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ARTICLE INFO ABSTRACT

Keywords: With high-precision radiotherapy on the rise towards mainstream healthcare, comprehensive validation pro-
Particle therapy cedures are essential, especially as more sophisticated technologies emerge. In preparation for the upcoming
Pencil beam algorithm translation of novel ions, case-/disease-specific ion-beam selection and advanced multi-particle treatment

Monte Carlo simulation
GPU

Dosimetry
Anthropomorphic phantom

modalities at the Heidelberg Ion-beam Therapy Center (HIT), we quantify the accuracy limits in particle therapy
treatment planning under complex heterogeneous conditions for the four ions (*H, “He, '2C, '°0) using a Monte
Carlo Treatment Planning platform (MCTP), an independent GPU-accelerated analytical dose engine developed
in-house (FRoG) and the clinical treatment planning system (Syngo RT Planning). Attaching an anthropomorphic
half-head Alderson RANDO phantom to entrance window of a dosimetric verification water tank, a cubic target
spread-out Bragg peak (SOBP) was optimized using the MCTP to best resolve effects of anatomic heterogeneities
on dose homogeneity. Subsequent forward calculations were executed in FRoG and Syngo. Absolute and relative
dosimetry was performed in the experimental beam room using 1D and 2D array ionization chamber detectors.
Mean absolute percent deviation in dose (|%A|) between predictions and PinPoint ionization chamber mea-
surements were within ~2% for all investigated ions for both MCTP and FRoG. For protons and carbon ions,
|%A| values were ~4% for Syngo. For the four ions, 3D-y analysis (3%/3mm criteria) of FLUKA and FRoG
presented mean passing rates of 97.0( + 2.4)% and 93.6( + 4.2)%. FRoG demonstrated satisfactory agreement
with gold standard Monte Carlo simulation and measurement, superior to the commercial system. Our pre-
clinical trial landmarks the first measurements taken in anthropomorphic settings for helium, carbon and oxygen
ion-beam therapy.

1. Introduction plans via a treatment planning system (TPS). With the rise of high-
precision pencil beam scanning (raster-scanning) particle beams, the

Particle therapy in cancer treatment affords superior dose con- balance of uncertainty in dose prediction with target conformality be-
formity to solid tumors compared to conventional modalities [1-3]. To tween planning and delivery remains a critical issue. In delicate cases,
assure optimal treatment delivery, clinicians tailor patient-specific clinical physics must rely on sophisticated measurement tools and time-
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Fig. 1. Planning CT is displayed (left) with the red symbols indicating beam direction and yellow box outlining the target. IC measurement configuration and step
size is provided. The schematic on the right illustrates the experimental set-up using the OCTAVIUS® system mounted behind PMMA blocks to reach the desired WED.
The yellow arrow denotes beam direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

intensive Monte Carlo transport and interactions codes as a gold stan-
dard reference for accuracy in dose prediction. In contrast, the TPS used
by clinical oncologists, physicists and dosimetrists provides treatment
optimizations in minutes but these capabilities are accompanied by a
potential loss in accuracy by using approximations or simplified models
to prepare patient-specific dose distributions within the clinical time-
frame. For example, pencil beam (PB) algorithms generally assume
beam properties associated with dose deposition in water, regardless of
patient anatomical structure, applying simplified models for lateral
scattering such as Gaussian parameterization, and pencil beam splitting
to account for modulated range due to anatomic heterogeneity. In
short, analytical algorithms superimpose a field of individual particle
beams (varying energy and position), either measured or simulated in a
homogenous water block [4-7]. Planning on patient or patient-like
anatomical structures introduces heterogeneities, impacting the particle
range by “deforming” or “distorting” the PB shape [8]. The method of
calculation and accuracy limits of a TPS can vary between vendors and
calculation mode. Recently, a surge of graphics processing unit (GPU)
accelerated codes is entering the market, making analytical algorithms
potentially more accurate or Monte Carlo codes faster [9,10].

Before treating the very first patient, a facility will undergo a series
of benchmark tests for TPS accuracy versus delivery in controlled
(homogeneous) settings. These processes are well understood and me-
ticulously summarized in various task group (TG) reports by the
American Association of Medical Physics (AAPM), e.g. TG053 and
TG119 for TPS quality assurance (QA) and commissioning, respectively
[11]. Nevertheless, to date, there is no official guideline published by
an overseeing body in particle therapy for acceptance testing with an-
thropomorphic phantoms, a setting more representative of clinical
conditions and sensitive to uncertainties. The National Cancer Institute
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(NCI, Bethesda, MD, USA) in cooperation with the Imaging and Ra-
diation Oncology Core (IROC, Houston, TX, USA) does, however, re-
quire a center to adhere to baseline credentialing benchmarks with
anthropomorphic phantoms to participate in NCI-funded clinical trials
for photon- and proton-based therapies.

Prior works assess plan accuracy and robustness of a clinical TPS for
proton therapy in the presence of high-level anatomical heterogeneity
using patient and/or patient-like conditions, adopt their own end-to-
end quality assurance (QA) procedures and present performance results
ranging from outstanding to unacceptable, e.g. concluding that the
analytical PB algorithms are unsuitable for lung treatment planning
[12-17]. Similar efforts develop phantoms to gauge the effect of max-
imal geometry heterogeneity on dose calculation performance [18];
however, validations using anthropomorphic phantoms have yet to be
performed with ion-beams heavier than protons.

For the four ions (*H, *He, *2C, '°0) available at the Heidelberg Ion-
beam Therapy Center (HIT), we set out to benchmark three dose cal-
culation systems in the context of a challenging scenario for head and
neck (H&N) treatments using an anthropomorphic phantom [19]. Re-
cently developed in-house systems, such as the FLUKA-based Monte
Carlo Treatment Planning Platform (MCTP) [20] and a GPU-accelerated
analytical dose engine (FRoG) [21], and a commercial system for par-
ticle therapy, Syngo RT Planning (Siemens AG, Erlangen, Germany), are
validated using multi-dimensional dosimetry.

At HIT, clinical activity with protons and carbon ion-beams began in
2009, with over 5000 patients treated to date and plans to start the
world’s first clinical program using raster-scanning helium ion-beams
next year. Currently, there is no commercial TPS available for helium
and oxygen ions, and therefore, advanced dosimetry benchmarks with
in-house systems are critical. Consequently, FRoG was recently
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integrated into the clinical and research pipeline as an independent
dose engine at HIT, the National Centre for Oncological Hadrontherapy
(CNAO, Pavia, Italy), the Danish Center for Particle Therapy (Aarhus,
Denmark) and the Normandy Proton Therapy Center (Caen, France),
with other facility partnerships planned or pending. Aside from HIT,
Syngo is the primary TPS for various light and heavy ion facilities
around the world e.g. CNAO, Shanghai Proton and Heavy Ion Center
and Marburg Ion-beam Therapy Center (MIT). Thus, assessing the
current standards in particle therapy dose calculation is essential to
overcome the known limitations of analytical approaches, making way
for both improvement in dose prediction, especially for delicate cases,
and the translation of novel ion-beam modalities to the clinic.

2. Methods
2.1. Treatment planning

The RANDO Alderson® phantom (Radiology Support Devices, Long
Beach, CA, USA) used in this study consists of a human skull with
tissue-equivalent structures and air gaps. CT and dose calculation grid
sizes were selected for half of the head phantom following clinical
procedure, 0.9766 mm X 0.9766 mm X 3mm  resolution and
2mm X 2mm X 3mm, respectively, with the water phantom entry
window positioned at isocenter (Fig. 1). The set-up was developed and
applied for clinical commissioning of treatment planning and delivery
at HIT [22]. Subsequently, physical dose optimization of spread-out
Bragg peak (SOBP) plans (6 cm X 6 cm X 6 cm target, centered at 5 cm
depth from the entry window) for 1 Gy in the target was obtained using
a FLUKA-based MCTP tool [23,24].

FLUKA inputs and default settings are detailed in the benchmarking
of the MCTP in water [20]. More specifically, the HADROTHErapy
option was activated to most accurately model multiple Coulomb
scattering of charged particles with a particle transport and delta ray
production threshold of 100 keV. COALESCE and EVAPORATION cards
were also activated for production and evaporation of energetic heavy
fragments, respectively. Monte Carlo simulations were performed using
a detailed model of the HIT beamline [20,24,25], which incorporates
the vacuum window and the beam applications and monitoring systems
(BAMS). For carbon and oxygen ions, the ripple filter (RiFi) was im-
plemented following the clinical routine for carbon ions [26]. A for-
ward calculation for the clinical beams, namely protons and carbon
ions, was performed using FRoG V2018 [21] and Syngo VC13A [27].
For the experimental beams, namely helium and oxygen ions, forward
calculations were performed using FRoG only. All MC simulations were
executed with the FLUKA 2018 development version until reaching a
level of statistical uncertainty less than 1%, with histories typically
ranging from 1% to 6% of the total primary particles for each plan [28].

2.2. Irradiation & dosimetric measurements

Irradiation was performed via raster-scanning delivery in the HIT
experimental room. With the half-head phantom set-up described in the
prior section, point measurements (absolute dose) were acquired with
the beam impinging on a water-tank positioned with its entrance
window at the isocenter and the half-head Alderson phantom attached
to the tank’s surface (Fig. 1). An array of twenty-four PinPoint ioniza-
tion chambers (0.03 cm? sensitive volume, 2.9 mm diameter, TM31015,
PTW) was submerged in the tank with the configuration details re-
ported in the validation work [29]. A detailed description and sche-
matic of the IC apparatus is also available in a previous report which
performed a comprehensive integration and validation of the geometry
in FLUKA Monte Carlo [30]. The procedure and experimental set-up
used throughout the study has been previously validated and is used for
patient plan verification at various hadrontherapy centers (HIT, CNAO,
MIT, etc.) [29-31]. The beam quality correction factor (kq,q,) was ap-
plied for the four ions following clinical procedure with protons and
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carbon ions, calculated according to IAEA TRS-398 [32].

MCTP-optimized plans were delivered and ionization chamber
readings were recorded at various depths near and along the central
axis in the target region and dose fall-off gradient. During the data
collection stage, the ion chamber block was translated, depth-wise, to
acquire measurements with 3 mm resolution in the proximal/mid-
target and 1 mm resolution at the distal end/fall-off. For each ion, 192
individual measurement points were collected in total.

Additionally, lateral measurements were acquired using the OCT-
AVIUS® 1000SRS P (PTW-Freiburg, Freiburg, Germany), a prototype 2D
ionization chamber array detector differing from its predecessor by
replacing liquid-filled chambers with air. The prototype’s effective
depth was measured (deg=~5mm) and detector uniformity (within ac-
ceptable tolerances i.e. 0 = = 0.5%) was validated internally for use
during beam commissioning, as well as through preliminary works to
evaluate the system as a convenient alternative to film [33]. Relative
measurements were performed at the distal end of the target, behind
the half-head Alderson phantom and 6.0 cm of PMMA, where the lar-
gest dose deviations due to heterogeneities are expected (Fig. 1). The
measured water equivalent depth (WED) for 1 cm of PMMA insert was
1.168 cm.

2.3. Dosimetric evaluation

Initial dosimetric comparisons are performed for each calculation
mode against FLUKA Monte Carlo [34,35] taken as the reference
benchmark. Dose-volume histogram (DVH) metrics such as Dgs, Dsg,
and Ds quantified the dose at 95%, 50% and 5% of the target volume,
respectively. All external dose calculations and ion chamber positioning
vectors from the water tank system were loaded into FRoG’s QA-mode
for dose point extraction to directly compare predictions with mea-
surements [36]. For 1D dosimetry, absolute percent dose deviation
|%A| was determined by the absolute difference between an extracted
dose prediction and corresponding physical measurement for each data
point collected, with a standard deviation provided for the mean |%A|.

Subsequently, 3D-y analysis was performed for dose maps from the
three dose engines against corresponding 2D OCTAVIUS® measure-
ments as the reference [37]. Global passing rates were computed using
a 3%/3-mm dose difference and distance-to-agreement (DTA) criterium
for the 5cm X 5cm central region of the detector. Range uncertainties
can be due to misalignment/positioning of head phantom between
planning CT acquisition and treatment delivery, variations in planned
to delivered pencil beam spot position/size and inadequate range pre-
diction using conventional Hounsfield unit (HU) to water-equivalent
path length (WEPL) conversions. In order to consider these un-
certainties, the following procedure was adopted: a standard deviation
(oy) for each 3D-y passing rate is provided in the text corresponding
to + 2mm range uncertainty in the experimental set-up and compu-
tation [38]. These o, values were calculated by performing 3D-y ana-
lysis for dose prediction maps with range shifts of —2 mm and + 2 mm
(in addition to the central slice i.e. 0 mm shift) against the reference
OCTAVIUS® measurement.

3. Results

Dose maps and DVH plots are depicted in Fig. 2 with corresponding
metrics provided in Table 1, detailing the percent deviation of the
analytical engines with FLUKA MC as the reference. In general, results
are consistent with the validation work for MCTP and FRoG [20,21,36]
showing target dose predictions in agreement with measurements by
~1% for protons and ~1-3% for the heavier ions, with FRoG over-
estimating FLUKA by ~1-2%. Results from the initial dosimetric study
are shown in Fig. 3, displaying measurements and line profiles ex-
tracted from the three calculation modes after a highly heterogeneous
region.

For protons, global |%A| values in the target structure were
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Fig. 2. Dose maps and DVHs of the forward calculated MCTP-optimized plans (*H, *He, '2C, and °0) are shown for the following dose engines: FLUKA, FRoG and,

Syngo (when applicable).

Table 1
DVH metrics.

DVH Metrics—FRoG & Syngo vs. FLUKA

Particle Engine D95% A% D50% A% D5% A%
H FLUKA  0.985 - 1.009 - 1.037 -
FRoG 0.996 1.1 1.012 0.23 1.036 -0.07
Syngo 0.913 -7.2 1.014 0.46 1.049 1.20
“He FLUKA 0.970 - 0.998 - 1.024 -
FRoG 0.999 2.9 1.014 1.64 1.044 203
2¢ FLUKA 0.983 - 1.002 - 1.027 -
FRoG 1.011 2.7 1.023 2.05 1.043 1.59
Syngo 1.009 2.6 1.035 3.23 1.068  4.07
60 FLUKA 0.982 - 1.002 - 1.024 -
FRoG 1.005 2.3 1.014 1.20 1.027  0.32

1.16( = 0.84)%, 2.23( = 1.48)% and 3.76( = 1.73)% for FLUKA, FRoG
and Syngo. Measurements acquired in and beyond the high dose gra-
dient (distal fall-off) were not considered in calculating global metrics.
In the studied profiles and measurements, however, the range where
distal dose fall-off reaches 80% of the 1 Gy planned dose (Rgo) for the
Syngo calculation varied by up to = 5mm compared to FLUKA.

For carbon ions, |%A| were 1.51( = 0.92)%, 1.47( = 1.51)%,
3.23( = 2.24)% for FLUKA, FRoG and Syngo, respectively. For the ex-
perimental beams, |%A| values for FLUKA and FRoG, respectively, were
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1.50( £ 0.49)% and 1.21(*1.149)% for helium ions, and
1.91( = 0.70)% and 2.06( = 1.49)% for oxygen ions. In addition, re-
gion-specific |%A| are provided in Table 2, listing variations at mid-
SOBP (first 50 mm in the target) and the distal (final 10 mm in the
target) for the four ions, with percent deviation in dose (%Ag,) between
the three dose calculation modes and reference dosimetric measure-
ments depicted in Fig. 4. In general, the highest dose deviations oc-
curred at the distal end of the target as opposed to proximal- and mid-
SOBP.

Regarding global |%A|, FLUKA obtained superior agreement with
measurement for both clinical beams. FRoG demonstrated excellent
agreement, especially in mid-SOBP positions. The commercial system
Syngo yields net values within the 5% tolerance window of clinical
acceptability for TPS benchmarking [29]. Despite these findings, fur-
ther inspection reveals a spatial dependency along the target. Greater
levels of disagreement occur near the distal edge compared to the en-
trance and mid-SOBP positions.

Analysis of data collected with the OCTAVIUS® detector positioned
at the distal end of the target are presented in Fig. 5, depicting a 2D
surface map of the raw measurements and corresponding slices ex-
tracted from the various dose engine calculations. Considering the four
ion-beams of this study, FLUKA presented the highest mean 3D-y pas-
sing rates against the measurements acquired by the OCTAVIUS®
system, with 97.0( = 2.4)% pixels passing, on average. Structure in



S. Mein, et al.

Physica Medica 64 (2019) 123-131

O Exp. data — FLUKA MC

Dose [Gy]

1500

11000

1500

1-500

1-1000

-1500
00

Dose [Gy]

1500

0

Depth [mm]

50

-1500
100

HU

HU

~+FRoG =---Syngo HU
1500
1.2}
11 1000
08 500
>
g )
206 0 2
o
Qa
0.4 -500
0.2 -1000
-1500
-100
1500
12}
.1 1000
08 500
>
S )
206 E-=
o
Qa
0.4 -500
o2f -1000
0 : : : -1500
-100 -50 0 50 100
Depth [mm]

Fig. 3. Depth-dose measurements using the twenty-four PinPoint ionization chamber apparatus submerged in the water tank versus dose calculation with various
engines, when applicable, for the four ions (*H, “He, *2C, '°0): FLUKA, FRoG and Syngo (when applicable). Corresponding HU profiles are provided, demonstrating
great anatomic variability.

Table 2

Mean absolute percent deviation in dose (|%A|) and standard deviation ( + o)
for mid-SOBP, distal end, and whole target (total) for PinPoint measurements

against various calculation modes.

PinPoint Measurements vs. Monte Carlo vs. Analytical Algorithms

Particle Type Mid-SOBP Distal end Total
|%A| +0 |%A| +0 |%A| +0
H FLUKA 1.01 0.94 1.58 0.43 1.16 0.84
FRoG 1.73 1.07 3.33 0.73 2.23 1.48
Syngo 3.32 1.12 4.70 2.31 3.76 1.73
“He FLUKA 1.58 0.97 1.96 1.02 1.50 0.49
FRoG 0.70 1.45 2.02 1.25 1.21 1.14
2¢c FLUKA 1.34 0.56 1.76 1.33 1.51 0.92
FRoG 1.25 1.31 1.64 1.58 1.47 1.51
Syngo 2.74 1.27 4.60 2.89 3.23 2.24
%0 FLUKA 1.95 0.82 1.33 0.88 1.91 0.70
FRoG 1.79 1.32 2.48 1.46 2.06 1.49

dose homogeneity (i.e. slight fluctuations in target uniformity observed
at the distal edge of the target) are visible in the FLUKA dose map. The
mean 3D-y passing rate for FRoG was 93.6( = 4.2)% averaged over the
four ions.

As for 3D-y analysis using 3%/3-mm dose-difference/DTA cri-
terium, individual passing rates are presented with = o, con-
sidering + 2mm range uncertainties. For proton irradiations, passing
rates were 98.7( = 0.2)%, 93.6( = 0.4)% and 70.7( = 7.0)% for
FLUKA, FRoG and Syngo. For irradiation with carbon ions, y-passing
rates were 98.9( = 0.6)%, 99.1( = 0.1)% and 91.8( = 2.1)% for
FLUKA, FRoG and Syngo, respectively. The experimental beams pre-
sented the following 3D-y passing rates for FLUKA and FRoG,

respectively: 96.3( = 0.4)% and 92.5( = 1.9)% for helium ions, and
93.9( = 0.4)% and 89.1( = 0.6)% for oxygen ions.

4. Discussion

Using multi-dimensional measurement strategies, we evaluated
particle therapy dose calculation performance for the four ion-beams
available at HIT in heterogenous setting. In this study, accuracy of
clinical and research-based systems, both analytical algorithms and
Monte Carlo codes, are addressed in a challenging clinical scenario (i.e.
deep-seated field after severe anatomic heterogeneity without beam
angle optimization). Aside from providing benchmarks for the clinically
applied particle beams (i.e. protons and carbon ions) in patient-like
geometries, the study provides preliminary data using novel ion-beams
for future clinical programs: (1) the upcoming translation of raster-
scanning helium ion-beams and (2) investigating advanced treatment
planning and delivery techniques such as intensity modulated compo-
site particle therapy (IMPACT) [39]. Both motivations first require
systematic characterization of full Monte Carlo codes and fast analytical
algorithms in clinical-like settings for each ion.

Visual inspection of the DVH curves in Fig. 2 reveals noticeable
discrepancy between the reference FLUKA Monte Carlo and analytical
codes. Generally, analytical engines for the heavier ions have difficulty
reproducing Monte Carlo results due to the complexity of nuclear in-
teractions and imperfect characterization of the particle beam as a su-
perposition of Gaussians. In summary, the analytical algorithms over-
estimate, with FRoG exhibiting agreement in Dso within
~1.28( = 0.78)% averaged over the four ions, in line with prior find-
ings [21,36]. In regards to quality of the proton plan calculation using
Syngo, the mean deviation in Ds, from FLUKA was ~ 1.85%. For carbon
ions, deviations between FLUKA and Syngo of ~3% for Dso are
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Fig. 4. Percent dose deviations for the four ions (*H, *He, '°C, and '°0) compared

Syngo (when applicable).

consistent with works which assessed the clinical TPS against the in-
ternal Monte Carlo framework [28]. For all four ions, agreement be-
tween FLUKA and measurements are comparable with the MCTP vali-
dation study, showing roughly $2% deviations on average [20]. Due to
recently acquired cross-section measurements for helium ion-beams
within the clinical energy range 70-220 MeV/u) and their incorpora-
tion into the FLUKA 2018 development version, improvements in re-
producing physical measurements were observed, decreasing from
nearly 5% to $1% for individual helium ion Bragg peaks [40].

When evaluating against experimental data, the commercial TPS
presented larger deviations in dose prediction, particularly for the
proton case, as demonstrated in |%A| from point measurements (Fig. 4
and Table 2) and 3D-y passing rates (Fig. 5). To compensate for pencil
beam deformation in conditions with severe lateral heterogeneity,
Syngo makes use of the water equivalent depth at point of interest
(WED-at-POI) approach, which can elicit notable deviations in range, as
depicted dose map (Fig. 2) and line profiles (Fig. 3). In WED-at-POI, the
radiological depth of each dose voxel is computed via raytracing and
WED spread due to particle scattering is neglected. For protons, the
variation in Rgg, the distance where the SOBP dose at the distal edge
drops to 80% of the planned value (1 Gy), between Syngo and FLUKA
ranged between + 5mm within the target. For carbon ions, the dis-
parity in range prediction was less pronounced, with a = 2mm fluc-
tuation, on average, for Syngo against FLUKA, an anticipated result
considering the beam characteristics of carbon ions (i.e. reduced spot-
size and multiple Coulomb scattering (MCS) in medium compared to
protons). These relatively minor uncertainties in range, however, form
visible hot-spots in the distal region of the target, observed in the upper
right panel of Fig. 3.

To best describe lateral dose evolution, reduce range errors in het-
erogeneous conditions and properly handle intra-beam spot widening
for tangentially-oriented fields, FRoG uses a higher order approxima-
tion for the Gaussian model, an increased beam decomposition multi-
plicity during PB splitting, and the dual-PB model for explicit handling
of the secondary beam profile due to large angle scattering in the nozzle
[21]. In turn, FRoG exhibited satisfactory agreement with measure-
ments, with |%A| ranging between ~ 1% mid-SOBP to a maximal ~ 3%
at the distal edge, as reported in Table 2.
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to reference measurements for the following dose engines: FLUKA, FRoG and,

For the assessment of lateral distributions using the OCTAVIUS®, the
target’s distal end was of particular interest due to the large variations
observed in prediction between the three dose engines. For distal field
positions, the selected 3D-y analysis criteria (3%/3-mm) are relatively
stringent considering the associated uncertainties in particle therapy
treatment planning in an anthropomorphic phantom. The only passing
rate well above 95% for the proton case was for the full Monte Carlo
simulation. Additional gamma tests were performed for the proton case
to determine the limits using more loose criteria, i.e. 5%/3-mm and
7%/4-mm (IROC criteria), respectively. For protons, passing rates using
a 5%/3-mm criteria were 99.1% and 96.4% for FLUKA and FRoG, while
using a 7%/4-mm criteria, passing rates were 100% for both platforms.
As for the commercial system, passing rates using a 5%/3-mm and 7%/
4-mm criteria were 81.9% and 91.0%, respectively. Additionally, a
baseline measurement was acquired as a reference for the proton plan
irradiation by positioning the detector at mid-target (~3 cm depth),
which yielded 3D-y analysis passing rates under 3%,/3-mm criteria of
100.0%, 98.6% and 76.2% for FLUKA, FRoG and Syngo. The com-
mercial software in this study presented less than satisfactory agree-
ment compared to measurements, especially at the distal end. Other
works present significantly smaller deviations for commercially avail-
able dose engines against measurements using IBA systems (Ion Beam
Applications, Louvain-Neuve, Belgium) alongside Monte Carlo based
RaySearch TPS solutions [15]. Consequently, commissioning of the
RayStation Monte Carlo TPS is currently underway for clinical use at
HIT.

From a clinical perspective, the TPS beam model can meaningfully
impact target coverage between planning and delivery in patients. As a
proof of concept, an additional measurement was acquired with the
OCTAVIUS® in a fixed-beam treatment room (as opposed to the ex-
perimental cave) by irradiating a proton plan optimized using the
Syngo TPS in place of MCTP. 3D-y analysis between measurements and
Syngo in the mid-SOBP region yielded passing rates of 86.1% and
94.0% under a 3%/3-mm and 5%/3-mm criteria, a result within the
specified clinical tolerances. Despite these improvements mid-target,
hot spots on the order of 10% were measured at the distal end and
beyond the target. These findings further demonstrate the impact of
anatomic heterogeneities on dose prediction and the importance of
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implementing advanced beam models during optimization and robust
treatment planning. Albeit demonstrating excellent agreement with
measurements, FLUKA and MCTP are non-viable for routine clinical use
or large scale patient studies, a circumstance in which fast dose engines
present numerous advantages [41]. Despite discrepancies identified in
the target’s distal end due to various limitations in analytical dose
calculation, FRoG achieves superior agreement with measurements
overall compared to the commercial TPS.

Regarding dose prediction performance by the analytical algo-
rithms, overestimations were observed. This result was anticipated
considering the simplified beam models assumption of lateral scattering
effects in water, particularly in airgaps and low density tissue/bone
interfaces (i.e. lung, nasal cavity, paranasal sinuses, etc.) where beam
spread is not properly considered [42]. Consequently, hot spots in dose
calculation for the analytical engines were generally found distally,
along trajectories with distinct anatomical complexity. From a practical
standpoint, the overestimation made by the commercial system cannot
be solved via calibration or scaling since the physical distribution is
severely altered by anatomic heterogeneities. Compared to our study,
other groups present significantly smaller differences for commercially
available analytical algorithms versus measurements in a brain
phantom [43]. It is therefore worth noting that disparity in calculation
and measurement is strongly dependent on the mode of calculation/
optimization (Monte Carlo versus analytical), the extent of hetero-
geneity, depth/size of the target volume, field configuration and the
particle beam-line design.

Depending on the degree of range and dose prediction uncertainty
when using a particular TPS, an increased risk of toxicity or adverse
effects, especially for skull-based diseases (e.g. hippocampal/limbic
system avoidance), is of major concern. Since the analytical codes are
considerably more practical in terms of runtimes compared to full
Monte Carlo, they are often an attractive means for dose computation in
clinical outcome studies involving large patient cohorts but may jeo-
pardize the validity of the study. Further investigation using anthro-
pomorphic set-ups is required to make more conclusive statements re-
garding the accuracy limits of the various dose engines available for
particle therapy; however, considering the findings in this work and the
related studies, warranted application of certain algorithms may be
disease and/or location-dependent. Nevertheless, based on the level of
agreement with Monte Carlo and measurements for the highly de-
manding tests in this study, dose engines such as FRoG which maximize
PB splitting and employ triple Gaussian parametrization to describe
lateral dose evolution in highly heterogeneous anatomy should be im-
plemented for the upcoming helium ion-beam therapy programs.
Future work will investigate calculation accuracy in various treatment
sites (e.g. thorax and pelvic) for light and heavy ions. As for testing
performance with beam-modifiers (e.g. range shifter), FRoG has de-
monstrated excellent agreement with both FLUKA Monte Carlo and
physical measurements, well within 2% [36] and comparable to results
in clinical studies on the impact of new commercial software, such as
RayStation®, which use Monte Carlo codes for proton therapy treatment
planning [44]. Similar agreement between FRoG and FLUKA with
measurements is anticipated when testing in anthropomorphic H&N
phantoms. Further assessment of dose engine performance in more
computational demanding anatomical sites, e.g. thorax, is foreseen.

Regarding biological dose optimization, carbon ion-beam therapy
requires treatment planning with biophysical/mechanistic models for
relative biological effectiveness (RBE), e.g. local effect model (LEM) or
microdosimetric kinetic model (MKM). Conversely, a constant RBE of
1.1 is assumed clinically for protons worldwide despite in vitro and in
vivo evidence of enhanced cell-kill end-of-track [45]. For future study of
RBE variability in patient treatment, biological dose prediction using
FRoG was validated against FLUKA using the LEM-I and MKM and
found to be within ~2% [36]. Moreover, fast and accurate tools like
FRoG can be used for calculating LET4 and linking clinical outcome to
various biophysical parameter for carbon ions. Effective dose
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calculation is also made possible in FRoG using LET-based phenomen-
ological approaches to model variable RBE for proton therapy [46].
Future studies will investigate the impact of physical dose engines ac-
curacy and RBE-weighted dose optimization on in vitro response in
homogenous setting and anthropomorphic phantoms.

5. Conclusion

MCTP and FRoG were successfully validated in a complex dosi-
metric scenario for four ions in preparation for advanced applications in
hadrontherapy, e.g. clinically informed particle selection and biologi-
cally optimal treatments using multi-ion modalities, and provide for the
first time clinical benchmarks for PB scanning helium, carbon and
oxygen ion-beams in an anthropomorphic set-up. These platforms were
compared against a commercially available system, which presented
clinically-relevant discrepancies particularly at end-of-range depths
(distal target), demonstrating that limitations of clinical algorithms
should be thoroughly examined through site-specific testing.
Considering the limitations of WED-at-POI for protons and carbon ions
presented in this work, we advise using next-generation analytical dose
engines such as FRoG to reduce treatment planning uncertainties for
centers introducing protons, heavy and/or novel ions to the clinic.
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