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Abstract

Monte Carlo (MC) radiation transport methods are used for dose calculation as ‘gold standard.’
However, the method is computationally time-consuming and thus impractical for normal tissue
dose reconstructions for the large number of proton therapy patients required for epidemiologic
investigations of late health effects. In the present study, we developed a new dose calculation
method for the rapid reconstruction of out-of-field neutron dose to patients undergoing pencil
beam scanning (PBS) proton therapy. The new dose calculation method is based on neutron dose
voxel kernels (DVKSs) generated by MC simulations of a proton pencil beam irradiating a water
phantom (60 x 60 x 300 cm3), which was conducted using a MC proton therapy simulation

code, TOPAS. The DVKs were generated for 19 beam energies (from 70 to 250 MeV with the
10-MeV interval) and three range shifter thicknesses (1, 3, and 5 cm). An in-house program

was written in C++ to superimpose the DVKSs onto a patient CT images according to proton

beam characteristics (energy, position, and direction) available in treatment plans. The DVK dose
calculation method was tested by calculating organ/tissue-specific neutron doses of 1- and 5-year-
old whole-body computational phantoms where intracranial and craniospinal irradiations were
simulated. The DVK-based doses generally showed reasonable agreement with those calculated by
direct MC simulations with a detailed PBS model that were previously published, with differences
mostly less than 30% and 10% for the intracranial and craniospinal irradiations, respectively. The
computation time of the DVK method for one patient ranged from 1 to 30 minutes on a single
CPU core of a personal computer, demonstrating significant improvement over the direct MC dose
calculation requiring several days on high-performance computing servers. Our DVK-based dose
calculation method will be useful when dosimetry is needed for the large number of patients such
as for epidemiologic or clinical research.
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1. Introduction

Proton therapy is an emerging radiotherapy technique with great potential to enhance
clinical outcomes by delivering smaller doses to organs at risk surrounding the tumor
compared to conventional radiotherapy with photons (Gondi e a/ 2016). This benefit leads
to the exponential growth of proton therapy patients worldwide (Jermann 2015). However,
epidemiologic investigations of late health effects such as second cancers after proton
treatment are sparse (Journy ef a/2018). Understanding the late effects is crucial particularly
for pediatric patients having higher radiosensitivity of tissues and longer life expectancy
than adult patients (Xu et a/2008). In a dedicated effort to investigate the late health effects
for pediatric patients in proton therapy, the Pediatric Proton/Photon Consortium Registry
(PPCR) (http://www.pedsprotonregistry.org/) was launched in 2012 and has actively enrolled
children and young adults (under the age of 22) treated by 17 US proton centers (Kasper et
al 2014, Hess et al2018). To expand this collaboration, Berrington de Gonzalez et a/ (2017)
proposed an International Pediatric Proton Therapy Consortium for large-scale collaborative
studies involving a large number of proton centers on an international level.

The risk assessment in epidemiologic investigations requires estimation of dose to the
normal organs and tissues where adverse effects occurred. Dose to the normal organs and
tissues in the field of primary proton beams can be estimated by a proton treatment planning
system (TPS). Most existing TPSs, however, to enhance calculation efficiency, are designed
for accurate in-field proton dose calculation but not for out-of-field secondary neutron dose
to the normal organs and tissues at risk. In proton therapy, secondary neutrons are the

main contribution to the out-of-field dose even for scanning beams (Kry ef a/2017). Dose
calculation based on a Monte Carlo (MC) radiation transport method, which is considered
the ‘gold standard’ (Koztowska ef a/ 2019), has been used to estimate neutron dose to
proton patients (Polf and Newhauser 2005, Athar ef a/ 2010, Zheng et a/ 2008, Geng et

al 2015). However, the MC dose calculation method is computationally time-consuming
(Ma et a/ 2018) and therefore may not be a practical solution for individualized patient
dose reconstruction in the context of large-scale epidemiologic investigations which must
consider hundreds or thousands of patients to reach sufficient statistical power (Newhauser
et al2018).

In the present study, we developed a new dose calculation method that can rapidly
reconstruct out-of-field neutron dose to patients undergoing proton pencil beam scanning
(PBS) treatment using pre-generated neutron dose voxel kernels (DVK) from MC
simulations of proton pencil beams irradiating a water phantom. We simulated intracranial
and craniospinal irradiations for whole-body pediatric computational human phantoms (Lee
et al 2010) and compared the DVK-based dose with those calculated by the direct MC
simulation using a dedicated PBS MC model (Yeom et a/ 2020). Computation times were
also recorded to evaluate performance improvement against the direct MC dose calculation.
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2. Material and Methods

2.1 Generation of dose voxel kernels

A comprehensive set of DVKs was generated by conducting MC simulations where proton
pencil beams were irradiated onto a water phantom. The TOPAS MC code (ver. 3.1) (Perl
et al 2012), an application built with the Geant4 MC toolkit (Allison ef a/2016), was
adopted for the DVK generations. The TOPAS MC code has been widely used in medical
applications mainly for proton therapy (Shin et a/2017, Hartman et a/ 2018, Lin et al
2014) and validated against neutron measurements in proton treatment rooms (Lutz et a/
2018, Prusator et a/ 2018). Figure 1 shows the beam irradiation conditions for the DVK
generations. A proton pencil beam was simulated with the source located at 30 cm from the
center of a water phantom of 60 x 60 x 300 cm? to cover the body size of most pediatric
patients. The beam energies (i.e., nominal energies) were simulated with the initial proton
energy ranging from 70 to 250 MeV in 10-MeV increments, covering proton energies most
commonly used for treatment. We used beam properties (i.e., spot size, spot divergence,
mean energy, and energy spread) as a function of the nominal energy that were matched to
the beam measurement data in the Varian ProBeam system installed at the Maryland Proton
Treatment Center (MPTC) (Yeom et a/ 2020). The water phantom was fully binned with a
dose scoring voxel of 5 x 5 x 5 mm3. The neutron doses were scored by setting the TOPAS
filtering parameter of OnlyincludelfParticleOrAncestorNamedto “neutron.” Additional sets
of the DVKSs were generated for range shifters (RSs) in three different thicknesses (1, 3,
and 5 cm) considered in the Varian ProBeam system (Langner ef a/2017). The DVKSs for
the RSs were composed of two separate dose maps: one resulting from neutrons induced
from the water phantoms and the other resulting from neutrons induced from the RSs. The
number of primary protons simulated for each beam irradiation varied from 101 to 1012 so
that the statistical relative errors in the dose for most scored voxels (> 90%) was kept less
than 10%. The default physics modules (g4em-standard _opt4, g4h-phys QGSP_BIC HF,
g4decay, g4ion-binarycascade, g4h-elastic HF, and g4stopping) and the default range value
(0.05 mm) of secondary production cutoffs for all particles were used. The MC simulations
were performed on Biowulf, the National Institutes of Health (NIH)’s high-performance
Linux computing cluster (http://hpc.nih.gov).

2.2 Development of dose calculation program

We developed an in-house program written in C++ that can calculate neutron dose to a
patient by using the DVKs established in Section 2.1. The program imports the DVKs

and patient treatment plan data (e.g., CT images and treatment plan) in the DICOM-RT
(Digital Imaging and Communications in Medicine — Radiotherapy). From the DICOM-RT
data, the beam information (e.g., direction, energy, and position) was extracted. According
to the beam energies, the DVKs (70 to 250 MeV with the 10-MeV intervals) are linearly
interpolated in energy to obtain a new set of DVKSs (one for each beam). The obtained DVK
is translated on the patient CT images by matching the location of the first DVK voxel
irradiated by the proton beam, to that of the first voxel representing the skin surface of

the patient located at the geometric center of the proton beam (see figure 2(b)). The first
tissue voxel is found by tracing a ray in the direction of the proton beam incident on the
patient. The ray tracing is conducted by using a fast ray-tracing algorithm in voxel geometry
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(Amanatides and Woo 1987). Considering the matched voxel location as a rotation center,
the translated DVK is rotated according to the direction of the proton beam (see figure
2(c)). The aligned DVK is then accumulated on the patient CT images. Note that, due to

the limited box shape, the aligned DVK cannot cover a part of the body for some cases,
particularly when a proton beam in a lateral direction is irradiated to the head. To reduce
the dosimetric bias due to this limitation, the DVK is mirrored as shown in figure 2(d), and
the mirrored DVK is additionally accumulated on the CT images to approximate dose to the
uncovered body part. This process for the DVK accumulation is repeated for all the proton
beams, finally obtaining the neutron dose map to the patient.

In case of the RSs considered in the treatment, the distance between the RS and the patient
may be different from that used when generating the DVKSs in the water phantom (i.e., 30
cm — RS thickness) (see figure 1). The distance difference biases the contribution to the
patient neutron dose by the neutrons induced from the RS. To minimize this bias, prior to the
DVK accumulation, the RS-induced dose map in the DVK is adjusted with a scaling factor
[= (distance between the RS and the water phantom)? / (distance between the RS and the
patient)?] considering the inverse-square law.

2.3 Performance evaluation

We evaluated the performance of the developed dose calculation method against a direct
MC dose calculation. For this, neutron doses for example cases of pediatric patients
undergoing intracranial and craniospinal irradiations were calculated and compared with
the previous results calculated by the direct MC simulation using the TOPAS MC model
dedicated for the Maryland Proton Treatment Center (MPTC) PBS system (Yeom et a/
2020). Computation times for the DVK method were also recorded and compared with
those of the MC simulations. Computational phantoms (1- and 5-year-old) developed in
collaboration between the University of Florida and the National Cancer Institute (Lee et
al 2010) were selected as surrogate patient anatomies and converted in the DICOM-RT
format compatible with commercial treatment planning systems (TPSs) while maintaining
the organ/tissue identities of the phantoms (Griffin ef a/2019). The intracranial and
craniospinal irradiations were created on the phantoms by a clinical medical physicist
using the MTPC TPS (Eclipse v13.7, Varian Medical Systems, Palo Alto CA). No RS was
used for the intracranial irradiations, whereas the 5-cm RS was used for the craniospinal
irradiations. Four different patient cases were considered: Patient A (1-year-old phantom
with intracranial irradiation; Patient B (5-year-old phantom with intracranial irradiation);
Patient C (1-year-old phantom with craniospinal irradiation); and Patient D (5-year-old
phantom with craniospinal irradiation). The dose calculations using the DVK method were
conducted on a single CPU of the Intel® Xeon® Gold 5122 CPU (@3.60GHz) and 64 GB
RAM in a personal computer.

3. Results

Figure 3(a) shows relative differences in the neutron doses for 25 organs and tissues of
Patient A and Patient B (intracranial irradiations) calculated by using the DVK method from
those calculated by using the direct MC simulation of Yeom et a/ (2020) [= (DVK - MC) /

Phys Med Biol. Author manuscript; available in PMC 2023 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yeom et al.

Page 5

MC x 100] . The relative differences for most organs and tissues are less than 30%. The
average absolute values of the relative differences for all the organs and tissues are 25%
and 20% for Patient A and Patient B, respectively. The maximum relative difference is 84%
for the testes of Patient A. Figure 3(b) shows absolute dose differences between the DVK
method and the direct MC simulation [= |DVK - Md], which are small, ranging from 0.2
UGy to 0.3 mQGy.

Figure 4(a) shows the relative dose differences for Patient C and Patient D, i.e., the
craniospinal irradiation cases. The relative differences are generally less than those for

the intracranial irradiation cases (Patient A and Patient B). The relative differences for

most organs and tissues are less than 10%. The average of the absolute values of the

relative differences for all the organs and tissues is 6% and 5% for Patient C and Patient

D, respectively. Larger differences can be seen in the lens and red bone marrow for both
Patient C and Patient D (20% — 30%), which are however in a similar level with those

for the intracranial irradiation cases (see Figure 3(a)). Figure 4(b) shows the absolute dose
differences in a range from 3 uGy to 4 mGy, which are also small but tend to be greater than
those for the intracranial irradiation cases (see Figure 3(b)).

Table 1 shows the computation times of the DVK method for the dose calculations of the
four patients. The computation times vary from 1 to 30 minutes depending on the patient.
The computation times of the DVK method are significantly shorter than those of the

direct MC simulations of Yeom et a/ (2020) (several days per patient treatment using 1,500
CPU cores of the NIH Biowulf high-performance computing cluster). The variation of the
computation times in the different patients is associated with the different number of proton
beams used for the treatment irradiation, which directly determines the number of loops of
the repetitive process for the DVK accumulation (see Section 2.2). The number of proton
beams for each patient case was also presented in Table 1.

4. Discussion

Several studies (Polf and Newhauser 2005, Athar ef a/2010, Zheng et a/2008, Geng et

al 2015) estimated out-of-field neutron doses to patients in proton therapy by conducting
direct MC simulation which is considered to be the gold standard dose calculation method.
The MC approach, however, is computationally time-consuming and currently impractical
for use in dose reconstructions of a large-scale patient cohort required for risk assessment
in epidemiologic studies (Newhauser et a/2018). Therefore, it is important to develop and
deploy a practical dose calculation approach that can quickly and accurately estimate out-of-
field neutron doses to proton patients. In a dedicated effort to address this important issue,
we developed the dose calculation method based on DVKs for the rapid dose reconstruction
of pediatric patients in proton PBS treatments. Note that half of the proton pediatric
patients treated worldwide in 2016 were found to be PBS treatment patients according to an
international survey (Journy et a/2018).

The DVK method was generally in good agreement with those of the direct MC simulation,
with the differences typically within several tens of percent (Figures 3 and 4). The relative
dose differences between the DVK method and direct MC simulation tended to be larger for
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the intracranial irradiation cases than for the craniospinal irradiation cases. This tendency
can be explained by the fact that the approximation of the patient’s body as a water

box phantom for the DVK generation biases the calculated doses using the DVK method,
mainly contributed by scattered neutrons (not by primary neutrons induced in the proton
beam fields). The scattered-neutron dose contributions in the DVKs are greater than those
found in the patient because the water phantom is larger than the patient to cover the

entire body. These dose contributions become more important at further distances from the
proton beam field. Organ/tissue distances from the intracranial irradiation beam fields are
mostly longer than from the craniospinal irradiation beam fields. Nevertheless, the absolute
dose differences for the intracranial irradiation cases were all smaller than those for the
craniospinal irradiation cases because the neutron dose values for the intracranial irradiation
cases were significantly lower than those for the craniospinal irradiation cases (Yeom et al
2020).

The scattered-neutron dose bias also explains why the relative dose differences between the
DVK method and the direct MC simulation for the intracranial irradiation cases tended to
be larger at the organs and tissues located farther from the brain. For example, organs and
tissues in the pelvic region such as prostate, testes, and urinary bladder showed notable
differences by up to about a factor of 2. Note that the water phantom (60 x 60 x 300 cm?3)
selected to cover the body size of most patients for large-scale cohort studies is fairly large
compared to the reference body sizes of the 1- and 5-year-old patients. The dose differences
could be reduced by using additional DVKs derived in smaller water phantoms closer to the
patients. Nevertheless, the dosimetric errors due to the size of the water phantom may not be
of great concern for dose response assessment because the dose values in the pelvic region
for the intracranial irradiations are very small (microgray scale). Besides, actual patient CT
images for intracranial irradiations usually only cover the head region and not the whole
body. The missing body region can be predicted by using an anatomy extension method
based on existing whole-body computational phantoms (Kuzmin et a/ 2018); however, the
anatomical difference between the computational phantom and the patient inevitably exists
and could result in more significant dosimetric biases than that of the DVK method.

We also observed the DVK method indeed dramatically improved computation efficiency
against the direct MC dose calculation, which is the key advantage of the DVK method.

The average of the computation times of the four patient cases was only 13 minutes

using a personal computer (see Table 1). Therefore, the DVK method, when combined

with an available high-performance computing system such as the NIH Biowulf cluster
(equipped with ~95,000 CPU cores), can be a practical approach for conducting high-quality
dose reconstructions of a large-scale patient cohort (e.g., 100,000) for the epidemiologic
investigations within a reasonable time.

We acknowledged several limitations of the current work. We evaluated the performance
(accuracy and computation efficiency) of the DVK method within a limited number of
patient cases and treatment types (i.e., intracranial and craniospinal irradiations), although
these irradiations are used mainly for central nervous system tumors diagnosed in the
majority of pediatric patients (Journy ef a/ 2018). Nevertheless, the overall performance of
the DVK method may not be significantly different for other treatment irradiations because
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the field sizes for other treatments are mostly between that of intracranial and craniospinal
irradiations. We ignored dosimetric bias due to the material difference between water (used
for the DVK generation) and patient tissues. This bias, however, may not be significantly
large considering that S6derberg and Carlsson (2000) derived neutron dose scaling factors
(SF = Dyater / Drissue) between water and different tissues (bone, muscle, adipose, soft
tissue) at different energies (10, 40, 80 MeV) and depths (10, 15, 20 cm) via MC simulations
and found that all the SF values were very close to unity (0.94 to 1.02). In the current

work, the DVKs were generated with respect to the RS thicknesses (1, 3, and 5 cm) limited
to the Varian ProBeam system (Langner et a/2017). When other PBS systems use RS
thicknesses significantly different from the RS thicknesses considered in the current study,
an additional set of the DVKs should be generated. In addition, the inverse-square law was
considered to adjust the DVKSs due to the different RS distance to the water phantom and the
patient, but may not be the best assumption considering that neutrons induced in the RSs are
predominantly emitted in a forward direction. Nevertheless, the calculated organ/tissue doses
for the craniospinal irradiation cases involving the 5-cm RS showed good agreement with
those of the direct MC simulation. Finally, the DVKSs in the current work were generated
using only one MC code (i.e., TOPAS) as our focus was on the development of the new dose
calculation method. A further study should be conducted to quantify dosimetric variation
due to different physics model and cross-section data against other MC codes such as MCNP
(Goorley et a/2012) and FLUKA (Battistoni et a/ 2016).

5. Conclusion

In the present study, we developed a new dose calculation method for rapid reconstructions
of out-of-field neutron doses of pediatric patients undergoing proton PBS treatment. Our
method estimates neutron dose to a patient by directly using the DVKSs pre-generated by
MC simulations following the proton beam information in the treatment plan. The DVK
method was tested by calculating neutron dose for example pediatric patients undergoing
intracranial and craniospinal irradiations, showing that our method significantly improves
computation efficiency and provides reasonable accuracy compared to direct MC simulation.
Although the method was developed primarily for retrospective dose calculations to support
epidemiologic studies, it could be also incorporated into clinical TPSs to estimate out-of-
field normal organ/tissue dose to support clinical judgments in the stage of treatment
planning.
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Figurel.

Ilustration of MC simulations to generate neutron dose voxel kernels by irradiating a water

phantom with proton pencil beams.
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PatientCT
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Dose voxel kernel (DVK) (c) Rotated DVK

I Proton beam
Proton beam

(d)

Mirrored DVK

Figure 2.

Ilustration of superimposing of a dose voxel kernel (DVK) onto a patient for dose

calculation: (a) example patient CT image and DVK; (b) translated DVK on patient CT
image; (c) rotated DVK on patient CT image; (d) mirrored DVK to cover the body region

not covered by (c).
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Table 1.

Computation times of the DVK dose calculation model for dose calculations of four patients: Patient A
(intracranial irradiation on 1-year-old phantom), Patient B (intracranial irradiation on 5-year-old phantom),
Patient C (craniospinal irradiation on 1-year-old phantom), and Patient A (craniospinal irradiation on 5-year-
old phantom).

Patient A B C D

Computation time (minutes) | 1.0 4.5 158 | 30.3

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Number of proton beams

179

1148

3947

7725
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