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Abstract

Significant efforts such as the Pediatric Proton/Photon Consortium Registry (PPCR) involving 

multiple proton therapy centers have been made to conduct collaborative studies evaluating 

outcomes following proton therapy. As a groundwork dosimetry effort for the late effect 

investigation, we developed a Monte Carlo (MC) model of proton pencil beam scanning (PBS) 

to estimate organ/tissue doses of pediatric patients at the Maryland Proton Treatment Center 

(MPTC), one of the proton centers involved in the PPCR. The MC beam modeling was 

performed using the TOPAS (TOol for PArticle Simulation) MC code and commissioned to match 

measurement data within 1% for range and 0.3 mm for spot sizes. The established MC model was 

then tested by calculating organ/tissue doses for sample intracranial and craniospinal irradiations 

on whole-body pediatric computational human phantoms. The simulated dose distributions were 

compared with the treatment planning system dose distributions, showing the 3mm/3% gamma 

index passing rates of 94–99%, validating our simulations with the MC model. The calculated 

organ/tissue doses per prescribed doses for the craniospinal irradiations (1 mGy Gy−1 to 1 Gy 

Gy−1) were generally much higher than those for the intracranial irradiations (2.1 μGy Gy−1 

to 0.1 Gy Gy−1), which is due to the larger field coverage of the craniospinal irradiations. 

The largest difference was observed at the adrenal dose, i.e., ~3000 times. In addition, the 

calculated organ/tissue doses were compared with those calculated with a simplified MC model, 

showing that the beam properties (i.e., spot size, spot divergence, mean energy, and energy 

spread) do not significantly influence dose calculations despite the limited irradiation cases. This 
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implies that the use of the MC model commissioned to the MPTC measurement data might be 

dosimetrically acceptable for patient dose reconstructions at other proton centers particularly when 

their measurement data are unavailable. The developed MC model will be used to reconstruct 

organ/tissue doses for MPTC pediatric patients collected in the PPCR.

1. Introduction

The number of proton therapy centers worldwide has grown exponentially since the early 

1990s when the first hospital-based centers opened (Journy et al 2018). Since 2012, 

the number of centers has doubled from about 30 to 60 and by 2025, more than 130 

centers in 31 countries are expected to be in operation. Due to the presence of the Bragg 

peak, proton therapy promises to improve treatment efficacy by reducing doses to normal 

tissues compared to conventional radiotherapy using photons or electrons. Proton therapy 

may provide considerable clinical benefits by reducing treatment toxicities and improving 

survival rates, particularly for pediatric patients whose tumors are located closer to critical 

normal tissues compared to adults due to their smaller body size (Gondi et al 2016).

However, the advantage of proton therapy might be diminished by the fact that secondary 

neutrons generated from beam collimators and patient anatomy mostly contribute to normal 

tissue doses. The relative biological effectiveness (RBE) of neutrons for cancer induction 

could be more than 20 (Schneider et al 2005, Brenner and Hall 2008). Understanding the 

late effects after proton therapy is critical, especially for pediatric patients who are in a 

higher risk than adults because of higher radiosensitivity of their tissues and their longer 

life expectancy (Xu et al 2008, National Research Council 2006). However, epidemiological 

data on late health effects such as secondary cancers are sparse. As significant efforts 

to investigate the risks and benefits of proton therapy in pediatric patients, in 2012 the 

Pediatric Proton/Photon Consortium Registry (PPCR) (http://www.pedsprotonregistry.org/) 

was established in the United States (Kasper et al 2014, Hess et al 2018) and in 

2017 an International Pediatric Proton Therapy Consortium was proposed for large-scale 

collaborative studies on an international level. (Berrington de Gonzalez et al 2017).

One of the major uncertainties in radiation risk assessment is the dosimetric uncertainty 

(Gilbert 2009). Most of the existing proton treatment planning systems (TPSs) are designed 

to provide doses to the target region of clinical interest and do not consider out-of-field 

secondary neutron doses (Eley et al 2015). Many studies (Trinkl et al 2017, Schneider et al 

2002, Binns and Hough 1997) experimentally measured out-of-field doses as a function 

of distance to the treatment field, but the data are not sufficient for epidemiological 

investigations that require individualized dose to the specific organs or tissues where late 

effects are induced (Jarlskog et al 2008). The out-of-field organ or tissue-specific doses 

can be estimated with promising accuracy using Monte Carlo (MC) radiation transport 

techniques, which have been confirmed by a number of studies (Polf and Newhauser 

2005, Zhang et al 2013, Jarlskog et al 2008). The level of accuracy achieved by 

MC dose calculation or other equivalent methods would be beneficial for organ/tissue 

dose reconstructions of pediatric patients for accurate estimation of late effects risk in 

epidemiological studies.
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In the present study, we developed a MC model to simulate proton pencil beam scanning 

(PBS) system at the Maryland Proton Treatment Center (MPTC), one of the proton therapy 

centers involved in the PPCR. The modeling was performed using the TOPAS (TOol for 

PArticle Simulation) MC code (Perl et al 2012) and methodology similar to that described 

by Grevillot et al (2011). The beam properties (spot size, spot divergence, mean energy, 

and energy spread) as a function of the nominal beam energy were commissioned by 

matching the MPTC beam measurement data. The MC proton beam model was then tested 

by reconstructing organ and tissue doses of whole-body pediatric computational human 

phantoms (Lee et al 2010) due to intracranial and craniospinal irradiations. In addition, the 

influence of the beam properties on dose calculation was investigated by comparing the 

calculated organ/tissue doses with those calculated with a simplified MC model to see if 

the MC model commissioned to the MPTC measurement data can be used for patient dose 

reconstructions at other proton centers.

2. Material and Methods

2.1 Monte Carlo radiation transport code

The TOPAS MC code (ver. 3.1) (Perl et al 2012) was adopted for MC modeling of the 

MPTC spot scanning beams. TOPAS is an application built with the Geant4 MC toolkit 

(Allison et al 2016) developed through a collaboration between SLAC National Accelerator 

Laboratory, Massachusetts General Hospital (MGH), and University of California at San 

Francisco (UCSF) in order to make it easier for users to perform advanced Monte Carlo 

simulations of all forms of radiotherapy, without knowledge of the underlying Geant4 MC 

toolkit or any programing language. TOPAS has been widely used in medical applications, 

particularly for proton therapy including out-of-field secondary neutron dose calculations 

(Chung et al 2015, Lin et al 2014, Hartman et al 2018). More detailed information about 

TOPAS can be found elsewhere (http://www.topasmc.org/).

2.2 MPTC beam measurement data

The measurement data from the MPTC (ProBeam system, Varian Medical System, Inc., 

USA) used to develop the MC proton beam model include integral depth doses (IDDs) 

and spot profiles (SPs). The IDDs for the nominal energy ranging from 70 to 245 MeV 

with 10 MeV intervals were measured using a Bragg peak chamber (Model 340473, PTW, 

Freiburg, Germany) in a large water tank with outer dimensions 67.5 × 64.5 × 56 cm3 (Blue 

Phantom 2, IBA Dosimetry, Schwarzenbruck, Germany). The SPs for the same nominal 

energies considered for the IDDs were measured using the Lynx device (IBA Dosimetry, 

Schwarzenbruck, Germany) in air at the isocenter (0 cm) and four locations (±10 and ±20 

cm) around the isocenter. Note that the nozzle exit is located 42 cm away from the isocenter. 

The SPs were also measured by inserting a range shifter with three physical thicknesses 

of 5 cm, 3 cm, and 2 cm, corresponding to the water equivalent thicknesses of 5.7 cm, 

3.42 cm, and 2.28 cm, respectively. A spot size is estimated by fitting the SPs using a 

Gaussian equation and taking a sigma value. More detailed information on the MPTC beam 

measurement data can be found in Langner et al (2017).
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2.3 MC beam modeling

The MC model of the MPTC spot scanning beams was developed based on the approach 

proposed by Grevillot et al (2011). The general idea of the method is to simulate spot beams 

starting at the nozzle exit without modeling the full nozzle, relying on the fact that the 

nozzle components do not strongly affect the beam characteristics (Kimstrand et al 2007). 

This modeling approach not only significantly improves work efficiency, compared with the 

entire beam modeling including the nozzle, but also is acceptable in terms of the dosimetry 

accuracy for patient dose reconstruction because secondary radiations induced from the 

nozzle components contribute negligibly to patient dose (Xu et al 2008).

The beam properties (spot size, spot divergence, mean energy, and energy spread) at the 

nozzle exit as a function of the nominal energy were adjusted to match the MPTC beam 

measurement data. The optical properties (i.e., spot size and spot divergence) were first 

adjusted to match the SPs and then the energy properties (i.e., mean energy and energy 

spread) were adjusted to match the IDDs, as will be explained in detail in Sections 2.3.1 

and 2.3.2, respectively. Note that this modeling approach is much simpler than modeling 

the entire nozzle, but still required a significant number of iterations until an adequate 

agreement between the MC simulation results and measurement data was achieved. This 

process was automated by using an in-house MATLAB (R2018b) script, the workflow of 

which is shown in figure 1.

2.3.1 Modeling beam optical properties—The spot divergence at the nozzle exit 

was determined by iteratively matching the spot divergence at the isocenter calculated 

from TOPAS MC simulations to that estimated from the spot sizes of the MPTC beam 

measurement data. The spot size at the nozzle exit, which had not been determined yet, 

was assumed to be the value obtained by linear extrapolation of the spot sizes estimated 

from the measurement data as a function of distance. In addition, the mean energy and 

energy spread were assumed to be the nominal energy and zero, respectively. Note that 

optical properties are independent of energy properties (Grevillot et al 2011). The MC 

simulation was repeated, changing the value of the spot divergence at the nozzle exit (the 

spot divergence at the isocenter estimated from the MPTC beam data was used as the initial 

guess value), until the spot divergence at the isocenter calculated from the simulation was 

matched to that from the measured data within 1% deviation. Next, the spot size at the 

nozzle exit was determined, again by repeating MC simulation with the determined spot 

divergence, changing the value of the spot size at the nozzle exit, until the spot size at the 

isocenter calculated from the simulation was matched within 1% deviation. For the range 

shifters, the spot divergence at the nozzle exit was additionally adjusted by repeating MC 

simulation with the determined spot size at the nozzle exit, again until the deviation of 

the spot size at the isocenter was matched within 1%. The spot size and spot divergence 

determined at the nozzle exit for all the energies considered in the measurement data were fit 

to polynomial functions of the nominal energy.

2.3.2 Modeling beam energy properties—The mean energy at the nozzle exit in 

the MC beam model was determined by the range in water, defined as the distal 80% 

dose location (R80) in the IDDs of the MPTC beam data. The TOPAS MC simulation 
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was performed by irradiating a water phantom with a monoenergetic proton pencil beam to 

calculate the IDDs and eventually the R80. The simulation was repeated by changing the 

mean energy until the R80 calculated from the simulation was matched to the measurement 

data within 1%. In this simulation, the energy spread was set to zero and the spot size 

and spot divergence were set to the values determined in the previous section. The energy 

spread at the nozzle exit was then determined by matching the IDDs of the measurement 

data. To this end, the TOPAS MC simulation with the determined mean energy was repeated 

by changing the value of the energy spread until both dose-to-peak deviation and mean 

point-to-point deviation between the simulation and the measurement data were within 1%. 

The dose-to-peak deviation was evaluated by using the following equation:

ϵpeak = pdmax
S − pdmax

M

pdmax
M × 100, (1)

where ϵpeak is the dose-to-peak deviation (%) and pdmax
S  and pdmax

M  are the maximum dose point 

(mm) in the IDD from the simulation and the beam measurement data, respectively. The 

mean point-to-point deviation was evaluated by using the equation:

ϵmean = ∑
p = 2

N dp − 1, p
S − dp − 1, p

M

dp − 1, p
M × Δp − 1, p

L × 100, (2)

where ϵmean is the mean point-to-point deviation (%),N is the number of points evaluated in 

the beam measurement data until the distal 20% dose location, p corresponds to a given 

point, dp − 1, p
S  and dp − 1, p

M  is the dose at the center between two consecutive points (p − 1 and p) 

from the simulation and the measurement data, respectively, Δp − 1, p is the distance between 

two consecutive points (p − 1 and p), and L is the distance between the first point and the last 

point. Finally, the mean energy and energy spread determined at the nozzle exit for all the 

energies were also fit to polynomial functions of the nominal energy.

2.4 Dose calculations for intracranial and craniospinal irradiations

The performance of the MC proton beam model was tested by simulating pediatric patients 

undergoing intracranial and craniospinal irradiations. As surrogate patient anatomies, we 

adopted the 1- and 5-year-old computational phantoms developed in collaboration between 

the University of Florida and the National Cancer Institute (Lee et al 2010). Consequently, 

four different patients (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) 

were assumed in the present study. The computational phantoms were first converted to 

CT images and structures in the Digital Imaging and Communications in Medicine - 

Radiotherapy (DICOM-RT) format by using an in-house MATLAB script (Griffin et al 
2019). The converted DICOM-RT data were implemented in the MPTC TPS (Eclipse v13.7, 

Varian Medical Systems, Palo Alto CA) and the intracranial and craniospinal irradiations 

were planned on the phantoms by a clinical medical physicist (see figure 2). The treatment 

plan was exported from the TPS as a DICOM-RT PLAN file. The DICOM-RT PLAN 

was subsequently converted to a TOPAS parameter file, reflecting the beam properties 
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determined at the nozzle exit as a function of the nominal energy. This conversion was 

automated by an in-house program written in MATLAB (R2018b). In the TOPAS parameter 

file, we then included patient parameters to implement the computational phantoms and 

scoring parameters to calculate absorbed dose distribution on the cubic dose grid using 

the identical voxel resolution to that of the phantoms. In the scoring parameters, the 

filtering parameter of OnlyIncludeIfParticleOrAncestorNamed set to “neutron” was included 

to calculate absorbed doses contributed by secondary neutrons. The proton RBE of 1.1 

(Paganetti et al 2002) and the neutron RBE of 25 (Brenner and Hall 2008) were employed in 

the present study to obtain RBE-weighted absorbed doses.

To confirm whether the spot scanning beams according to the TPS plans were correctly 

delivered in the MC simulations, the simulated dose distributions were compared with the 

TPS dose distributions. For this, 3D gamma analysis (Low et al 1998) between the simulated 

dose distributions and the TPS dose distributions using a 3%/3mm criterion were evaluated, 

excluding doses less than 0.2% of the maximum dose (Grevillot et al 2011).

All the simulations presented in the present study were conducted based on the 

default physics modules: g4em-standard_opt4, g4h-phys_QGSP_BIC_HP, g4decay, g4ion-
binarycascade, g4h-elasticHP, and g4stopping as well as the default value (0.05 mm) of 

secondary production cuts (also called range cuts) for all particles. A total of 1010 primary 

protons were transported for each simulation, resulting in the statistical relative errors for 

the calculated organ/tissue-averaged doses to be mostly less than 1%. The simulations were 

conducted on Biowulf, the National Institute of Health’s high-performance Linux computing 

cluster (http://hpc.nih.gov).

Another set of dose calculations was performed to investigate the dosimetric impact of 

variations in the beam properties (spot size, spot divergence, mean energy, and energy 

spread) that may occur across the different proton facilities involved in large-scale 

collaborative studies of proton therapy. For this calculation, we used a simplified MC model 

where the mean energy was set to the nominal energy and the other properties (i.e., spot size, 

spot divergence, and energy spread) were set to zero.

3. Results

3.1. MC model of MPTC spot scanning beams

The MC model of the MPTC spot scanning beams was developed by determining the 

polynomial equations for the beam properties (spot size, spot divergence, mean energy, and 

energy spread) at the nozzle exit by using the beam measurement data at the MPTC. Table 1 

shows coefficients of the polynomial equations.

Figure 3 presents the differences of the spot sizes simulated by using the MC model from 

the measurement data (= simulation - measurement) at the five locations in the air without 

a range shifter. The differences for most cases were within ±0.1 mm, while some cases 

show larger differences but less than 0.3 mm. The differences with range shifters were also 

observed in the similar level although not presented in this figure. The results are clinically 

acceptable and validate the modeling of the optical properties.
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Figure 4 presents the IDDs calculated using the MC model, along with the measurement 

data, showing that both values are in a good agreement. In addition, both the dose-to-peak 

deviation and the mean point-to-point deviation between the simulation and measurement 

data were evaluated by using Equations 1 and 2. All the evaluated results were less than 

1%. The obtained results are clinically acceptable and validate the modeling of the energy 

properties.

3.2. Comparison of MC-based dose distribution with TPS

Figure 5 shows the gamma distributions between the simulated dose distributions and the 

TPS dose distributions for the 1- and 5-year-old ICRP reference phantoms for intracranial 

and craniospinal irradiations. For the intracranial irradiation, the 3D gamma passing rates 

(i.e., the percentage of the gamma values less than unity) were 99% for both 1-year and 

5-year-old phantoms. For the craniospinal irradiation, the gamma passing rates were 98% 

and 94% for the 1- and 5-year-old phantoms, respectively, which are slightly lower than 

those for the intracranial irradiation due to higher tissue inhomogeneity in the planning 

target volume (PTV) for craniospinal irradiation; nonetheless, the passing rates are clinically 

acceptable. Overall, the simulated dose distributions were in good agreement with the TPS 

dose distributions.

3.3. Organ/tissue doses

Figure 6(a) shows the average organ/tissue absorbed doses (RBE-weighted) per prescribed 

dose (Gy Gy−1) for 25 organs/tissues of Patent A and Patient B undergoing intracranial 

irradiations. For both patients, the brain doses, including the PTVs, are largest: 0.05 Gy 

Gy−1 for Patient A and 0.1 Gy Gy−1 for Patient B. The dose to other organs and tissues 

decrease as the distance from the brain increases, showing the lowest dose for the testes: 2.1 

μGy Gy−1 for Patient A and 2.4 μGy Gy−1 for Patient B. Figure 6(b) shows the organ/tissue 

doses for Patient C and Patient D undergoing craniospinal irradiations. As similar to the 

intracranial irradiations, the brain doses are largest (~1 Gy Gy−1 for the both patients) and 

the testes doses are lowest (~1 mGy Gy−1 for Patient C and ~3 mGy Gy−1 for Patient D). 

The organ/tissue doses for the craniospinal irradiation cases (Figure 6(b)) are mostly much 

greater than those for the intracranial irradiation cases (Figure 6(a)) by several orders of 

magnitude. The largest differences can be seen at the adrenal doses, i.e., being ~3000 and 

~2000 times greater for the 1- and 5-year-old patients, respectively. Figure 7 shows the 

contributions of the neutron doses to the organ/tissue doses. For the intracranial irradiation, 

neutrons contribute more than 90% of the dose for most organs and tissues, whereas for the 

craniospinal irradiation neutrons contribute less than 20% of dose to more than half organs, 

with up to 70% for only a few selected organs.

Additionally, the organ/tissue doses of Patient A and Patient B were compared with the 

result of Ardenfors et al (2018) in which organ/tissue doses of a 6-year-old patient for 

intracranial irradiations in lateral and vertex fields were calculated. Figure 8 shows the ratios 

of the organ/tissue doses of Patient A and Patient B to those of Ardenfors et al (2018). The 

ratios are generally within a range from 0.5 to 2; that is, the dose differences for many cases 

were less than a factor of 2. The maximum difference can be seen in the urinary bladder 

where the doses of both Patient A and Patient B were smaller than that of Ardenfors et al 
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(2018) for the vertex field by a factor of ~5. The observed differences could be expected 

considering the difference in the used patients (or phantoms) and beam fields (such as 

location and size) between the present study and Ardenfors et al (2018).

3.4. Dosimetric influence of beam properties

Figure 9 shows the dose differences in the organ/tissue doses calculated with the developed 

MC model from those calculated with the simplified MC beam model for the intracranial 

and craniospinal irradiations. For the intracranial irradiation, most organs and tissues show 

the dose differences are less than 5%, while only three tissues (i.e., active marrow, muscle, 

and endosteum) for the 1-year-old phantom show relatively large differences up to 35%. For 

the craniospinal irradiation, the differences tend to be larger than those for the intracranial 

irradiation, but still are less than 10% for most cases.

4. Discussion

As the first groundwork to eventually support a large-scale international epidemiological 

study of late effects risk for pediatric proton therapy patients, we developed a MC model 

for simulating the MPTC spot scanning beams using TOPAS MC code. A notable strength 

of our MC modeling work is in that an in-house program was developed to automate the 

MC beam modeling tasks, avoiding the time-consuming step of matching beam commission 

data through trial and error. This program significantly improved our work efficiency, taking 

only about a couple of days without human intervention while using 16 CPU cores on 

Biowulf, the National Institutes of Health (NIH) high-performance Linux computing cluster 

(http://hpc.nih.gov). The automatic MC modeling program will also be useful in the future 

when we need to conduct additional MC modeling for spot scanning beams of other proton 

centers in the IPPTC.

While our primary intended application of this MC model is for out-of-field patient dose 

reconstructions for epidemiological studies, it can also be used as an independent tool to 

validate patient dose distributions planned by the MPTC TPS, considering that the beam 

properties of the MC model were matched to the MPTC beam measurement data within 

clinically acceptable agreement (see figures 3 and 4). As shown in figure 5, the dose 

distributions calculated from our MC beam model are in good agreement with those planned 

by the MPTC TPS showing high gamma passing rates (94 – 99%). This not only confirms 

that our MC simulations agree with the commercial TPS but also can be a good example of 

validating TPS dose distributions by using a MC model.

From the result for the intracranial irradiation (see figure 6(a)), it is observed that the doses 

for most organs and tissues of the 5-year-old patient (i.e., Patient B) are greater than those 

of the 1-year-old patient (i.e., Patient A) although the 5-year-old patient (109 cm) is taller 

than the 1-year-old patient (76 cm). This can be explained by the difference in the PTV sizes 

assumed in the patients; that is, the PTV size for the 5-year-old patient is 5.5 times larger 

than for the 1-year-old patient, requiring more primary protons. This eventually induced 

more secondary particles that contribute to dose, indicating that PTV size is one of the 

significant factors affecting organ/tissue doses.
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It was also observed that the organ/tissue dose values for the craniospinal irradiation (figure 

6(b)) were generally greater than those for the intracranial irradiation (figure 6(a)) by several 

orders of magnitude. The PTV sizes for the craniospinal irradiation are much larger than 

those of the intracranial irradiation, requiring more primary protons and eventually inducing 

more secondary particles. In addition, the larger PTVs for the craniospinal irradiation also 

tend to be closer to most out-of-field organs and tissues, resulting in increased dose from 

secondary particles (mostly neutrons) governed by both inverse-square law and exponential 

attenuation law. Furthermore, as shown in figure 7, the dose from neutrons was dominant 

for most organs and tissues for the intracranial irradiation case, but not for the case of the 

craniospinal irradiation. This finding illustrates, as we might expect, that proton therapy 

patients will receive different patterns of out-of-field organ dose depending on the location 

and extent of the body being treated.

Because each proton therapy center may have a unique accelerator design and beam 

characteristics, an important question is whether these differences are critical for accurate 

out-of-field organ dosimetry. Dosimetric influence of the beam properties was investigated 

by comparing the organ/tissue doses calculated by the developed MC model with those 

calculated with the simplified MC model (mean energy is nominal energy; energy spread, 

spot size, and spot divergence are zero) (see figure 9). This result shows that even though 

the major beam characteristics are ignored in the simplified model, the resulting differences 

in organ/tissue dose were small, i.e., overall less than 5% and 10% for the intracranial and 

craniospinal irradiations, respectively. This implies that the impact of the beam properties 

on dose calculations for normal organs and tissues may not be significant although the 

limited patient cases are considered in the present study. Therefore, use of the MC beam 

model developed in the present study based on the MTPC beam measurement data might 

be dosimetrically acceptable for organ/tissue dose reconstruction of patients at other proton 

centers for epidemiological applications particularly when their beam measurement data are 

not available.

We acknowledged several issues that should be addressed for dose reconstructions of proton 

patients for epidemiologic studies. Although the neutron RBE of 25 suggested by Brenner 

and Hall (2008) was used in the present study to demonstrate organ/tissue dose calculations 

using the developed MC model, the neutron RBE values for cancer induction have a huge 

uncertainty (Newhauser and Durante 2011). Brenner and Hall (2008) indicates that the 

RBE value of 25 is associated with uncertainty of about a factor of 4. A dedicated study 

to determine the most appropriate RBE values for secondary neutrons in proton therapy 

should be conducted to reduce the dosimetric uncertainty for risk assessments of late effects. 

The MC dose calculations are well known as a ‘gold standard’ for dosimetry method 

(Koz\lowska et al 2019), but typically require a considerable amount of computational times 

(Yeom et al 2019). In the present study, it took about a couple of days per one calculation 

case, using 1,500 CPU cores on the NIH Biowulf cluster. Although the Biowulf cluster 

provides ~95,000 CPU cores, the current computational efficiency of the MC model is still 

practically insufficient considering that the epidemiological investigations typically require 

individual dose reconstructions of large-scale patients (e.g., 10,000 patients). A further study 

should be conducted to accelerate the MC model, e.g., by incorporating variation reduction 

techniques such as implicit capture.
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5. Conclusion

As a dosimetry effort for the collaborative studies on late health effects of pediatric 

patients in proton therapy, we developed the MC proton PBS model using the TOPAS 

MC code by matching the MPTC beam measurement data with a clinically acceptable 

agreement. The MC modeling was fully automated by the in-house MC modeling program, 

which improved our work efficiency and will be beneficial when extending our MC 

model to simulate spot scanning beams of other proton centers. The performance of the 

MC model was tested by calculating the organ/tissue doses of the whole-body pediatric 

computational phantoms for the intracranial and craniospinal irradiations planned by the 

MPTC TPS, which demonstrates the reliability and capability of the MC model on patient 

dose reconstructions. It was also observed that the impact of the beam properties on dose 

calculations is not significant, implying great potential of the developed MC model based 

on the MPTC measurement data as an alternative for patient dose reconstructions at other 

proton centers when their measurement data are not available. As a next step, we plan to use 

the developed MC model to estimate organ/tissue doses of the pediatric patients treated at 

the MPTC and collected in the PPCR.
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Figure 1. 
Workflow of the developed in-house MC modeling program to automatically match beam 

properties to beam measurement data.
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Figure 2. 
Dose distributions for proton irradiation cases planned by the MPTC TPS: (a) Patient A 

(intracranial irradiation on 1-year-old phantom with a prescribed dose of 50 Gy); (b) Patient 

B (intracranial irradiation on 5-year-old phantom with a prescribed dose of 50 Gy); (c) 

Patient C (craniospinal irradiation on 1-year-old phantom with a prescribed dose of 23 Gy); 

and (d) Patient D (craniospinal irradiation on 5-year-old phantom with a prescribed dose of 

23 Gy).
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Figure 3. 
The differences of the spot sizes simulated with the MC model from the measurement data 

at the five locations (0, ± 10, and ± 20 cm) in the air without a range shifter.
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Figure 4. 
Integral depth doses (IDDs) in water calculated using the MC model established in the 

present study (circle), along with those of the MPTC measurement data (line).
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Figure 5. 
Gamma distributions between the simulated dose distributions and the TPS dose 

distributions: (a) Patient A (intracranial irradiation on 1-year-old phantom); (b) Patient B 

(intracranial irradiation on 5-year-old phantom); (c) Patient C (craniospinal irradiation on 

1-year-old phantom); and (d) Patient D (craniospinal irradiation on 5-year-old phantom). 

Gamma analysis using a 3%/3mm criterion was performed excluding the doses less than 

0.2% of the maximum dose. Gamma values for the excluded doses were assumed to be zero 

in the distributions.
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Figure 6. 
Organ/tissue averaged, RBE-weighted absorbed dose per prescribed dose (Gy Gy−1) for 25 

organs and tissues calculated by using the MC beam model established in the present study: 

(a) Patient A and Patient B undergoing intracranial irradiations and (b) Patient C and Patient 

D undergoing craniospinal irradiations.
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Figure 7. 
Contribution of neutron dose to organ/tissue doses calculated by using the MC beam 

model established in the present study: (a) Patient A and Patient B undergoing intracranial 

irradiations and (b) Patient C and Patient D undergoing craniospinal irradiations.
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Figure 8. 
Ratio of the organ/tissue doses of Patent A (left) and Patient B (right) to those of Ardenfors 

et al (2018) calculated with a 6-year-old patient for intracranial irradiations in lateral and 

vertex fields.
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Figure 9. 
Differences of the organ/tissue doses calculated using the developed MC beam model (D) 

from those calculated using the simplified MC beam model (S) [= (S/D - 1) × 100)]: (a) 

Patient A and Patient B undergoing intracranial irradiations and (b) Patient C and Patient D 

undergoing craniospinal irradiations. In the simplified MC model, the mean energy was set 

to the nominal energy and the other beam properties (i.e., spot size, spot divergence, and 

energy spread) were set to zero.
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Table 1.

Coefficients of polynomial equations for beam properties at the nozzle exit as a function of the nominal energy

= ∑
i = 0

N
Ci × ENominal

i C0 C1 C2 C3

Spot size (mm)
x 4.65E+00 −6.86E-04 −1.98E-05 6.52E-09

y 5.33E+00 −1.33E-03 −1.25E-04 4.16E-07

Spot divergence (rad)

Range shifter thickness (cm)

0
θ 1.92E-02 −2.13E-04 9.34E-07 −1.39E-09

φ 1.78E-02 −1.98E-04 1.07E-06 −2.11E-09

2
θ 2.59E-02 −3.38E-04 1.67E-06 −2.81E-09

φ 2.41E-02 3.18E-04 1.80E-06 −3.59E-09

3
θ 2.87E-02 −3.92E-04 2.01E-06 −3.47E-09

φ 3.14E-02 −4.64E-04 2.71E-06 −5.40E-09

5
θ 3.27E-02 −4.47E-04 2.24E-06 −3.78E-09

φ 4.93E-02 −7.64E-04 4.35E-06 −8.32E-09

Mean energy (MeV) 4.28E-01 9.96E-01 - -

Energy spread (%) 1.61E+00 −1.11E-02 7.22E-05 −2.18E-07
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