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Abstract: Exposure to stray neutrons increases the risk of second cancer development after
proton therapy. Previously reported analytical models of this exposure were difficult to
configure and had not been investigated below 100 MeV proton energy. The purposes of this
study were to test an analytical model of neutron equivalent dose per therapeutic absorbed
dose (H/D) at 75 MeV and to improve the model by reducing the number of configuration
parameters and making it continuous in proton energy from 100 to 250 MeV. To develop the
analytical model, we used previously published H/D values in water from Monte Carlo
simulations of a general-purpose beamline for proton energies from 100 to 250 MeV. We also
configured and tested the model on in-air neutron equivalent doses measured for a 75 MeV
ocular beamline. Predicted H/D values from the analytical model and Monte Carlo agreed
well from 100 to 250 MeV (10% average difference). Predicted H/D values from the analytical
model also agreed well with measurements at 75 MeV (15% average difference). The results
indicate that analytical models can give fast, reliable calculations of neutron exposure after
proton therapy. This ability is absent in treatment planning systems but vital to second cancer
risk estimation.
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1. Introduction

In many cases, proton therapy is dosimetrically advantageous compared to other forms of external beam
radiation therapy because it allows for uniform target coverage with lower doses to healthy tissues [1-3].
However, proton therapy patients are still exposed to stray radiation, which is not fully understood and
not routinely estimated for most patients. Most proton beam treatments are delivered by the passive
scattering technique. Stray radiation dose to the patient from passively scattered proton therapy (PSPT)
primarily comes from neutrons that leak out of the treatment head [4,5]. This is a concern because
neutrons have an enhanced relative biological effectiveness compared with protons [6,7], and even
relatively small doses far from the primary treatment field increase the risk of secondary cancers [8].
Commercial treatment planning systems do not take neutron dose into account. Researchers have relied
mainly on measurements and Monte Carlo-based simulation in order to learn more about neutron exposures.
However, the time required for these methods is a barrier to research and routine clinical use. Thus, there
1s a need for fast, accurate analytical models of leakage neutron equivalent dose from proton therapy.

Polf and Newhauser [9] reported that analytical models of neutron equivalent dose from proton
therapy are feasible. One proposed analytical model employed a power law to predict neutron equivalent
dose per therapeutic dose (H/D) for passively scattered proton therapy for different field sizes and
locations within a treatment vault [10,11]. This model was refined for 250 MeV pristine proton beams,
both in-air and in a water phantom, by Zhang ef al. [12]. Anferov [13] reported a model based on
shielding calculation methods to predict the equivalent dose from neutrons for 100, 150, and 200 MeV proton
beams. The most compete and realistic leakage model to date was reported by Perez-Andujar et al. [14],
which takes into account four separate neutron energy regimes to predict H/D in-air and in-water for
proton beams with energies between 100 and 250 MeV. The model was found to have good agreement
when compared with benchmarked Monte Carlo simulations. However, this model was not continuous
with proton beam energy and required interpolation of parameters between the discrete energies
considered. The model’s large number of parameters made its configuration and use difficult. Furthermore,
the model was not compared with measured data nor was it tested at proton beam energies below 100 MeV.

The purpose of this study was to improve an analytical model of neutron H/D by making it
continuous in energy and reducing the number of free parameters, thus simplifying its configuration and
use. We compared the results of this model with Monte Carlo simulated neutron H /D values between
100 and 250 MeV for a conventional proton therapy beamline. Additionally, we configured and tested a
version of the model with new H/D measurements at 75 MeV proton beam energy.

2. Methods
2.1. Analytical Model

Building upon the methods of Perez-Andujar et al. [14], we improved an analytical model for H/D
from leakage neutrons from passively scattered proton therapy. For the reader’s convenience, we briefly
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review the previous model here. H/D contributions are calculated from four neutron energy regimes:
intranuclear cascade neutrons (also called direct neutrons), evaporation neutrons, epithermal neutrons
(also called 1/E neutrons), and thermal neutrons. Cascade neutrons are produced when a bombarding
proton interacts with a target nucleus and can have energies up to the maximum energy of the proton
beam. The second highest energy regime, that of evaporation neutrons, corresponds to neutrons ejected
by the excited nucleus after the initial proton collision in processes known as compound emission and
pre-equilibrium emission. The third energy regime, epithermal neutrons, corresponds to neutrons that
have lost some portion of their energy via inelastic scattering and moderation. Some of these neutrons
will be lost via capture processes. Finally, the lowest energy regime corresponds to thermal neutrons that
have lost most of their kinetic energy and are in thermal equilibrium with the environment. These
undergo elastic scattering until they are eventually captured.
The analytical model for H/D at a point, p, in a water phantom is

2
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where (H/D)g s, is the total neutron equivalent dose per treatment dose at isocenter as a function of the

proton beam energy; d is the distance from the neutron source to the calculation point; d' is the distance
along the ray, d, from the phantom surface to the calculation point; d;, is the distance from the neutron
source to isocenter; and d;, is the distance along the ray, d;s,, from the phantom surface to isocenter.
The irradiation geometry, dimensions, and distances are shown in Figure 1. The exponent, q, governs
the power law falloff of neutron dose with distance from isocenter. The C;(E) terms apportion the
fraction of the total equivalent dose resulting from the each of the four neutron energy regimes. The first
exponential term models neutron attenuation in the phantom. The mean free paths of the neutrons of the
i" regime in water are denoted by a;, with the first exponential term modeling neutron attenuation in
the phantom. The second exponential term, then, models the lateral distribution of the i* neutron regime
with o; as the Gaussian width parameter.
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Figure 1. Geometry of a general-purpose proton treatment head and water phantom. Adapted
from Perez-Andujar et al. [14].
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In this work, several improvements have been made to the model. Previously, the model required
interpolation of (H/D);,, values at proton beam energies between energies contained in the lookup
tables. In this work, (H/D)g ;s, has been parameterized with proton beam energy according to a power

law relationship, or

(5., = %5 (5)
D E,iso F D ref,iso ( )

where (H/D)yef 5o is the neutron equivalent dose value at isocenter for a proton beam of a given
reference energy (100 MeV in this study), pg is the exponent governing the power law, ay is a scaling
factor, and E is the proton beam energy. This value may be obtained from measurement or from a Monte
Carlo simulation and is found by taking the quotient

H  (H/p)isges,
<E)ref,iso B (D/p)open (3)

ref,iso

where (D/ p)‘r)fjf,’;s o 1s the absorbed dose in gray per proton at isocenter found with the collimator open

and (H/p ﬁle‘}sfs‘f, is the neutron equivalent dose in sievert per proton with the collimator closed [11].

The previous model relied on lookup tables of 32 C; values that were found from an iterative fitting
process; four values at each of the eight proton beam energies considered from 100 to 250 MeV [14]. In the
improved model, the C;(E) values that apportion the contributions from each neutron regime were
parameterized as functions of proton beam energy. Specifically, for intranuclear cascade neutrons, we
use the linear form

C1(E) = q4E + by 4)

where E is the proton beam energy, a, is the slope, and b; is the intercept. For evaporation neutrons, the
cumulative normal was used with a lower bound as in,

C,(E) = ay,cnorm(E, by, c,) + d, ®)

where a, is a scaling coefficient, d, is the lower bound, and the cumulative normal function with mean
value b, and width parameter c, is defined in the usual way as

(E b ) 1 ]E [_(E’ - bz)zl dEl
cnorm(E, b,, c,) = exp [————
2,C2 eNZn) p 22 (6)

The epithermal regime was modeled as
C3(E) = as (7)
where a; is a constant. For the thermal neutrons, we used
Ci(E) = a4E? + b4E + ¢, (8)

where a4, by, and c, are the polynomial’s second, first, and zeroth order coefficients. Since these curves are
used to apportion the equivalent dose from each neutron energy regime, they were constrained so that
their sum is unity. The forms of Equations (4)—(8) were chosen empirically to faithfully reproduce the
shapes of the C curves with energy while simultaneously reducing the number of model parameters.
Specifically, the approach of Perez-Andujar et al. [14] required a lookup table containing 40 values plus
9 energy independent parameters for a total of 49 parameters. Our model requires only 13 values plus
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9 energy independent parameters for a total of 22 parameters to cover the same interval of proton beam
energies from 100 to 250 MeV. Parameterizing these terms with energy offers several advantages
compared with the table lookup. It allows the model to be continuous in energy and reduces the number
of free parameters. The values for the parameters ag, pg, a1, by, a,, by, ¢3, d,, as, ay, by, and c, were
obtained via the iterative fitting process described in Section 2.4 below.

2.2. Monte Carlo Simulated /) D Values for General Purpose Beamline at 100 to 250 MeV

Previous studies [12,14] utilized dosimetric data exclusively from Monte Carlo simulations to
develop the model. In this study, we purposefully utilized the same Monte Carlo data in order to facilitate
the comparison of results with and without the improvements developed in this work. The Monte Carlo
data were taken from a simulation of the passive scattering system in place at The University of Texas
MD Anderson Cancer Center described in detail by Perez-Andujar et al. [14]. This was accomplished
with the Monte Carlo Proton Radiotherapy Treatment Planning (MCPRTP) system [15] which utilizes
the Monte Carlo N-Particle eXtended (MCNPX) Radiation Transport Code [16]. MCNPX is commonly used
for simulating neutron exposures and has been extensively benchmarked against measurements [17-22].
Simulations were carried out first with an open collimator to determine the primary absorbed dose per
proton, D /p. Next, simulations were done with a closed final collimator to determine the neutron equivalent
dose per proton, H/p, and the ratio of these yields H/D. The simulated neutron data includes nominal
proton beam energies of 100, 120, 140, 160, 180, 200, 225, and 250 MeV with a closed collimator,
pristine Bragg peak, and with the proton beam incident on a water phantom. The phantom contained 100
spherical detecting volumes, each of 1 cm diameter. The detecting volumes were located along lines
parallel to the beam axis at 0 cm, 10 cm, 40 cm, and 80 cm off-axis, as well as one line perpendicular to
the beam axis at the depth of isocenter in the phantom (22 cm). The simulation geometry is illustrated
in Figure 1.

2.3. Measured f/D for Ocular Beamline at 75 MeV

Measurements of H/D for the 75 MeV proton beam were carried out at Centre de Proton thérapie
d’Orsay (CPO) in France in a single-scattering proton beamline dedicated to ocular tumor treatments.
During the neutron measurements, a closed patient collimator was used together with a pristine Bragg
peak. We selected 75 MeV proton beam energy because it is representative of ocular treatments at CPO.
Measurements were taken in air.

Two instrument types were used to acquire neutron ambient dose equivalent, H*(10), in air. The Berthold
LB 6411 [23] is a conventional neutron probe with a spherical polyethylene moderator (25 cm external
diameter) and a central *He proportional counter (4 cm external diameter and 10 cm length). It is known
to be suitable for ambient dose equivalent measurements in the energy range from thermal to 20 MeV [24].
Additionally, this rem-counter is characterized by a high rejection coefficient for gamma radiation. The
WENDI-II is a survey meter with a cylindrical polyethylene moderator (22.9 cm in diameter and 21 cm
long), and a central cylindrical *He proportional counter [25]. The moderator encloses a tungsten powder
shell of 1.5 cm thickness, which enhances the accuracy of the instrument’s response at energies above
about 20 MeV by neutron multiplication.
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The measurements of H*(10) were made at isocenter and several distances from isocenter along the
proton beam axis and 45° and 90° with respect to the beam axis. Figure 2 shows the ocular beamline and
the 10 measurement positions.

Figure 2. Geometry of a proton therapy system for ocular treatments and positioning of the
neutron equivalent dose meters along the three axes at 0°, 45° and 90° with respect to the
proton beam direction.

2.4. Model Training

Previously, the model was trained separately at each proton beam energy considered [14]. In this
work, we trained the improved model for the general-purpose beamline by fitting to all data from 100 to
250 MeV simultaneously. All free parameters were selected using the generalized reduced gradient
method to minimize the local relative differences in H/D [26].

The model was trained separately for the 75 MeV measurements. This was necessary because of the
considerable differences between the beamlines. Because the measured data from the ocular beamline
consist of a single proton beam energy and measurements were taken in air, some modifications were
necessary. The a; terms from Equation (1), which model neutron attenuation in water, were defined to
be zero since there is no water present. The power law model for (H/D)g ;5, in Equation (2) was simply
replaced with the measured H/D value at isocenter at 75 MeV. Finally, the C;(E) curves defined in
Equations (4)—(8) were replaced with scalar coefficients Cy, C,, C3, and Cy.

3. Results
3.1. Model Agreement with Monte Carlo Data at 100 to 250 MeV

Figure 3 shows the Monte Carlo simulated and analytical model calculated values of H/D at isocenter
for the general-purpose beamline. H/D along the central axis is plotted as a function of depth in water
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for all energies in Figure 4. Figures 5—7 plot the corresponding results at off-axis distances of 10 cm, 40 cm,
and 80 cm, respectively. Figure 8 shows lateral H/D profiles for all energies at isocenter depth (22 cm).
These figures demonstrate the good agreement between the H/D values from Monte Carlo simulations
and the analytical model calculations. The average relative difference between the analytical model and
the Monte Carlo calculations at all proton beam energies and locations considered was 10% with a
maximum difference of 60%. The maximum difference occurred for the 120 MeV proton beam energy

at a location 80 cm off-axis and 19 cm deep in the phantom.
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Figure 3. (H/D)s, values versus proton beam energy, E. Ocular beamline value (X) was

measured in-air. General-purpose beamline values (circles) were obtained from Monte Carlo

simulations. Analytical model (line) values were calculated using Equation (2).
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The parameters governing (H/D)g ;5, from (2) are shown in Table 1. Table 2 lists the parameters that

govern the C; (E) curves in Equations (4)—(7). Our results confirm the findings of Perez-Andujar et al. [14]

that the largest contribution to H/D is from the high-energy direct neutrons followed by the epithermal

neutrons. H/D from the evaporation neutron regime is more prevalent at higher energies, and the thermal

neutron regime contributes a relatively small component of the equivalent dose. Figure 9 shows the

C;(E) curves from this work plotted with proton beam energy and compared with analogous values from

Perez-Andujar et al. [14]. Use of the parameterized C;(E) curves greatly reduced the difficulty of

configuring the model by preventing non-physical fluctuations of several parameters with energy,

eliminating the need for subjective manual adjustments.
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Figure 7. Predictions from Monte Carlo (points) and analytical model (lines) of neutron
equivalent dose per treatment dose (H /D) versus depth in water at 80 cm off-axis for 100 to
250 MeV proton beam energies.
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Figure 8. Predictions from Monte Carlo (points) and analytical model (lines) of neutron
equivalent dose per treatment dose (H /D) versus off-axis position at 22 cm depth in water
for 100 to 250 MeV proton beam energies.

Table 1. Parameters for power law relationship for (H/D)g ;so-

ag PE (H/D)100s0 (SV/GY)
8.0x10° 4.1 x10° 1.2x107*

Table 2. Parameters for C;(E) equations to apportion equivalent dose from neutron energy regimes.

Neutron Energy Regime a; b; Ci d;
Intranuclear Cascade —48x10"%  6.0x 107" N/A N/A
Evaporation 1.2x10"  13x10*  50x10° -13x10"
Epithermal 4.0 x 107" N/A N/A N/A

Thermal 12x107 —-6.6x10° 1.1 x1072 N/A
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Figure 9. Plot of C; values for each neutron energy regime versus proton beam energy.
Points represent C; values from Perez-Andujar ef al. [ 14] (circles) and from a refitting of that
model using the improved fitting methods (squares). The solid curves represent the
parameterized C;(E) models used in the final version.

Table 3 lists the energy independent parameters, including the neutron attenuation factors and Gaussian
width parameters. As expected, the width parameters for the low energy neutron regimes, epithermal
and thermal, are very large corresponding to an isotropic distribution. The higher energy neutron regimes
are forward peaked. The exponent governing falloff, g, was found to be 1.13. Table 4 lists a comparison
of the accuracies for all locations and all energies, as well as at each specific energy, between this work
and Perez-Andujar et al. [14]. We found similar agreement with the Monte Carlo simulations. The average
local relative differences were within 4% of each other for all energies. The maximum local relative

error was decreased from 76% to 60%.

Table 3. Neutron attenuation parameters and Gaussian width parameters for the four neutron regimes.

Direct Evaporation Epithermal Thermal
a;(cm") oy(cm) az(ecm') oy(cm) az(ecm’) o3(cm) ay(cm’') o4 (cm)
1.3x107% 1.4x10" 13x102 7.7x10" 32x102 39x10° 33x10" 3.9x10°

3.2. Model Agreement with Measured Data at 75 MeV

Measured and calculated H /D values for the ocular beamline data are shown in Figure 10 with separate
plots for each of the rays measured along: 0°, 45°, and 90° with respect to the beam axis. The plot shows
good agreement between measured values and the analytical model. We conservatively estimated the
uncertainty in the measured data at +25%, and the calculated H /D values agreed within this limit for all
points considered. The average error was 16% and the maximum error was 24%. The exponent that governs
falloff, q, was found to be 1.5. The larger g value is expected in this instance since the ocular beamline
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is narrower and should more closely resemble a point source. The parameters C; — C4, 07 — 04, and
H /D, for the ocular beamline data are listed in Table 5.

Table 4. Average local relative error (4) and maximum local relative error (4|yax) for the
analytical model of the general-purpose beamline from this work and Perez-Andujar et al. [14].

Proton Energy (MeV) _ This Work Pfrez-Anduj ar et al. [14]
4 (%) Al max (%) A4 (%) Al max (%)

All 10 60 10 76

250 7 39 7 30

225 7 29 6 29

200 7 31 6 34

180 11 31 7 34

160 11 33 10 45

140 11 45 10 46

120 11 60 15 61

100 16 54 18 76

\

60 - Measured 0° —e— |
45 - Calculated 0° —— |
30 .
15 .
— OF } | } 4? -
& 60 - Measured 45° —e—
G 45 - Calculated 45° —— |
E 3 f |
§ 15 - i
0 } } } ¢ |
60 - Measured 90° —e— |
45 Calculated 90° —— |
30 _
15 - .
0 & | | | ‘ ‘ |

0 50 100 150 200
r (cm)

Figure 10. Measured (circles) and calculated (lines) H/D values for the ocular beamline
plotted vs. distance from isocenter. The top plot shows data taken along the beam axis with
points distal to isocenter. The middle plot shows the values along a ray 45° with respect to
the beam axis. The lower plot shows values directly lateral to isocenter, i.e., along a ray 90°
with respect to the beam axis.

Table 5. Model parameters for ocular beamline.

(H/D)iso
(Sv/Gy)
1.1x102 7.8x10"! 1.0x 10! 9.6 x1072 9.4 x10° 1.0x10° 42x10% 42x10> 52x1073

Cy C, C3 Cs g, (cm) g, (cm) g3 (cm) o4 (cm)
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4. Discussion

We have improved an analytical model for predicting H/D from leakage neutrons for proton therapy
by parameterization of energy dependent aspects of the model, thereby reducing the number of free
parameters and simplifying the model configuration process. We have demonstrated the training of this
model using Monte Carlo simulated neutron exposures for proton beam energies from 100 to 250 MeV
and using measured data from a separate 75 MeV proton therapy beamline.

The major finding of this work is that an analytical model of neutron H/D for passively scattered
proton therapy may be applied continuously over a wide range of proton beam energies with relatively
fewer model parameters. In addition to reducing the number of free parameters, explicitly modeling the
contribution of different neutron energy regimes based on the proton beam energy yields other advantages
to our model. The model is now continuous in energy, and this approach obviates the need to interpolate
from a table of values at intermediate energies. The model can be easily applied to energies between those
used in the work without the need for additional measurements or crude linear interpolation. In contrast, the
lookup table approach employed by Perez-Andujar et al. [ 14] requires the interpolation of several parameters
for use at energies other than those contained in the lookup table and also requires a large number of
energy specific parameters that complicate the training of the model. Our method reduces the number of
free parameters, and our improved fitting methods have made the model training process much simpler
for the user. This approach gives confidence that the fitted parameters follow physically realistic
dependencies on proton beam energy and are not the result of over-fitting or memorizing the data.

Another encouraging confirmatory finding is that the analytical model is applicable to low energy
proton beams such as those used in ocular treatments. It is important that the model be easily adaptable
to other passive scattering treatment systems, so that it can have the greatest possible impact and find
use at many different institutions. Importantly, Farah et al. [27] previously reported on the difficulty in
configuring the original model, an obstacle that this work has successfully overcome.

The results of this work are consistent with the findings of other studies. Perez-Andujar et al. [14]
found that to accurately model the equivalent dose from leakage neutrons requires the consideration of
no fewer than four neutron energy regimes. That is supported by this work. The contributions from each
of the four neutron energy regimes are similar for this work and the previous model. Furthermore, the
dosimetric accuracies were found to be similar.

A major strength of this study is that the improved model relies on far fewer free parameters than
previous works. The inclusion of measured data from a second passively-scattered proton therapy beamline
is another strength of this study. Specifically, the analytical model was configured for use at the lower
energy (75 MeV) and compared against experimental data to validate its utility to predict stray radiation
from an ocular beamline.

One limitation of this study is that we only benchmarked the model with measured data at a single
proton beam energy for the ocular beamline. Additionally, the measured data was taken in-air and not in
a water phantom. These limitations are minor because we demonstrated good agreement for the model
compared with Monte Carlo simulated H/D values in a water phantom and at many different energies
for the general purpose beamline.

Future work on leakage radiation from proton therapy should include research and development to
translate the analytical models to clinical practice. Specifically, the model should be integrated into
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treatment planning systems to facilitate routine clinical dose assessments for patients with heterogeneous
anatomy and irregular external surfaces. A study from our group has yielded promising preliminary
results indicating that the integration of a similar analytical model into a radiotherapy treatment planning
system is technically feasible and the leakage-dose algorithm is sufficiently fast for routine clinical
treatment planning applications [28]. Specifically, this study found that the time required was a factor of
1.6 of the time necessary for the proton dose calculation allowing for the total calculation to be completed
in less than one hour on a single CPU. Additional research and development work will be needed to enhance
the analytical model to account for other treatment factors such as range modulation. Range modulation
can be modeled from first principles using the proton modulation function including proton fluence
weights, Equations (2)—(5) from Polf and Newhauser [9] or Equations (1)—(4) from Zheng et al. [29],
and dosimetric data at multiple proton beam energies from Monte Carlo simulations. If the relationship
between H/D and the modulation width is known from measurements or simulations of the usual case
with flat-topped Bragg peaks, the dependence of H/D on modulation width may be accounted for with
an empirical analytical model. From previous work, we know that H/D increases with modulation width
modestly and continuously (see Figure 9 in Zheng et al. [29]), and it appears to follow a simple analytic
expression, e.g., a polynomial or asymptotic exponential function. Studies on range modulation and other
treatment factors are underway in our laboratory. This model may also find application for scanned-beam
proton therapy beamlines equipped with passive and dynamic collimators, e.g., milled brass collimators,
multi-leaf collimators [30,31], and trimmers [32].

5. Conclusions

In this work, we improved an analytical model of neutron H /D for passively scattered proton therapy
in the energy range from 100 to 250 MeV. The improved model relies on fewer configuration parameters
and is easier to train. We tested the analytical model on measured neutron H/D values from a separate
75 MeV beamline. Our results revealed good agreement of the model with both measured data and Monte
Carlo simulations. The results of this work suggest that, with further development and testing, analytical
models may be applicable for routine use in clinical treatment planning systems to predict neutron
exposures to patients.

Acknowledgments

The authors would like to acknowledge the help of S. Delacroix and A. De Oliveira in the experimental
campaign performed at Centre de Proton thérapie d’Orsay, France. Additionally, the authors wish to thank
Lydia Wilson, Andy Halloran, and William Donahue who assisted in the proof-reading of the manuscript.

Author Contributions

Christopher Schneider and Wayne Newhauser designed this study and developed the analytical model.
Christopher Schneider implemented the model and optimized the model parameters. Jad Farah provided
measurements of neutron equivalent dose in air for the ocular beamline. All authors helped draft and
revise the manuscript.



Cancers 2015, 7 808

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Miralbell, R.; Lomax, A.; Cella, L.; Schneider, U. Potential reduction of the incidence of
radiation-induced second cancers by using proton beams in the treatment of pediatric tumors.
Int. J. Radiat. Oncol. Biol. Phys. 2002, 54, 824—-829.

2. Newhauser, W.D.; Fontenot, J.D.; Mahajan, A.; Kornguth, D.; Stovall, M.; Zheng, Y.; Taddei, P.J.;
Mirkovic, D.; Mohan, R.; Cox, J.D.; et al. The risk of developing a second cancer after receiving
craniospinal proton irradiation. Phys. Med. Biol. 2009, 54, 2277-2291.

3. Zhang, R.; Howell, R.M.; Giebeler, A.; Taddei, P.J.; Mahajan, A.; Newhauser, W.D. Comparison
of risk of radiogenic second cancer following photon and proton craniospinal irradiation for a pediatric
medulloblastoma patient. Phys. Med. Biol. 2013, 58, 807-823.

4. Agosteo, S.; Birattari, C.; Caravaggio, M.; Silari, M.; Tosi, G. Secondary neutron and photon dose
in proton therapy. Radiother. Oncol. 1998, 48, 293-305.

5. Newhauser, W.D.; Zhang, R. The physics of proton therapy. Phys. Med. Biol. 2015, 60, R155-R209.
Paganetti, H. Nuclear interactions in proton therapy: Dose and relative biological effect distributions
originating from primary and secondary particles. Phys. Med. Biol. 2002, 47, 747-764.
Tommasino, F.; Durante, M. Proton radiobiology. Cancers Basel 2015, 7, 353-38]1.

8. Newhauser, W.D.; Durante, M. Assessing the risk of second malignancies after modern radiotherapy.
Nat. Rev. Cancer 2011, 11, 438-448.

9. Polf, J.C.; Newhauser, W.D. Calculations of neutron dose equivalent exposures from range-modulated
proton therapy beams. Phys. Med. Biol. 2005, 50, 3859-3873.

10. Zheng, Y.; Newhauser, W.; Fontenot, J.; Taddei, P.; Mohan, R. Monte Carlo study of neutron dose
equivalent during passive scattering proton therapy. Phys. Med. Biol. 2007, 52, 4481-4496.

11. Zheng, Y.; Newhauser, W.; Fontenot, J.; Koch, N.; Mohan, R. Monte Carlo simulations of stray
neutron radiation exposures in proton therapy. J. Nucl. Mater. 2007, 361, 289-297.

12. Zhang, R.; Perez-Andujar, A.; Fontenot, J.D.; Taddei, P.J.; Newhauser, W.D. An analytic model of
neutron ambient dose equivalent and equivalent dose for proton radiotherapy. Phys. Med. Biol. 2010,
55, 6975-6985.

13. Anferov, V. Analytic estimates of secondary neutron dose in proton therapy. Phys. Med. Biol. 2010,
55,7509-7522.

14. Perez-Andujar, A.; Zhang, R.; Newhauser, W. Monte Carlo and analytical model predictions of leakage
neutron exposures from passively scattered proton therapy. Med. Phys. 2013, doi:10.1118/1.4829512.

15. Newhauser, W.; Fontenot, J.; Zheng, Y .; Polf, J.; Titt, U.; Koch, N.; Zhang, X.; Mohan, R. Monte Carlo
simulations for configuring and testing an analytical proton dose-calculation algorithm. Phys. Med. Biol.
2007, 52, 4569-4584.

16. Hendricks, J.S.; McKinney, G.W.; Durkee, J.W.; Finch, J.P.; Fensin, M.L.; James, M.R.; Johns, R.C.;
Pelowitz, D.B.; Waters, L.S.; Gallmeier, F.X. MCNPX, Version 26c; Los Alamos National Laboratory:
Los Alamos, NM, USA, 2006.



Cancers 2015, 7 809

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Farah, J.; Martinetti, F.; Sayah, R.; Lacoste, V.; Donadille, L.; Trompier, F.; Nauraye, C.; de Marzi, L.;
Vabre, L.; Delacroix, S.; et al. Monte Carlo modeling of proton therapy installations: A global
experimental method to validate secondary neutron dose calculations. Phys. Med. Biol. 2014, 59,
2747-2765.

Fontenot, J.D.; Newhauser, W.D.; Titt, U. Design tools for proton therapy nozzles based on the
double-scattering foil technique. Radiat. Prot. Dosim. 2005, 116, 211-215.

Herault, J.; Iborra, N.; Serrano, B.; Chauvel, P. Monte Carlo simulation of a protontherapy platform
devoted to ocular melanoma. Med. Phys. 2005, 32, 910-919.

Koch, N.; Newhauser, W.D.; Titt, U.; Gombos, D.; Coombes, K.; Starkschall, G. Monte Carlo
calculations and measurements of absorbed dose per monitor unit for the treatment of uveal melanoma
with proton therapy. Phys. Med. Biol. 2008, 53, 1581-1594.

Tayama, R.; Fujita, Y.; Tadokoro, M.; Fujimaki, H.; Sakae, T.; Terunuma, T. Measurement of neutron
dose distribution for a passive scattering nozzle at the Proton Medical Research Center (PMRC).
Nucl. Instrum. Methods Phys. Res. Sect. A 2006, 564, 532-536.

Tayama, R.; Handa, H.; Hayashi, K.; Nakano, H.; Sasamoto, N.; Nakashma, H.; Masukawa, F.
Benchmark calculations of neutron yields and dose equivalent from thick iron target for 52-256 MeV
protons. Nucl. Eng. Des. 2002, 213, 119-131.

Burgkhardt, B.; Fieg, G.; Klett, A.; Plewnia, A.; Siebrt, B.R.L. The neutron fluence and H*(10)
response of the new LB 6411 REM counter. Radiat. Prot. Dosim. 1997, 70, 361-364.

Silari, M.; Agosteo, S.; Beck, P.; Bedogni, R.; Cale, E.; Caresana, M.; Domingo, C.; Donadille, L.;
Dubourg, N.; Exposito, A.; et al. Intercomparison of radiation protection devices in a high-energy
stray neutron field. Part III: Instrument response. Radiat. Meas. 2009, 44, 673—691.

Olsher, R.H.; Hsu, H.H.; Beverding, A.; Kleck, J.H.; Casson, W.H.; Vasilik, D.G.; Devine, R.T.
WENDI: An improved neutron rem meter. Health Phys. 2000, 79, 170—181.

Lasdon, L.S.; Fox, R.L.; Ratner, M.W. Nonlinear Optimization Using the Generalized Reduced
Gradient Method; National Technical Information Service: Springfield, VA, USA, 1973.

Farah, J.; Bonfrate, A.; de Marzi, L.; de Oliveira, A.; Delacroix, S.; Martinetti, F.; Trompier, F.;
Clairand, I. Configuration and validation of an analytical model predicting secondary neutron radiation
in proton therapy using Monte Carlo simulations and experimental measurements. Phys. Med. 2015,
31,248-256.

Eley, J.; Newhauser, W.; Homann, K.; Howell, R.; Schneider, C.; Durante, M.; Bert, C. Implementation
of an analytical model for leakage neutron equivalent dose in a proton radiotherapy planning system.
Cancers 2015, 7, 427-438.

Zheng, Y.; Fontenot, J.; Taddei, P.; Mirkovic, D.; Newhauser, W. Monte Carlo simulations of
neutron spectral fluence, radiation weighting factor and ambient dose equivalent for a passively
scattered proton therapy unit. Phys. Med. Biol. 2008, 53, 187-201.

Bues, M.; Newhauser, W.D.; Titt, U.; Smith, A.R. Therapeutic step and shoot proton beam
spot-scanning with a multi-leaf collimator: A Monte Carlo study. Radiat. Prot. Dosim. 2005, 115,
164-169.

Newhauser, W.D.; Zhang, R.; Jones, T.G.; Giebeler, A.; Taddei, P.J.; Stewart, R.D.; Lee, A.;
Vassiliev, O. Reducing the cost of proton radiation therapy: The feasibility of a streamlined treatment
technique for prostate cancer. Cancers Basel 2015, 7, 688—705.



Cancers 2015, 7 810

32. Hyer, D.E.; Hill, P.M.; Wang, D.; Smith, B.R.; Flynn, R.T. A dynamic collimation system for penumbra
reduction in spot-scanning proton therapy: Proof of concept. Med. Phys. 2014, doi:10.1118/1.4837155.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



