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Purpose: Stray neutron radiation is of concern after radiation therapy, especially in children, because
of the high risk it might carry for secondary cancers. Several previous studies predicted the stray
neutron exposure from proton therapy, mostly using Monte Carlo simulations. Promising attempts to
develop analytical models have also been reported, but these were limited to only a few proton beam
energies. The purpose of this study was to develop an analytical model to predict leakage neutron
equivalent dose from passively scattered proton beams in the 100-250-MeV interval.
Methods: To develop and validate the analytical model, the authors used values of equivalent dose
per therapeutic absorbed dose (H/D) predicted with Monte Carlo simulations. The authors also char-
acterized the behavior of the mean neutron radiation-weighting factor, wR , as a function of depth in
a water phantom and distance from the beam central axis.
Results: The simulated and analytical predictions agreed well. On average, the percentage difference
between the analytical model and the Monte Carlo simulations was 10% for the energies and positions
studied. The authors found that wR was highest at the shallowest depth and decreased with depth until
around 10 cm, where it started to increase slowly with depth. This was consistent among all energies.
Conclusion: Simple analytical methods are promising alternatives to complex and slow Monte
Carlo simulations to predict H/D values. The authors’ results also provide improved understand-
ing of the behavior of wR which strongly depends on depth, but is nearly independent of lat-
eral distance from the beam central axis. © 2013 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4829512]
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1. INTRODUCTION

Stray radiation from neutrons is a major concern in proton
therapy. Such neutron exposures could potentially increase
the risk of secondary cancers after radiotherapy. This is espe-
cially important for pediatric patients. The Surveillance, Epi-
demiology and End Results (SEER) Center of the National
Cancer Institute reports that the incidence of primary solid
cancers is considerably higher in people who had undergone
radiotherapy as children.1 Radiation may be implicated in the
incidence of many of these cancers. Specifically, on average
a child’s excess absolute risk or EAR (per 10 000 person-
years) of developing a new primary cancer after radiotherapy
is 21.10, representing 2 times that of children not receiving
radiotherapy (EAR = 10.30).1 This is of increasing concern
because the five-year survival rate of pediatric cancer patients
went from 61% in 1996 to 79% in 2002,2 meaning that the
incidence of second cancers will likely be raised for several
decades. Similar gains have been reported for adults; the five-
year survival rate increased from 50% to 66% during the same
period, and the ten-year survival rate is now 59%,2 which will
likely result in similar increases in secondary cancers.

Stray external and internal neutrons are created by inter-
actions of the proton beam with components of the treatment
nozzle and the patient. The production of external neutrons
depends on the proton therapy delivery technique, that is,
whether beams are delivered by dynamic scanning or passive
scattering. In passive delivery, the proton beam is spread later-
ally using a scattering foil and limited by a collimator. Proton-
induced nuclear reactions with these and other devices in the
treatment nozzle produce secondary particles, of which neu-
trons are of primary concern. In dynamic beam delivery, a
small beam spot is magnetically swept across the target, and
the energy is varied dynamically usually without the need for
energy degraders.3 In dynamic beam delivery without colli-
mators, the neutron exposure is from internal stray neutrons.
Thus, regardless of the delivery method, neutron exposures
are a potential concern.4

In general, passive delivery systems confer somewhat
higher neutron dose exposures than dynamic systems,
although a comparison of recent studies4–7 and earlier
studies8, 9 suggests that neutron exposures are decreas-
ing over time as beam delivery techniques are improved.
The study of stray external neutron exposures from
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passive systems is of paramount importance, as the over-
whelming majority of patients receive passive treatments.
In passive proton therapy, exposures from leakage neu-
trons are much larger than those from internal neutrons.10

Many other studies characterizing neutron doses in pro-
ton therapy present data from Monte Carlo simulations and
measurements.5, 10–18

It is commonly assumed that replacing photon treatments
with proton treatments will lower the risk of radiogenic sec-
ond cancers.19 The literature contains no direct observational
evidence to support this, such as radioepidemiologic stud-
ies that compare risk of secondary cancer incidence after
advanced proton and photon radiotherapies. Currently, it is
difficult to perform clinically realistic and complete studies
of the risk of late effects because commercial radiotherapy
treatment planning systems do not predict out-of-field neu-
tron doses to the patient. At least two Monte Carlo-based re-
search systems with this capability20–23 have been used ex-
tensively for research studies on stray neutron doses, but they
have not been commercialized, presumably because of the
high degree of complexity and computational expense as-
sociated with the Monte Carlo method. A logical alterna-
tive approach would be to use an analytical dose algorithm
that is simpler to implement and computationally less ex-
pensive than Monte Carlo method. Early attempts to model
neutron exposures from proton therapy analytically were re-
ported by Polf and Newhauser.11 Zheng et al.24 proposed
an analytical model to predict neutron doses per therapeu-
tic dose for a passive delivery system. This model was later
redefined by Zhang et al.25 for a pristine 250-MeV proton
beam; good agreement was found between the neutron doses
predicted by the analytical model and Monte Carlo simula-
tions. Anferov26 proposed an analytical model to predict neu-
tron equivalent doses for proton energies of 100, 150, and
200 MeV. This model was also validated with Monte Carlo
simulations and compared with measurements, with good
agreement found among these. Together, these studies pro-
vided tantalizing early indications that analytical modeling
methods may have potential in this application. However, the
findings are limited by the fact that Zhang et al.25 and Zheng
et al.24 only presented neutron doses due to a pristine
250-MeV proton beam and Anferov’s26 nozzle was based
on simplistic modeling beam of a beam delivery system that
lacks clinical realism and did not account for neutron attenu-
ation and scattering caused by media in proximity to the neu-
tron sources.

The objective of our study was to develop an analyti-
cal model to predict neutron exposures over the entire in-
terval of clinically relevant proton beam energies, i.e., from
100 to 250 MeV, with an accuracy of 10%. We also investi-
gated the behavior in wR , the mean radiation weighting fac-
tor for neutrons used to convert absorbed dose to equivalent
dose, as a function of position in a water phantom and with
primary proton beam energy. We used Monte Carlo simu-
lations of passively scattered treatment beams incident on a
water-box phantom to generate the neutron dosimetry data
used to train the analytical model and characterized variations
in wR .

2. METHODS

We simulated the passive scattering system in use at The
University of Texas MD Anderson Cancer Center. Simula-
tions were carried out with Monte Carlo N-Particle eXtended
Radiation Transport Code (MCNPX v.2.8).27 MCNPX has
widely been used for the determination of neutron exposures
and has been benchmarked against measurements for pro-
ton therapy.12, 28–30 The simulations modeled the passive scat-
tering system’s treatment nozzle and a water-box phantom
(Fig. 1). The components of this nozzle have been described
in Refs. 23 and 31. These simulations were for a medium-
size treatment field (18 × 18 cm2 prior to final collimation)
with a closed final collimator. Proton beams were simulated
for mean energies of 100, 120, 140, 160, 180, 200, 225, and,
250 MeV at the entrance of the treatment nozzle. Neutron
absorbed doses and neutron spectral fluences were simulated
for pristine proton beams, i.e., without range modulation. The
water phantom was 30 × 180 × 44 cm3 and had 100 spheri-
cal detecting volumes, each 1 cm in diameter. These detecting
volumes were located at various lateral distances off the cen-
tral axis (OAX) of the beam and at various depths along the
central axis (CAX).

The absorbed dose from secondary neutrons, Dn, deposited
at each detecting volume was calculated with the energy de-
position tally from MCNPX. The neutron equivalent dose, H,
was then calculated according to the formula:

H = wRDn, (1)

where wR is the mean radiation weighting factor for neutrons
and was calculated according to an established method,32 or

wR =
∫

�wRdE

�dE
, (2)

where � is the neutron spectral fluence. The later were ob-
tained from Monte Carlo simulations using the tally of track-
length estimates of fluence. The energy-dependent weighting
factor, wR , taken from ICRP Publication 92 (Ref. 32) was:

wR = 2.5[2 − e−4En + 6e− ln(En)2/4 + e− ln(En/30)2/2], (3)

where En is the neutron energy.
The neutron equivalent dose at each detecting volume

was normalized by the proton therapeutic absorbed dose, Dp,
at isocenter from a 10 × 10 cm2 therapeutic proton beam.
Isocenter coincided with the center of a 10-cm spread-out
Bragg peak. The neutron equivalent dose was normalized by
the therapeutic proton dose and is denoted by H/D.

Using H/D values obtained with the Monte Carlo simu-
lation methods described above, we developed a new model
that was inspired by the methods and promising results re-
ported by Zhang et al.25 at 250 MeV. In particular, our model
takes into account the contribution to H/D from intranuclear
cascade neutrons, evaporation neutrons, epithermal neutrons
(sometimes called 1/E neutrons), and thermal neutrons. The
rationale for this approach was to increase accuracy by mod-
eling the neutron energy dependence of the various physical
processes governing H/D. In addition, our proposed model
has an interval of applicability from 100 to 250 MeV proton
energy.
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FIG. 1. Simulated water phantom with 100 spherical detecting volumes placed along the CAX and at 10 cm OAX, 40 cm OAX, and 80 cm OAX at the same
depths. d represents the distance from the neutron effective source to the detecting volumes. d′ is the distance from the surface of the phantom to the detecting
volumes. diso is the distance from the effective neutron source to isocenter. z is the depth in the phantom. Figure modified from Zhang et al. (Ref. 25).

The analytical model is given by:

(H/D)d = (H/D)iso(d/diso)−p

[
C1e

−α1(d ′−d ′
iso)e−(x2+y2)d2

iso/2σ 2
1 z2 + C2e

−α2(d ′−d ′
iso)e−(x2+y2)d2

iso/2σ 2
2 z2+

C3e
−α3(d ′−d ′

iso)e−(x2+y2)d2
iso/2σ 2

3 z2 + C4e
−α4(d ′−d ′

iso)e−(x2+y2)d2
iso/2σ 2

4 z2

]
, (4)

where (H/D)iso is the neutron equivalent dose per therapeutic
absorbed dose at isocenter. C1, C2, C3, and C4 apportion the
H/D contributions from intranuclear cascade, evaporation,
epithermal, and thermal neutrons, respectively. These are
the main components of the neutron spectra obtained in the
simulations performed in this work, shown in Fig. 2. The term
(d/diso)−p represents the power law that governs the neutron
dose falloff as a function of distance from the effective
neutron source, which is independent of the proton beam
energy.31 The term d represents the distance from the neutron
source in the treatment nozzle to the detecting volume; and
diso is the distance from the neutron source to isocenter
(Fig. 1). The terms e−α1(d ′−d ′

iso), e−α2(d ′−d ′
iso), e−α3(d ′−d ′

iso), and
e−α4(d ′−d ′

iso) represent the attenuation of the neutrons in the
water phantom. α1, α2, α3, and α4 denote the attenuation of
intranuclear cascade, evaporation, epithermal, and thermal
neutrons, respectively. d′

iso is the distance from the phantom
surface to the isocenter, and d′ is the distance from the

phantom surface to the detecting volumes. The replenish-
ment of lower energy neutrons at depth, a consequence of
moderation of higher energy neutrons, is modeled implic-
itly by the use of the terms for attenuation in the phantom. The
terms e−(x2 + y2)d2

iso/2σ 2
1 z2

, e−(x2 + y2)d2
iso/2σ 2

2 z2
, e−(x2 + y2)d2

iso/2σ 2
3 z2

,
and e−(x2+y2)d2

iso/2σ 2
4 z2

represent the lateral spread of intranu-
clear cascade, evaporation, epithermal, and thermal neutrons,
respectively. The lateral distribution of neutrons is governed
by σ 1 for intranuclear cascade, σ 2 for evaporation, σ 3 for
epithermal, and σ 4 for thermal neutrons. z represents the
position of the detecting volumes. Additional details have
been given in Ref. 25.

In this study, the analytical model was trained separately
at each proton energy considered. Training was accomplished
by fitting the H/D values from Monte Carlo simulations at all
tally locations in the phantom to the H/D model in Eq. (4).
A gradient search algorithm was used to iteratively fit all the
parameters of the analytical model.33, 34
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FIG. 2. Normalized neutron energy spectra produced by 120-, 160-, 200-,
and 250-MeV proton beams at a depth of 10 cm at CAX.

3. RESULTS

H/D values are plotted as a function of water depth at dis-
tances from the CAX (Fig. 3), at 10 cm OAX (Fig. 4), 40 cm
OAX (Fig. 5), and 80 cm OAX (Fig. 6), including predic-
tions from the analytical model and Monte Carlo simulations

at 100, 160, 200, and 250 MeV. These figures reveal good
agreement between the calculations and simulations. On av-
erage, the percent difference between the Monte Carlo calcu-
lation and the analytical model among all energies and po-
sitions was 10%. Figure 7 reveals good agreement between
OAX profiles of H/D at a depth of 22 cm in the water phan-
tom. The model parameters to apportion H/D contributions
from intranuclear cascade (C1), evaporation (C2), epithermal
(C3), and evaporation (C4) neutrons are listed in Table I. The
effective linear neutron attenuation coefficients for the differ-
ent energy regimes of the neutron spectrum depend on neu-
tron energy but are independent of the proton beam energy.
The specific values found are presented in Table I. The largest
attenuation coefficient was found to be for thermal neutrons.
In addition, the exponent governing the dose falloff of H/D
for high-energy neutrons, p, had a value of 1 for all energies,
which indicates that the neutron source behaves like a point
source. The values of the lateral distribution of neutrons (σ 1,
σ 2, σ 3, and σ 4), listed in Table II, were also independent on
the proton beam energy and were also found to have the high-
est value for thermal neutrons. This value probably was high-
est because the low-energy neutrons were emitted isotropi-
cally and propagated through the phantom in a matter similar
to diffusion. High-energy neutrons, on the other hand, were
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FIG. 3. Monte Carlo calculation and analytical model prediction of neutron equivalent dose per therapeutic dose (H/D) values along the CAX at 100-, 160-,
200-, and 250-MeV proton energies.
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FIG. 4. Monte Carlo calculation and analytical model prediction of neutron equivalent dose per therapeutic dose (H/D) values at 10 cm OAX at 100-, 160-,
200-, and 250-MeV proton energies.

emitted and scattered with forward-peaked angular distribu-
tions and did not exhibit diffusionlike propagation.

Table III lists the average and maximum percentage differ-
ences between the H/D values calculated with Monte Carlo
simulations and those predicted by the analytical model at
CAX for all energies studied. The average percent differ-
ence at CAX ranged from 2.5% to 21.7%. The largest value
was found for the 100-MeV proton energy, with the largest
percentage difference occurring at a depth of 40 cm in the
phantom. The largest average percent differences between
the Monte Carlo calculation and the analytical model values
were found mainly in two locations, at the shallowest depth
and at the deepest depths. This pattern was mainly observed
for the lower proton beam energies and for OAX distances.
Table IV lists the average percentage and maximum per-
centage differences observed at 40 cm OAX for each pro-
ton beam energy considered; the average percent difference
ranged from 6.6% to 30%, with the maximum values occur-
ring at shallow depths. This could be an indication that the
model is overattenuating the low-energy neutron component
for this energy. At 80 cm OAX, the average percentage dif-
ference was larger than at the other positions at all energies
considered, and the maximum percentage difference occurred
at depth deeper than 37 cm in the water phantom.

In addition to calculating the H/D values, we calculated wR

values as a function of location in the phantom. Figure 8 plots
wR as a function of depth along and lateral to the CAX. wR

was highest at the shallowest depth and decreased with depth
until around 10 cm, where it started to increase slowly with
depth. wR did not exhibit dependence on OAX distance.

The behavior of wR in the phantom was found to be very
similar among the proton energies considered. The wR value
was largest at the entrance of the water phantom, decreased
until around a depth of 10 cm in the phantom, and increased
beyond that depth. In addition, we found that the behavior of
wR can be described with the following fit:

wR(x) = a(1 − e−b(x−d)2
) + c, (5)

where a, b, and c are fitting parameters, x is the depth along
CAX or OAX, and d is the depth corresponding to the mini-
mum value of wR . Table V presents the fitting parameters for
CAX, 10 cm OAX, 40 cm OAX, and 80 cm OAX.

4. DISCUSSION

We developed an analytical model to predict H/D for pro-
ton therapy at proton energies from 100 to 250 MeV. We
also characterized the behavior of wR in a water phantom.
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FIG. 5. Monte Carlo calculation and analytical model prediction for neutron equivalent dose per therapeutic dose (H/D) values at 40 cm OAX at 100-, 160-,
200-, and 250-MeV proton energies.
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FIG. 6. Monte Carlo calculation and analytical model prediction for neutron equivalent dose per therapeutic dose (H/D) values at 80 cm OAX at 100-, 160-,
200-, and 250-MeV proton energies.
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FIG. 7. Monte Carlo calculation and analytical model prediction of the neutron equivalent dose per therapeutic dose (H/D) values at various OAX positions at
100-, 160-, 200-, and 250-MeV proton energies at a depth of 22 cm in the phantom.

In this study, we showed for the first time that it is possible
to analytically model H/D for a passive beam delivery system
over a wide range of proton beam energies. Two of the ma-
jor strengths of this study were its inclusion of a detailed and
highly realistic model of the treatment apparatus and the char-
acterization of the behavior of the mean radiation weighting
factor for neutrons as a function of position in a phantom. The
analytical model of H/D takes into account the production, di-
vergence, and attenuation of four neutron energy regimes as a

TABLE I. Fitting parameters: H/D contributions from intranuclear cascade
(C1), evaporation (C2), epithermal (C3), and thermal (C4) neutrons. Ep rep-
resents the proton beam energy. From Eq. (4).

Ep (MeV) C1 C2 C3 C4

100 6.29 × 10−1 4.51 × 10−2 3.2 × 10−1 5.52 × 10−3

120 6.20 × 10−1 5.57 × 10−2 3.2 × 10−1 4.28 × 10−3

140 6.14 × 10−1 6.23 × 10−2 3.2 × 10−1 4.01 × 10−3

160 6.14 × 10−1 6.26 × 10−2 3.2 × 10−1 3.81 × 10−3

180 5.14 × 10−1 1.35 × 10−1 3.2 × 10−1 3.19 × 10−3

200 5.47 × 10−1 1.30 × 10−1 3.2 × 10−1 2.43 × 10−3

225 5.82 × 10−1 1.85 × 10−1 2.3 × 10−1 2.49 × 10−3

250 5.43 × 10−1 1.36 × 10−1 3.2 × 10−1 1.75 × 10−3

TABLE II. Fitting parameters: neutron attenuation (α1, α2, α3, and α4) and
lateral distribution (σ 1, σ 2, σ 3, and σ 4) for the four neutron components.
From Eq. (4).

Fitting α1 α2 α3 α4 σ 1 σ 2 σ 3 σ 4

parameter (cm−1) (cm−1) (cm−1) (cm−1) (cm) (cm) (cm) (cm)

Value 0.01 0.013 0.033 0.33 16 400 4000 4000

TABLE III. Average percentage difference, � H
D

, and maximum percent-
age difference,

(
� H

D

)
max, between H/D values calculated by Monte Carlo

method and the analytical model along CAX. Ep denotes the proton beam
energy, and z is the depth in the phantom.

Ep (MeV) � H
D

(%)
(
� H

D

)
max (%) z at

(
� H

D

)
max (cm)

100 21.7 62.5 40
120 15.5 42.0 40
140 11.4 30.6 40
160 9.0 18.0 40
180 6.9 15.5 1
200 4.9 17.3 37
225 5.8 12.9 1
250 2.5 9.9 34
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TABLE IV. Average percentage difference, � H
D

, and maximum percentage
difference,

(
� H

D

)
max, between H/D values calculated by Monte Carlo meth-

ods and the analytical model at 40 cm OAX. Ep denotes the proton beam
energy and z is the depth in the phantom.

Ep (MeV) � H
D

(%)
(
� H

D

)
max (%) z at

(
� H

D

)
max (cm)

100 30.0 81.7 40
120 26.0 58.9 37
140 14.8 51.7 1
160 12.3 51.8 1
180 6.6 19.7 1
200 9.0 19.3 1
225 7.4 27.6 1
250 8.4 19.0 10

function of depth and OAX distance in a water box phantom.
This study’s major qualitative finding is that it is possible to
expand the interval of applicability of the analytical model to
cover the entire energy interval of clinical relevance. In ad-
dition, we found that accurate modeling of H/D requires con-
sideration of at least four distinct neutron energy regimes; this
is an important finding because it leads to a physically real-
istic model in which the neutron attenuation and lateral dis-
tribution coefficients of the model depend on neutron energy
but are independent of the proton beam energy. This indepen-
dence is important because it simplifies the practical deploy-
ment of the model by reducing the number of free parameters.
In contrast, the previous, more empirical approach by Zhang
et al.25 used only two neutron energy regimes and was less
physically realistic because the model parameters depended
on both neutron and proton energies. Here we achieved good
agreement between the analytical model and the Monte Carlo
calculations, suggesting that an analytical model may pro-
vide an attractive alternative to the Monte Carlo method. In
terms of the accuracy of the Monte Carlo calculation, mea-
surements of H/D by our group have shown that neutron doses
are within 30% of corresponding MCNPX predictions (paper
in preparation). This finding is broadly consistent with what

other studies have reported.11, 30 Tayama et al.12 also bench-
marked MCNPX against measurements, and the percentage
differences between their measurements and the Monte Carlo
calculations were within 10%.

The neutron exposure values obtained in the cur-
rent study are also consistent with what others have
presented.4, 16, 17, 24–26, 35 Our H/D values show a clear depen-
dence on distance from the effective neutron source and lat-
eral distance from the CAX, confirming a similar finding
from Zheng et al.24 Our findings have yielded interesting in-
sights into neutron production in a passively scattered proton
beam delivery system with a closed aperture. Specifically, the
source was spatially distributed, and by considering four neu-
tron energy regimes, we found that the largest contribution
is due to intranuclear cascade neutrons (C1), followed by ep-
ithermal neutrons (C3). We noticed that the contribution from
epithermal neutrons (C3) is approximately constant over all
proton beam energies considered. We also noticed an appar-
ently nonphysical “jump” in the values of C1 and C2 when
going from 180 to 200 MeV; we attributed that to the Monte
Carlo code’s transition from using lookup tables of evaluated
cross-section data to on-the-fly calculations of nuclear cross
sections using high-energy nuclear interaction models.

Meanwhile, wR was found to be the largest at the entrance
of the water phantom for all energies, which could be a re-
sult of the contribution of low- and high-energy neutrons pro-
duced by interactions between the beam and the treatment
nozzle. As neutrons penetrated the phantom, hardening di-
minished the low-energy neutron component, and the higher-
energy neutrons eventually predominated at greater depths,
i.e., beyond about 10 cm in the phantom.

Our findings on the behavior of wR are also consistent with
data from other studies. For instance, a study of a passive de-
livery system by Moyers et al.17 showed that low-energy neu-
trons predominate at the entrance of the phantom, with these
neutrons’ contribution diminishing as depth increases. In ad-
dition based on the fitting of wR , we can see that the behavior
of wR is almost independent of proton beam energy and posi-
tion lateral of CAX (see Fig. 9).

FIG. 8. wR values for each detecting volume position along CAX and lateral to CAX for 100-, 160-, 200-, and 250-MeV proton energies. wR was calculated
using the formalism from ICRP Publication 92 (Ref. 32) and the neutron spectral fluence calculated in our work.
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TABLE V. Fitted values parameters for wR .

Fitting parameters

Position a b c d

CAX 1.73 0.09 4.72 10.70
10 cm OAX 1.91 0.12 4.18 8.56
40 cm OAX 2.03 0.11 4.20 9.05
80 cm OAX 1.73 0.09 4.66 10.43

One of the limitations of this work is that we did not
evaluate the model’s performance in an anatomically realis-
tic anthropomorphic phantom (with density heterogeneities,
different material compositions, and irregular surfaces). How-
ever, this is not a serious limitation because the analytical
model results in a water phantom are in reasonably good
agreement with Monte Carlo simulations done using a model
of an anthropomorphic phantom.25 Another limitation is that
the method predicts only leakage exposures from only passive
scattering treatment units. This, too, is not a serious limitation
because most contemporary proton treatments are delivered
with passively scattered beams. Therefore, developing such a
model for a passive system is appropriate, as neutrons doses

are higher in passive beam delivery systems than in dynamic
systems.

Our findings will allow us to take the next step in devel-
oping a simple and computationally inexpensive algorithm to
predict stray neutron exposures to patients who receive proton
therapy. It appears that it will be feasible to model H/D with
sufficient speed and accuracy for routine research and clini-
cal applications. In fact, we speculate that our findings may
encourage further development of analytical models and their
implementation in research and commercial treatment plan-
ning systems. Our study adds to the small but growing body
of evidence suggesting an analytical modeling approach may
provide an acceptable alternative to full-blown Monte Carlo
simulations of stray radiation. This capability will be impor-
tant for avoiding late radiation effects from proton therapy.

Future work should attempt to extend this analytical model
to accommodate patient-specific anatomical phantoms, i.e.,
based on computed tomography images. In addition, this
model should be evaluated for its performance in conditions
other than interaction between a pristine proton beam and
a closed aperture. Attempts should also be made to apply
this model to the neutrons produced during passive scatter-
ing and dynamic beam delivery. We have begun investigat-
ing practical aspects of implementing the analytical algorithm

FIG. 9. Fit for wR . The fit is presented as a function of depth at positions along CAX and at various OAX positions. Each type of symbol in the plot represents
an energy. The plot includes all the energies at CAX and 10 40, and 80 cm OAX.
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described here in a four-dimensional research treatment plan-
ning system (paper in preparation). That study aims to test the
feasibility of the algorithm, explore the effects of tissue het-
erogeneity and irregular surface contours, and obtain timing
information.

Finally, this work was done for the specific treatment noz-
zle characteristics of our institution. Although other passive
systems use components similar to the ones simulated here,
the specific nozzle designs and the H/D data are not avail-
able for general use, and therefore training of this model
will need to be called out for each type of treatment nozzle.
Nevertheless, our work suggests that analytical modeling of
H/D should be applicable for use with other passive system
designs.

5. CONCLUSIONS

In this study, we extended the useful range of applicabil-
ity of an analytical model to predict H/D values from 100-
to 250-MeV proton beam energy. Good agreement was found
between the model and predictions by Monte Carlo simula-
tions. In addition, we characterized the variations in wR in a
water phantom, revealing strong dependency on depth in wa-
ter but no dependency on distance from the CAX or proton
beam energy. The results obtained in this work suggest it may
be possible to develop an analytical model to be used rou-
tinely in clinical treatment planning systems.
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