proton beams normalized to maximum TPS target dose.
Inside the target, the mean and maximum dose differ-
ences between calculations and measurements for car-
bons ions, averaged over all the investigated test cases,
were 1.6% and 3.5%, respectively. The results obtained
outside the target area normalized to maximum value
of the calculated target dose were 1.8% and 13.4%,
respectively. Table 3 also provides an overview of the
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TABLE 3 Summary of dose differences between calculations and IC measurements at regions of interest behind the target for all test cases
Outside the target
Mean dose difference + SD (%) Maximum dose difference (%)
Test Range Airgap Carbon(") Proton28(") Carbon®) Proton28()
case Target shifter (cm) PB PB MC PB PB MC
Bone—soft tissue
1 SOBP1 - 16.1 0.8+24(1.6+5.0) - 15.4 (31.7) - -
2 SOBP1 in 16.1 1.5+20(28+37) 09+13(1.7+25) 09+15(1.7+28) 125(23.2) 53(9.9) 6.6 (12.6)
3 SOBP1 - 36.1 09+22(1.8+44) 1.1+23(21+45) 08+16(1.6+3.2) 12.2(24.8) 13.1(25.6) 7.0(13.9)
4 SOBP1 in 36.1 21+15(38+28) 19+3.0(3.6+57) 15+24(28+45) 9.1(16.6) 12.7(12.7) 8.2(15.2)
5 SOBP1 - 66.1 11+24(24+50) 11+25(23+5.0) 06+1.2(1.7+3.6) 14.7(30.7) 10.4(21.2) 4.9(8.9)
Bone-lung
6 SOBP1 - 16.1 14+34(29+6.8) - 15.9 (31.6) - -
7 SOBP1 in 16.1 20+3.7(38+73) - 17.4 (34.0) - -
8 SOBP1 - 66.1 1.0+£17(20+35) 24+41(47+82) 09+15(1.8+29) 8.1(16.1) 18.8(37.6) 5.5(10.9)
9 SOBP1 in 66.1 45+31(85+59) - - 16.5(31.2) -
10 SOBP2 - 66.1 26+31(38+46) 24+2637+41) 12+12(2.0+18) 12.0(17.4) 12.1(16.0) 4.1(5.8)

Abbreviations: PB, pencil beam; MC, Monte Carlo; SOBP, spread-out Bragg peak.

(**)The mean dose differences normalized to averaged treatment planning system (TPS)-predicted dose and corresponding standard deviations of measurements

are given in brackets.

data outside the target normalized to averaged calcu-
lated dose from TPS, with the mean dose difference of
3.3% and maximum dose difference of 24%.

The following sub-sections provide additional details
on the comparison between carbon ion and proton dose
calculations, presented for individual test cases which
were investigated for both particle types (test cases 2-
5, 8, 10). Due to the finite size of PinPoint IC, the data
presented for carbon ions do not include the measure-
ment points and corresponding calculations for the last
measurement row in the target. Relative dosimetry at the
distal fall-off region of the target (air gap of 16.1 cm,
test case 1) was performed in addition to PinPoint IC
also with Gafchromic EBT3 films. More details concern-
ing the IC limitation are given in supplementary mate-
rial, and the gamma distributions derived from EBT3 film
measurements are shown in Figure S6.

3.1 | Impact of heterogeneous
structures (bone—soft tissue vs.
bone-lung)

For the bone—soft tissue interface and the region of inter-
est located within the target volume (test cases 3 and
5), the mean dose differences were 0.9% for the carbon
PB algorithm and 1.3%/1.2% for proton PB/MC, respec-
tively. For the bone—lung interface (test case 8 and 10),
the differences were very similar for all algorithms, that
is, 1.0% for carbon PB, 1.3% for proton PB, and 0.9% for
proton MC.

Comparing the dose distributions behind the target,
on average larger local dose differences were observed
for the proton PB algorithm when compared to carbon
PB results. For the bone—soft tissue interface (test case
3 and 5), the respective values were the same for both
proton and carbon ion PB calculations (1.1%), while the
best agreement (0.6%) was obtained for the proton MC
algorithm. The largest local dose difference of +14.7%
for the carbon ion PB was found directly at the interface
region between bone and soft tissue but corresponded
only to one measurement point. The discrepancy
extended further behind the target for the bone—lung tis-
sue configuration covering typically three measurement
points (Figures 3a and 5d). For proton PB calculations,
the largest local dose underestimation of up to —18.8%
was obtained behind the bone—lung interface.

Figure 3 shows the dose distributions calculated by
the TPS, as well as the percentage difference between
the calculated and experimentally determined dose val-
ues for the bone—lung interface (Test case 8) for all three
algorithms. The size of the discrepancy region was sig-
nificantly larger for proton PB compared to carbon ions
(Figure 3b). The mean dose differences for the bone—
lung interface (test case 8 and 10) were 1.8% for car-
bon PB and 2.4%/1.1% for proton PB/MC, respectively.
The local dose differences for carbon ions for the bone—
lung interface reached up to 8.1%, covering about three
measurement points (Figure 3a). As expected, the best
results were obtained for proton MC with maximum dose
difference of 4.9%/4.1% behind the bone—soft/bone—
lung tissue interfaces.



DOSE CALCULATIONS IN PARTICLE THERAPY

(a) Bone-lunginterface: Carbon PB for SOBP1 (air gap = 66.1cm)
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FIGURE 3 Dose distribution analysis for test case 8 at the bone—lung interface: Treatment planning system (TPS) calculated doses are
shown in the left column. Dose difference maps between the planned and measured dose are shown in the right column; (a) carbon PB; (b)
proton PB; (c) proton MC. The yellow dashed squares (left column) indicate the measurement region. The black vertical lines in the right column
indicate the border between the target region and the region beyond the target. The blue color code indicates a dose underestimation by the
TPS, red/orange an overestimation. The right panel of row (b) and (c) in the figure are reproduced with permission from?2®

3.2 | Impact of target depth (proximal:
SOBP1 vs. distal target: SOBP2)

Figure 4 shows the histograms of the dose differences
for both targets for carbon ion and proton dose calcu-
lations at the isocentre (test case 8 and 10). For the
carbon ion PB algorithm, no systematic differences
could be observed for measurement points located
within the target for the two depths, that is, mean and
maximum dose differences were about 1.0% and 2.4%.

For the proton PB algorithm results were slightly worse
for SOBP1 compared to SOBP2, with mean and max-
imum dose differences of 1.6% and 5.7% (SOBP1)
compared to 0.9% and 4.4% for SOBP2.

The largest dose differences outside the target
reached 8.1% for carbon ions in SOBP1 and 12.0%
for SOBP2, with an overestimated dose by the TPS.
On the contrary, for protons, the dose was underesti-
mated, especially for SOBP2 with maximum local differ-
ences of up to 12.1%. The performance of the proton
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(a) Bone - lung interface: Carbon ions vs. Proton PB in SOBP1 (air gap = 66.1cm)
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(b) Bone - lung interface: Carbon ions vs. Proton MC in SOBP1 (air gap = 66.1cm)
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(C) Bone - lung interface: Carbon ions vs. Proton PB in SOBP2 (air gap = 66.1cm)
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(d) Bone - lung interface: Carbon ions vs. Proton MC in SOBP2 (air gap = 66.1cm)
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FIGURE 4 Histograms of dose differences between the calculations and measurements for carbon ions and proton beams for the
bone—lung interface (no range shifter); (a) carbon ion and proton PB SOBP1 (test case 8); (b) carbon ion and proton MC SOBP1 (test case 8);
(c) carbon ion and proton PB SOBP2 (test case 10) and (d) carbon ion and carbon ion versus proton MC SOBP?2 (test case 10). Red vertical
lines indicate an acceptable interval (within 3%)
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MC algorithm was best, with a slight dose overestima-
tion for SOBP1 but an underestimation for SOBP2 inside
and outside the target. In general, better agreement
between calculations and measurements were obtained
for SOBP2.

3.3 | Impact of air gap between nozzle
and phantom

The performance of dose calculations was compa-
rable for all test cases without the range shifter, for
all three investigated air gaps (test cases 3, 5, 8, 10).
The averaged mean dose difference for carbon ions
inside/outside the target was 0.8% /1.4%. The averaged
mean dose difference inside and outside the target for
proton PB/MC was 1.2%/1% and 1.3%/0.9%, respec-
tively. A similar trend as in previous test cases (sec-
tion 3.2),that is,an overestimation of the calculated dose
for carbon ions and an underestimation for proton PB,
was also observed behind the target for these test cases.

The dose distributions for both the carbon ion PB and
the proton PB algorithm for the setup configuration with
the bone-soft tissue slabs at the air gap of 36.1 cm
(Test case 3) are shown in Figure S1a,b. The perfor-
mance of the carbon ion PB algorithm was slightly
better than for the proton PB algorithm, both inside and
outside the target volume. The results from carbon ion
PB dose calculations for the setups with the bone—soft
tissue and bone-lung at the air gap of 16.1 cm (test
case 1 and 6) are illustrated in supplementary material
(Figure S1c,d). These test cases were available only for
carbon ion beams. The agreement between the calcu-
lations and measurements was better for the bone—soft
tissue interface than for the bone—lung tissue interface;
however, these differences were rather small for points
of interest located inside the target.

Although acceptable dosimetric agreement was
found for carbon ion PB calculations within the target for
the isocentric setups (test cases 5, 8, 9, 10), smaller air
gaps led to large dose deviations at the last measure-
ment row in the target (Figure S1). The local differences
were largest for the smallest investigated air gap of
16.1 cm (test case 1 and 6). The agreement between
dose calculations and IC measurements at the end
of the target improved with decreasing density of the
inhomogeneities and with increasing air gap. However,
clinically unacceptable dosimetric differences of more
than 3% were found for the air gap of 36.1 cm along the
last measurement row. The different behavior of carbon
ion and proton dose calculation as a function of air gaps
might be related to the generally broader Bragg peaks
as well as the broader distal fall-off of the SOBP in
protons. A possible explanation for these differences at
the last measurement row might be positioning uncer-
tainties of the IC chambers. Therefore, measurements
for the last row of the IC and the corresponding TPS
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calculations were excluded from all the test cases for
carbon ions, that is, measurement results referring to
last IC array row are listed in brackets in Table 2. More
on the potential limitation of PinPoint IC at the distal
fall-off is given in supplementary material.

3.4 | Impact of a range shifter

The range shifter, modeled as a passive external ele-
ment in the TPS RayStation, was tested in combination
with three different air gaps only for carbon ions. The
average dose differences between TPS calculations and
measurements for all investigated air gaps with range
shifter (test cases 2,4,7,9), inside and outside the target,
were larger than 1.5%. The performance of the carbon
PB dose calculation was getting gradually worse with
increasing air gap. The mean dose differences in the tar-
get were 1.8% (air gap 16.1 cm, test case 2) and 2.9%
(air gap 36.1 cm, test case 4) which was within the clin-
ically acceptable interval (£3%) for the non-isocentric
setups (see Figurs S2 and S3). The largest discrepan-
cies were observed at the isocenter for the bone—lung
setup (test case 9), where the carbon ion dose calcu-
lations overestimated the dose in most of the target,
with mean dose difference of 4.5% and maximum dif-
ferences of more than 7%. The histograms of the devi-
ations between the calculated and measured dose val-
ues for carbon ions (bone—lung tissues) at 16.1 cm and
66.1 cm air gaps are shown in Figure 5, the respective
dose distributions for these test cases are shown in Fig-
ure S4. The number of measurement points exceeding
the clinically acceptable level of 3% was 32 of 38. The
mean dose difference outside the target volume was
4.5% (the same as inside the target), and the maximum
local differences were up to 16.5%.

Comparing results for the carbon ion PB algorithm
with and without range shifter for the air gap of 36.1 cm,
better agreement was achieved for measurements with-
out the range shifter (Figure S5). The mean dose differ-
ences inside the target with and without the range shifter
were 2.9% and 0.9%, respectively.

4 | DISCUSSION

Protons and carbon ions are the two particle species
currently applied in clinical studies. While the number
of proton centers is rapidly increasing at the global
level, carbon ion therapy is developing at a much lower
pace.3”38 A direct comparison between the dose cal-
culation accuracy of proton beams and carbon ion
beams has not been performed so far but is generally
desirable for example, to rule out systematic dosimetric
differences and to assure that the dosimetry of both
modalities is of similar quality when exploring their
clinical benefits. Proton beams have been investigated
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(b) Bone - lung interface with range shifter:
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Histograms of dose differences in carbon ions between the calculations and measurements with the range shifter for the air

gaps of 16.1 cm (test case 7) and 66.1 cm (test case 9) for the bone—lung interface; (a) inside the target and (b) Outside the target. Red vertical

lines indicate an acceptable interval + 3%

by several groups covering all currently available com-
mercial TPSs. Existing literature typically focuses on
dose distributions in target areas, while dose reporting
outside the target is rather limited.!”*° Differently to
protons, literature that reports on the accuracy of com-
mercial dose calculations for carbon ion therapy with
PB scanning is scarce.

In this work, we benchmark a current state of the
art analytical dose calculation algorithm for carbon ion
beams against the dosimetric measurements in vari-
ous complex test cases that are relevant for clinical
scenarios. The proton results discussed in this study
were obtained in a previous study?® Using the same
setup and test cases to validate carbon ion dose cal-
culations provides the advantage of enabling a direct
comparison.

For the carbon ion measurements in the heteroge-
neous setup, mean dose differences between calcula-
tions and measurements at points of interest inside the
target were of the same order of magnitude as commis-
sioning results in water. The mean dose difference and
maximum dose differences outside the target area were
higher and the latter exceeded 10% for the majority of
measurements.

As expected, the largest dosimetric difference was
observed along the interface of two tissue materials
bone—soft tissue and/or the bone—lung. For the PB pro-
ton algorithm a higher accuracy was obtained for the
bone—soft tissue interfaces which can be understood by
the smaller density variation relative to the bone—lung
test case. Similar general findings were reported for real-
istic animal tissue phantoms*° For protons, a reduced
sensitivity with respect to different tissues was previ-
ously shown in a MC study.'” In the current study, the
proton MC was less sensitive to tissue variations as pro-
ton PB. The carbon ion PB performed within the target
as good as proton MC.

Comparing the two heterogeneous interfaces for
carbon ions, a “dose discrepancy tail” was observed
for all configurations with the bone—lung interface. This
might be related to difficulties to model the production
of nuclear fragments and their momentums for tissues
with larger material densities. On the other hand, despite
the difficulties to accurately model the fragmentation
tail for carbon ions, the volume of local discrepancies
was larger for the proton PB algorithm. This is to be
expected because the angular distribution of carbon
ions is narrow. The proton fragments, even though they
have a longer range, are still narrower than the primary
proton scattering in the proton fields. Dose deviations
behind the target for carbon ions in the bone—soft tissue
configuration was typically limited to one measurement
point, whereas for bone—lung tissues it reached up to
three measurement points, corresponding to 1.5 cm
wide regions. These regions reached up to 2 cm for PB
proton calculations and extended laterally, especially for
the test cases with bone—lung interface. Range strug-
gling depends on material uniformity, and as reported
in a recent proton study, different lung substituting
materials led to different range uncertainties*' Carbon
ion calculations had a tendency of over predicting and
proton PB under predicting the doses to healthy tissues.
Comparing all three algorithms, the best performance
behind the target was achieved for the proton MC
algorithm for which also the size of local discrepancies
was the smallest.

In this study, the mean dose difference for a test
case represents the average deviation from all IC mea-
surement points inside or outside the target. Thus, it is
important to note that more complex test geometries,
for example, with more tissue interfaces, will poten-
tially lead to larger mean dose differences. The level
of complexity as well as evaluation method (relative
to maximum or averaged TPS target dose or local
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dose) should be therefore considered when comparing
published results. Compared to advanced photon beam
therapy, there are no standardized phantoms or test
geometries for TPS commissioning or end-to-end test
in particle therapy*%“3 Other factors, for example, dose
grid resolution, will also have an impact on the dose
calculation accuracy, that is, a lower resolution will
lead to larger deviations, especially at the interfaces of
different materials.

Several studies reported on a systematic overesti-
mation of target doses by about 1%—2%** or even
more'®4° for analytical dose calculations, irrespective
of TPS, which is in line with our findings from PB cal-
culations, for both protons and carbon ions. This over-
estimation was more pronounced for larger air gaps in
combination with the range shifter.

Comparing two target depths and dose distributions
behind the target for carbon ions, the dose discrep-
ancies are larger for the distal target (SOBP2). Car-
bon ions traversing matter are significantly affected by
nuclear fragmentation leading to primary beam atten-
uation and increased build-up of fragments and could
explain the differences between the measured and cal-
culated doses for carbon ions in this work. As previously
reported, the modeling is more challenging with increas-
ing penetration depth 246

A slight and systematic dose overestimation was also
observed for the shallow target (SOBP1) without the
range shifter for the proton MC algorithm. These results
are in line with the findings of others, who reported a
1%—2% agreement between measurements clinical MC
dose calculations implemented in commercial TPS*748
Aitkenhead et al*® reported that any of such results
might be affected by the test case, that is,phantom mate-
rial, degree of field modulation, or detector used.

Looking at the local variations across the target, which
were averaged over six test cases available for all three
algorithms, the best agreement was obtained for carbon
beams (3.2%) followed by proton MC (4.5%) and proton
PB (6.3%), indicating that the most homogeneous target
dose distributions in the presence of inhomogeneities
was achieved with carbon ion beams.

For the TPS RayStation’s PB algorithm, there is no
explicit modeling of the nuclear halo broadening in the
air gap between the range shifter and the patient. For
large air gaps, this can lead to an underestimation of the
lateral dose. This is a well-known limitation of the PB
algorithms, as secondary particles, the particle transport
over the air gaps and the halo created in the range shifter
are not properly handled 2528 The results obtained for
carbon ions performed in the heterogeneous phantom
confirm these findings. Carbon ion results using the
range shifter were systematically worse compare to
the test cases without the range shifter, even for the
smallest air gap of 16.1 cm, and the dose deviations
were increasing with larger air gaps. The clinically unac-
ceptable dose over prediction of 4.5% (mean dose dif-
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ference) was obtained for the test case with bone—lung
tissue at the isocenter. The number of measurement
points exceeding the clinically acceptable level of 3%
was 32 of 38, leading to the conclusion that the dose
cannot be predicted with sufficient accuracy by the
PB dose algorithm for the large air gaps with the range
shifter. Therefore, this configuration is not recommended
for clinical treatments and underlines the necessity for
MC-based calculations for carbon ions to use the
modality to its full potential. The use of MC dose calcu-
lations for clinical treatment planning with carbon ions is
not a conventional practice yet, mainly due to remaining
uncertainties in the cross-section data for clinically
relevant energy range and long computation times*°

5 | CONCLUSION

PB dose calculations for carbon ions in complex test
cases were in a good agreement with dosimetric mea-
surements for all points of interest located inside the
target volume except the test cases with range shifter.
The performance of the PB algorithm for carbon ions
was better than the PB dose algorithm for protons.
Larger local dose differences between the calculations
and measurements were observed for points of interest
behind the target, especially for tissue interfaces with
very large density gradients, such as bone—lung tissues.
For points of interest behind the target area, a system-
atic overestimation of the local dose was observed for
carbon ion beams, which might affect DVH calculations
and clinical results in the worst case.
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