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Abstract

Purpose: A Geant4-based TOPAS Monte Carlo toolkit was utilized to model a Varian ProBeam
proton therapy system, with the aim of providing an independent computational platform for
validating advanced dosimetric methods.

Materials and Methods: The model was tested for accuracy of dose and LET prediction
relative to the commissioning data, which included integral depth dose (IDD’s) in water and

spot profiles in air measured at varying depths (for energies of 70 to 240MeV in increments

of 10MeV, and 242MeV), and absolute dose calibration. Emittance was defined based on depth
dependent spot profiles and Courant-Snyder’s particle transport theory, which provided spot size
and angular divergence along the inline and crossline plane. Energy spectra were defined as
Gaussian distributions that best matched the range and maximum dose of the IDD’s. The validity
of the model was assessed based on measurements of range, dose to peak difference, mean point
to point difference, spot sizes at different depths, spread out Bragg Peak (SOBP) IDD and was
compared to the current treatment planning software (TPS).

Results: Simulated and commissioned spot sizes agreed within 2.5%. The single spot IDD

range, maximum dose, and mean point to point difference of each commissioned energy agreed
with the simulated profiles generally within 0.07 mm, 0.4%, and 0.6% respectively. A simulated
SOBP plan agreed with the measured dose within 2% for the plateau region. The protons/MU and
absolute dose agreed with the current TPS to within 1.6% and exhibited the greatest discrepancy at
higher energies.

Conclusions: The TOPAS model agreed well with the commissioning data and included inline
and crossline asymmetry of the beam profiles. The discrepancy between the measured and TOPAS
simulated SOBP plan may be due beam modeling simplifications of the current TPS and the
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nuclear halo effect. The model can compute LET, and motivates future studies in understanding
equivalent dose prediction in treatment planning, and investigating scintillation quenching.
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1. Introduction

Proton pencil beam scanning systems (PBS) are increasingly being employed for radiation
therapy due to greater control over homogeneity and conformality of the dose distribution
without the use of patient specific compensators. As clinics transitioned away from

passive scattering proton therapy, studies showed that analytical algorithms were not
adequate for beam modeling and dose calculation of PBS treatments.2~/ Often the analytical
algorithm-based treatment planning software (TPS) over estimated dose to the target, while
underestimating dose to organs at risk.# These algorithms showed inaccuracy in dose at
interfaces (as much as 30%) between organs and tumor with change in density and elemental
composition (e.g. lungs).2>8 Thus, clinics have transitioned to using TPS with Monte

Carlo (MC) based dose calculation algorithms, which agree with measured dose to within
5%. Recently there has been increasing interest in calculation of linear energy transfer by
TPS,8-11 specifically because it is well known that proton beams exhibit greater relative
biological effectiveness (RBE) at the distal edge of the Bragg peak, due to increased LET.
The implementation of LET calculation in the TPS can better quantify the biologically
equivalent dose of the treatment plan.12 The ability to experimentally measure LET would
be valuable to validate the LET calculations integrated in clinical TPS.

In heavy particle scintillation imaging studies, irradiated scintillators exhibit ionization
quenching leading to nonlinear response of luminescence intensity to dosel3-16 and this
quenching is known to be LET-dependent. Imaging proton beam scintillation has shown
promise to quantify beam characteristics, including the LET distribution, 17:18 which can

be applied for the validation of LET calculation.1” To establish a quantitative relationship
between the quenching effect and LET, precise characterization of dose and LET distribution
of the beam for specific proton therapy platforms is essential. The Geant4 based TOPAS MC
toolkit can calculate LET distribution19-20 and it has been used to conduct studies in RBE.2!
The toolkit accurately modelled other proton pencil beam scanning systems®22 and has been
utilized to model a Varian ProBeam in this study.

This study reports the first beam model (to our knowledge) of the Varian ProBeam using

the TOPAS MC toolkit. The commissioning data of the Varian ProBeam at the Emory
Proton Therapy Center was utilized to quantify the beam characteristics (beam shape,
energy spectra, ions per monitor unit) at clinically relevant energies. The beam model was
validated with measured spot profiles, integral depth dose curves, and a spread-out Bragg
peak (SOBP) treatment plan. The beam model was compared to the current model in the
clinical TPS (RayStation v8, Raysearch Laboratories). Finally, TOPAS was used to calculate
volumetric LET distribution using the beam model.
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2. Materials and Methods

2.A Beam Source and Commissioning Data

The Varian ProBeam beam line was characterized during commissioning of each gantry
room and provided the necessary measurements to specify beam characteristics in TOPAS
MC toolkit?324, The distance from the snout of the gantry to the isocenter was 420 mm. The
integral depth dose curves at a range of energies from 70 to 242 MeV single spot beams
were measured in a water phantom using the IBA string ray ionization chamber (accuracy
within 1% in comparison to the gold standard, parallel plate chamber)2°:26 with an active
detection diameter of 120 mm thickness and electrode spacing of 1 mm. The spot profiles
were measured with an IBA Lynx scintillation-based detector (10-bit depth, 0.5 mm spatial
resolution) in air crossline (x) and inline (y) for each energy at depths (z) of 300 mm, 200
mm, 100 mm, 0 mm, and =50 mm with respect to the isocenter. The snout of the beam is in
the positive z axis or upstream and negative is downstream from the isocenter. The absolute
dose per monitor unit (MU) was measured using a parallel plate ionization chamber (PPC40,
IBA Dosimetry, Germany, accurate to within 0.5%)27 with an active diameter of 20 mm

for each energy at a depth of 20 mm in water, having water surface aligned to isocenter.

The dose was determined for each energy with a 100x100 mm? field size and 2.5 mm spot
spacing. The absolute dose and dose distribution measurements were then simulated in the
TOPAS MC toolkit. Enough particles were simulated to determine beam characteristics,
validate the model, and quantify LET distribution such that in each voxel along the central
axis, the statistical uncertainty was less than 0.5% standard deviation of the dose delivered
(or fluence) unless otherwise specified.

2.B Beam Optics

In TOPAS, the beam was modelled as an emittance with a “bi-Gaussian” shape (i.e.
provided freedom to specify beam shape in the x and y directions). The measured inline

and crossline beam profiles were fitted to a gaussian at each depth, and spot size was defined
as one standard deviation. The beam shape was defined based on Courant—-Snyder’s particle
transportation theory and the methods described in Huang et al.22:28 The spot size with
respect to depth can be described theoretically as

5(2) = 6(0)% = 2p(0)6(0)(0)z + 6(0)* 22 Eq.1

Where o(z) is the spot size at depth z, o, is the angular divergence, and p is the correlation
coefficient. Equation 1 was fitted to spot sizes at the five depths to provide, o,(0), 5(0),
and p(0) at the isocenter. The fit parameters (c,(0), ¢(0), and p(0)) for all the commissioned
energies are shown in figure 1 with example fitted and measured spot sizes with respect
to depth for 100 MeV and 200 MeV beams. The parameters and equation 1 were used to
determine the spot size inline and crossline, at the source position (i.e. o(z)) which was
defined as the snout position. The correlation coefficient was defined at the snout position
using

p(z) = p(O)U(O(z( Z_) o(0)z Eq. 2
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The angular divergence of the beam was assumed to be constant. The beam with the
specified beam parameters was simulated in air (1 x 1 x 1m3) with the geometry used

for the measured data for spot profiles (in air 420 mm distance from isocenter to the

snout). The inline and crossline dose profiles with respect to depth were scored in air

along the x-axis and y-axis plane with a 1 x 1 x 1mm> voxel size. The physics modules

in TOPAS were “g4em-standard_opt3”, “g4h-phy_QGSP_BIC_HP”, “g4decay”, “g4ion-
binarycascade”, “g4h-elastic_ HP”, and “g4stopping”. The simulated profiles were then fitted
to a gaussian, like the measured profiles, to provide spot sizes with respect to depth and for
comparison with the spot sizes from the commissioning data.

2.C Beam Energy Spectra

The energy spectra of the proton beam was modelled as a gaussian and the mean energy (u,)
and standard deviation (o;) of the beam was adjusted to best match the IDD curves for each
energy. The beam shape was defined based on section 2.B and was simulated in air with a
water phantom (0.5 x 0.5 x 0.5m3). The center of the water phantom surface in the simulation
was at the isocenter. The scoring volume was 120 mm in diameter, 0.5mm thickness (z
axis), at depths of 0 to 0.5 m in water, The commissioned IDD and the simulated IDD

were normalized to the sum of the dose delivered from the surface to the depth of 80%

of maximum dose at the distal edge of the Bragg peak (Rs,). The energy spectra of each
commissioned energy were determined iteratively varying p; or o (sShown in figure 2a and
c). While initially defining the mean energy as the nominal energy (E...), the standard
deviation of the energy was adjusted to minimize the dose to peak difference?2, The IDD
values were first simulated for varying o, (10,000 histories per simulation) in intervals

of 0.01% of y, and the dose to peak difference for the varying o, was fitted linearly to
determine the o, 1. that resulted in a dose to peak difference of 0 (figure 2a). The IDD
values were simulated again for varying o (30,0000 histories per simulation) in intervals of
0.01% of u, in the range of + 0.1% of the chosen o .- The dose to peak difference vs. o,
was again fitted linearly and the o, of the fit that resulted in a dose to peak difference of 0
was chosen as the 6,..41.n.  The mean energy was then adjusted to minimize the difference
in Ry, from the MC and IC2°. IDD’s were simulated with varying mean energy in intervals
of 0.1 MeV in the range of + 1 MeV from the nominal energy. The difference in Ry, from

IC and MC measurements was plotted against x, and the linear fits (figure 2c¢) were used

to choose the p., 1. that resulted in range difference of 0 mm. The process was repeated
again to determine the o ey 8N s 1y DUL €NOUGH particles (>5E5) per simulation so the
uncertainty for each voxel along the central axis superficial to Ry, was less than 0.5%. The
R-squared for the final linear fits to determine both the yx, and o, were >98%. The o as a %
of u, and ratio of x, to nominal energy for each of the commissioned energies is shown in
figure 2b and 2d.

2.D Protons per MU Calibration

The number of protons per MU were determined from simulating dose to the water phantom
set up in section 2.C. The beam was scanned inline and crossline and delivered 103 protons
(V..c) per spot to replicate the dose plan delivered for absolute calibration of MU in
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the commissioning data (100x100 mm? field size and 2.5 mm spot spacing). The actual
plan delivered 100 MU per spot position. The dose was scored at 20 mm depth with

voxel thickness (z-direction) of 1.16 mm, and diameter of 20 mm to represent the PPC40
ionization chamber. 24 The number of protons per MU for each commissioned energy were
determined by using

D¢
_ pMU
Ny N

= Eq. 3
Due/ Nye d

The number of protons per MU for each of the commissioned energies from TOPAS in
comparison with the current TPS (RayStation) is shown in figure 5. A look up table with all
the beam parameters, energy distribution, beam optics, and protons per MU, were created for
each of the commissioned energies and used to simulate treatment plans for all the clinically
relevant beam energies the Varian ProBeam can produce.

2.E Validation of Model: SOBP

A spread-out Bragg peak (SOBP) plan with a range of 150 mm, modulation distance of 100
mm, and field size of 100 x 100mm? was created on the RayStation TPS. The DICOM files
of the plan provided the dose distribution (2 x 2 x 2mm? voxel size), energy per layer, spot
positions, spot size, and spot weight per spot. The spot weight was given in MU/mm?, so the
spot weight was multiplied by the spot size to produce spot weight in MU. The look up table
(2.B to 2.D) was used to define the beam source in TOPAS. The energy, E,, for a given layer
was between two of the commissioned energies (E, and E,) and each beam parameter was
defined as

P, = %(EL - E)+E, Eq. 4
P, P,, P, are the ith parameter for the energy layer, and the two commissioned energies,
respectively. The DICOM provided spot parameters (spot weight, spot positions) were
implemented in TOPAS as steps using the time feature modules and the dose to the volume
was scored with a voxel size of 2 x 2 x 2mm3. The beam was again simulated from the snout
with a water phantom (0.5 x 0.5 x 0.5m3), but the water surface was shifted down stream to
-110 mm to match the phantom location in the treatment plan.

2.F Scoring Linear Energy Transfer (LET)

The linear energy transfer (LET) was scored using the function “ProtonLET” and the default
scoring settings were implemented and dose averaged LET was scored.2? The beam sources
were defined based on the look up table and LET was scored for the commissioned energies.
The beam was simulated in water with a water phantom (set up in section 2.C) and the voxel
sizes were 1 x 1 x 1mm?3.
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3. Results/Discussion
3.A Spot Size Validation

The measured and the TOPAS simulated spot sizes are shown in figure 3. The % difference

error (100% 2= %) for the simulated spot size in comparison to the measured spot agreed

meas

within 2.5% for all spot locations and energies considered suggesting the beam emittance
parameters determined in section 2.B accurately modelled the beam shape.

Nonetheless, proton fluence and beam shape exhibit spatial and energy dependency. The
spot profiles measured and simulated at the isocenter exhibited some cylindrical asymmetry.
The largest maximum difference in the spot size at the isocenter inline compared to crossline
was 0.15 mm (3% of mean of the inline and crossline spot sizes), which agrees with Langner
et. Al.23 The angular divergence and correlation coefficient show a maximum difference

of 1.5E-3 radiance (52% of the inline and crossline mean) and 0.5 radiance (110% of

the inline and crossline mean), respectively; thus, the cylindrical asymmetry of the beams
became apparent farther downstream and upstream from the isocenter, which can be seen

in figure 1a and 3b. The beam was more elliptical for higher energies particularly far

from the isocenter. The asymmetry could be attributed to the focusing of the beam using
quadrupoles. The beam’s angular divergence and spot size decreased with increasing beam
energy. The degrader used to select a beam energy caused beam emittance growth from
multiple coulomb scatter.30

3.B Depth Dose Validation in Water

Criteria for quantifying the validity of simulated depth dose distributions in water were dose
to peak difference, range difference, and mean point to point difference. Mean point to point
difference can be defined as

DMC - DIC Ai
€_2| (=) = Dulal

Eq.5
Duc(z) is the simulated dose, D,«(z) is the measured dose, A, is the distance between

the depths measured, and L is the integration length (R, of the IDD from the ionization
chamber measurement).22:31 The measured and TOPAS simulated IDD are shown in figure
4. The range difference between measurements and simulations was less than 0.1mm for
all energies. The dose to peak difference was less than 0.4% for all commissioned energies
and mean point to point difference was within 0.6% for all commissioned energies. The
agreement between the IC and TOPAS MC simulated IDD indicated the methods in section
2.C accurately determined mean energy and standard deviation. The ratio of mean energy
to the nominal energy generally decreased for higher energy beams, which agreed with the
treatment planning software beam model.

3.C. Absolute Dose

The number of protons per MU were in close agreement between the beam model in
TPS (RayStation v8) and the TOPAS simulated beam model (figure 5). The greatest
discrepancy is at higher energy with a maximum ratio of TOPAS to TPS of 1.016. This
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slight discrepancy can be attributed to the asymmetry in the beam profile. While the spot
size is comparable and nearly symmetric at the isocenter, at greater depths (e.g. 20 mm

in water) the asymmetry becomes more prominent (from the asymmetry in correlation
coefficient shown in figure 1). The asymmetry in the correlation coefficient increases with
higher energy. However, the asymmetry is not modelled in the TPS, which results in greater
protons per MU discrepancy for higher energy beams. The discrepancy and asymmetry in
the angular divergences in comparison to TPS at higher energies also leads to a greater ratio.
For the TOPAS model, while at lower energies the collecting voxel of 20 mm diameter

in comparison to a larger collecting voxel size (i.e. 120 mm) had no effect on dose, at
higher energies the TOPAS simulations showed a slight under reporting (~1%) of dose when
compared to larger collecting voxel size. Nonetheless the underreporting was <2% for all
beam energies.

3.D SOBP Validation

The SOBP plan described in section 2.E was measured using an IBA Zebra multi layered
IC system. The TOPAS and TPS simulated SOBP was compared to the IC measured

dose profile, shown in figure 6. The profiles were normalized to the dose delivered in the
plateau portion of the SOBP (depth of 50mm to 150mm). The 3%/3mm global gamma
analysis in figure 6b suggested the TOPAS MC toolkit and TPS accurately modelled the
Varian ProBeam with pass rates of 0.92 and 0.99 respectively (5 % threshold with respect
to maximum measured dose). The TPS and TOPAS simulated SOBP agreed with the IC
SOBP within 2% and had a gamma pass rate of 1.00 along the plateau region (50-150 mm
depth). The TPS and TOPAS showed greatest discrepancy at the entrance where it over
reported (+2.2%) and under reported (—3.2%), respectively. The TOPAS profile exhibited
some curvature and discrepancy in the profile. This may be due to the spot location, spot
weight, and energy optimization of the SOBP for the RayStation TPS beam model. The
TOPAS beam model included dose contribution from the nuclear halo effect,1-32 which
may explain (after normalizing IDD) the TOPAS SOBP showing relatively lower dose at
the entrance of the beam, where nuclear halo contribution to dose is the least. The distal
part of the SOBP also showed an increase in dose contribution, in comparison to the TPS
model, where there would be a larger nuclear halo contribution to dose from greater number
of secondary particles produced from the protons traversing through the water. The Zebra
system is not water equivalent, may have greater contribution of dose from the nuclear halo
at the entrance since it is composed of material with a high atomic number.33 The middle
to distal region discrepancy could be attributed to the spot profile discrepancy, asymmetry,
and the higher protons/MU (in comparison to TPS) for higher energies in the TOPAS beam
model discussed in section 3C. Nonetheless, the TOPAS SOBP is acceptable because the
dose agreed with the measured SOBP along the plateau region within 2% and the width
agreed within 1 mm.26

3.E Linear Energy Transfe

An example central axis dose profile and linear energy transfer profile is shown in figure

7 (aand b). Birks JB (1964), Wang et al. (2012), Robertson et al. (2013), Torrisi et al
(2000), and Darne et al (2017) have shown the LET and dose distribution, can be utilized
to determine quenching parameters of the response from liquid and plastic scintillators and
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determine dose distribution for quality assurance of proton beams.1314.34-36 TOPAS was
readily able to score the volumetric dose average LET, which is of interest for RBE studies.
The current TPS provides dose in GyRBE but assumes a constant RBE of 1.1.37 Since
RBE is a function of the LET,12 the spatial distribution of LET can be mapped to a spatial
distribution of physical dose to evaluate the RBE for tumor and normal tissue.2! Currently
there are many models that provide a functional relationship between RBE and LET in
proton therapy.38-42 While mapping LET to RBE is outside the scope of this study, LET
weighted dose (Dose x LET) distribution and its comparison to physical dose distribution
is shown in Figure 7c and figure 7d, respectively. Figure 7d shows that for a given dose
deposition, there can be variability in Dose x LET, particularly evident in the Bragg peak
that is used to paint the dose in PBS systems. Furthermore, the location of maximum dose,
does not imply it corresponds to the location of maximum Dose x LET. Thus, homogeneity
of the LET weighted dose or RBE weighted dose as planning constraints could be of interest
and worth exploring for improving patient outcome.

4. Conclusion

This study presents a complete beam model of the Varian ProBeam proton therapy

pencil beam scanning system on the Geant4 based TOPAS MC simulation toolkit.

The model’s source and phase space files are available on < https://github.com/mr3536/
VarianProBeamTOPASModel>. The model incorporated crossline and inline asymmetry in
the beam shape and agreed well with the commissioned energy spot sizes (within 3%) and
IDD’s (range difference generally within 0.1 mm and dose to peak difference with 0.4%).
Absolute dosimetry of the TOPAS beam model agreed with the current TPS beam model
within 1.6%, with the greatest discrepancy at the higher energy range of 240 MeV. The beam
model was validated with a simulated SOBP, which agreed with the IC measurements of
SOBP within 2% along the width of the SOBP. The ability to use this TOPAS MC to provide
volumetric LET distribution, as shown in this study, will be implemented for future studies
in scintillation imaging and radiobiological equivalent dose mapping.
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Quadratic fit results from spot size vs. depth. for commissioned beam energies. a. 100 MeV
and 200 MeV examples in the inline (Y) and crossline (X) plane b. Spot size, c. correlation
coefficient, and d. angular divergence at the isocenter from the fit results. Beam optics

parameters from TPS are included.
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Method of determining energy spectra (mean, u,, and standard deviation, o) for each
commissioned energy a. Example dose to peak differences (normalized to maximum dose of
IC measurement) for TOPAS simulated beams with varying o, and their linear fits for each
iteration. b. o, that resulted in 0% dose to peak difference based on the linear fit from the
final iteration. c. Example range (Rs,) differences for TOPAS simulated beams with varying
u and their linear fits for each iteration. d. u, that resulted in Omm range difference based
on the linear fit for the final iteration.

Med Phys. Author manuscript; available in PMC 2024 January 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rahman et al.

a.

Fluence, A.U.
S

=0mm
S
N

a
S
)

At Isocenter, Z

Fluence, A.U.
3

-1
S
N

—k
=
(]

X-Profile

Y-Profile

—MC
> Meas||

—_
o
o

10%F

107F

102F

-20 0 20
Lateral Distance, mm

Figure 3.

10°

-20 0 20
Lateral Distance, mm

N3N 001

N3N 002

Page 14

L. 100 MeV

3 1 1 1 1 1
-100 0 100 200 300 400
Position (Z), mm
5 T T T
o X
+Y

% Difference of Spot Size
()

TERERRE:
Eigiggggitéﬁioso?
i 100 150 200 250
Energy, MeV

TOPAS simulated spot profiles in air in comparison to IBA Lynx measured spot profiles a.
Example spot profiles at the isocenter crossline (X) and inline (Y) b. Example Spot size with
respect to depth c. Error in TOPAS simulated spot sizes for each commissioned energy with
respect to measured spot sizes.
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a. IDD’s of commissioned energies comparing the 1C measured and TOPAS simulated
proton beams (Normalized to sum of dose from entrance to Ry,). b. Error in simulated IDD’s
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for commissioned energies using the dose to peak difference, mean point to point difference
and range difference as the criteria.
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a. TOPAS and TPS simulated SOBP (150 mm range, 100 mm modulation distance, for a
10 x 10cm? field in comparison to the IC measurement based on a TPS generated treatment
plan. b. 3%/3mm global gamma analysis with pass rate based on 5% threshold relative to
maximum measured dose.
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Example of a TOPAS simulated a. central axis dose, b. dose averaged LET, c. LET weighted

dose (Dose x LET), and d. comparison of Dose x LET to dose for a 100 MeV beam in
water.
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