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Purpose: To quantitatively investigate the effect of range shifter materials on single-spot characteris-
tics of a proton pencil beam.

Methods: An analytic approximation for multiple Coulomb scattering (““differential Moliere” for-
mula) was adopted to calculate spot sizes of proton spot scanning beams impinging on a range shifter.
The calculations cover a range of delivery parameters: six range shifter materials (acrylonitrile buta-
diene styrene, Lexan, Lucite, polyethylene, polystyrene, and wax) and water as reference material,
proton beam energies ranging from 75 to 200 MeV, range shifter thicknesses of 4.5 and 7.0 g/cm?, and
range shifter positions from 5 to 50 cm. The analytic method was validated by comparing calculation
results with the measurements reported in the literature.

Results: Relative to a water-equivalent reference, the spot size distal to a wax or polyethylene range
shifter is 15% smaller, while the spot size distal to a range shifter made of Lexan or Lucite is about
6% smaller. The relative spot size variations are nearly independent of beam energy and range shifter
thickness and decrease with smaller air gaps.

Conclusions: Among the six material investigated, wax and polyethylene are desirable range shifter
materials when the spot size is kept small. Lexan and Lucite are the desirable range shifter materials
when the scattering power is kept similar to water. © 2015 Author(s). All article content, except
where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
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1. INTRODUCTION

Proton beam radiation therapy has expanded rapidly in recent
years, with proton pencil beam scanning (PBS) techniques be-
ing implemented in many new proton beam therapy centers.'
The pencil beam scanning method allows for the delivery of a
more conformal dose to tumor and reduced dose from neutrons
than passive scattering protons.” Current pencil beam scanning
systems, however, have a minimum proton energy limitation
due to various technical constraints. For example, the Hitachi
and IBA systems provide minimum proton energies of 70
MeV.** In order to apply the pencil beam scanning technique
to tumors located proximal to the minimum range, a range
shifter is needed to degrade the beam energy.>>°® A range
shifter is a uniform slab of material, usually plastic. Common
plastics used include acrylonitrile butadiene styrene (ABS),
Lexan, and polyethylene.*>°

It is well known that a proton pencil beam is broadened by
a range shifter, and the broadening is reduced by moving the
range shifter closer to the patient.” However, it is not always
possible to place the range shifter close to the patient, due to
the possibility of a collision with the patient or support devices.
As an alternative, a bolus may be placed on or very close to
the patient.5 In some clinical situations, such as supine cran-
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iospinal irradiations, it may be advantageous to integrate the
bolus into the patient support device.® We will not differentiate
the range shifter and bolus throughout the paper unless it is
necessary.

Several publications have reported on proton range and
fluence correction factors for various phantom materials.”'?
These studies focus mainly on the reference dosimetry by
accounting for attenuation of primary protons and production
of secondary particles due to nonelastic nuclear interactions.
None of these publications address PBS spot scattering or
specifically address the choice of range shifter material or
position. The ideal material for a range shifter minimizes
spot growth as the pencil beam propagates through the range
shifter. In order to select desirable materials for a range shifter,
a thorough investigation of their effect on the pencil beam
characteristics is necessary. One evaluation of various range
shifter materials was reported by Kanematsu et al.,'* but in
the context of carbon-ion radiotherapy.

Commissioning of a range shifter within a treatment plann-
ing system (TPS) requires extensive measurements.” To make
efficient use of valuable commissioning time, there is a need
for a comprehensive evaluation of range shifter materials,
which focus on quantitative effect of range shifter material and
position on beam spot characteristics.

O]
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http://dx.doi.org/10.1118/1.4908208
http://dx.doi.org/10.1118/1.4908208
http://dx.doi.org/10.1118/1.4908208
http://dx.doi.org/10.1118/1.4908208
http://dx.doi.org/10.1118/1.4908208
http://dx.doi.org/10.1118/1.4908208
http://dx.doi.org/10.1118/1.4908208
http://dx.doi.org/10.1118/1.4908208
http://dx.doi.org/10.1118/1.4908208
http://crossmark.crossref.org/dialog/?doi=10.1118/1.4908208&domain=pdf&date_stamp=2015-02-25

1336 Shen et al.: Range shifter material for proton pencil beam

The purpose of this paper is to quantitatively evaluate how
range shifters of various material compositions affect spot size
in different geometries. The results presented here may prove
useful in selecting the most appropriate materials for range
shifters. The structure of the paper is as follows: in Sec. 2, an an-
alytic spot size formula is introduced and validated by compar-
ison with measurements reported in the literature.’ Then, the
analytic tool is applied to various delivery parameter combina-
tions: air gaps ranging from 5 to 50 cm, proton energies from
70 to 200 MeV, and range shifter thicknesses of 7 g/cm? and 4.5
g/cm?. Results for six commonly used range shifter materials
are presented, with water as the reference material. Finally,
Secs. 3 and 4 present variations in spot properties due to the
various combinations of geometry and material.

2. METHODS AND MATERIALS
2.A. Spot size formula

The principal component of proton beam scattering is due
to multiple Coulomb scattering (MCS). Several approxima-
tions for MCS have been reported.'* ' Gottschalk et al.'*
reported that the Moliere theory and Highland approximation
agree with measurements to within 1%, on average. Since
then, the generalized Highland approximation has been widely
used for proton dose calculation algorithms in order to model
proton scattering in the patient.!”'® According to Gottschalk, '
an improved differential Moliere method including a nonlocal
correction was introduced. We applied the analytic differential
Moliere method to evaluate the spot broadening in a slablike
range shifter due to MCS. The advantage of this method is that
it does not require beam time for measurements and can be
easily expanded to different materials.

The setup geometry of the study is shown in Fig. 1. The
proton beam passes through a slab followed by an air gap
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Fic. 1. Setup geometry of range shifter evaluation for spot sizes. The o,
and omcs are labeled in the figure. The effective source point due to the
pure MCS lies inside the slab materials, and o-pcs follows an asymptotic
envelope. o5 (not shown) is the sum in quadrature of o, and o-mcs [Eq. (1)].
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before reaching the isocenter. We define the original spot size
in air without the range shifter as o, and the spot size with the
range shifter as o; both quantities are defined at the isocenter.
The spot broadening due to scattering in air is included in
0 ,. Spot broadening due to the MCS in the range shifter is
accounted for in oycs. The schematic drawing of o, and oycs
is also shown in Fig. 1. According to Gottschalk et al.,'* the
spot size after the range shifter is the quadratic sum of the
spot size without range shifter (o) and the broadening due to
scattering by the range shifter (oycs). Hence, the following
formula for o holds:

T =+l 02+ 0 cs- (1)

The details of the analytic approximation have been de-
scribed at length in the literature.'*'¢ Here, we briefly summa-
rize the differential Moliere method used in this study for the
convenience of the reader. The spot size at the isocenter due
to MCS may be obtained through integration of differential
scattering along the slab,

L
Toes = / (d —x)*T(x)dx. )
0

In general, T(x) = d6?/dx is the rate of increase with x of
the mean squared projected MCS angle. T(x) is nonlocal, so
in addition to material properties and energy at the point of
interest, it also depends on how much scattering has already
taken place. Using the differential Moliére method,'®

1
X'
The factor f (pv,povo) represents the nonlocal scattering effect,
defined as f(pv,povo) = 0.5244 + 0.197510g(1 —(lw/pov())z)

+ 0.2320log(pv) — 0.009810g(pv)10g(1 —(pv/povo)z) from
which the local scattering at the point of interest is related to
the initial condition at the entrance point. The terms povy and
pv are products of proton momentum and speed at the entrance
point and the point of interest, respectively. E; = 15.0 MeV,
and X denotes the scattering length, a quantity related to the
radiation length.16 We note that oycs depends on the incident
beam energy, slab thickness, slab density, stopping power, and
chemical composition. The nongeometric parameters may be
found in International Commission on Radiation Units and
Measurement (ICRU) Report 4919

E 2
T(x) = £ (po.poto) X (—) 3)
pv

2.B. Validation of the method with measurements
reported in the literature

In order to validate the analytic method described here, it
was applied to the experimental setup described in Both et al.’
In that study, the spot sizes were measured at the isocenter
for proton beam energies of 110-200 MeV in four scenarios:
without a range shifter in the beam line, with a 7.4 g/cm?
Lexan range shifter positioned 34.5 cm upstream of isocenter,
with a 5.5 g/cm? wax-made bolus positioned at 8 and 2 cm
upstream of isocenter. The spot size components oycs due
to the MCS in the range shifter or bolus were calculated
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using Eq. (2). The final spot sizes were calculated by adding
the spot sizes o, (without degrader) and oycs according to
Eq. (1). The calculated spot sizes were then compared with
the measurements of Both er al.’

2.C. Evaluation of spot sizes for different materials
and distances

Next, six materials commonly used as range shifters were
evaluated: ABS, Lexan, Lucite, polyethylene, polystyrene,
and wax. Water was used as a reference material.”® The mass
density, physical thickness, and the scattering length of each
material are listed in Table I. The range shifters were posi-
tioned 50, 40, 30, 20, 10, and 5 cm from the isocenter. Proton
pencil beams of energy 100 and 200 MeV for a 7 g/cm? range
shifter and 75 and 200 MeV for a 4.5 g/cm?® range shifter
were used for spot size evaluation. Typical in-air spot sizes
of o0, =4.5, 3.5, and 2.3 mm for the undegraded beam at the
isocenter were used for 75, 100, and 200 MeV proton energies,
respectively. In order to study the relative spot size variations
due to different range shifter materials (o), the relative spot
size variations from water, defined as (0 ya— 0rs)/ O wat, WeTE
recorded.

3. RESULTS

Figure 2 shows the comparison between the analytical
method in this work and experimental results reported by Both
et al.’> Figure 2(a) is for spot sizes with the wax-made bolus
placed 2 and 8 cm proximal to the isocenter, and Fig. 2(b) is for
spot sizes with a range shifter made of Lexan placed 34.5 cm
proximal to the isocenter. Figure 2 shows that the calculated
spot sizes in this study match measurements for both bolus and
range shifter conditions, with the maximum deviation being
less than 5.5%.

Table II shows spot sizes with range shifters of 7 g/cm?
composed of six materials and placed at six positions between
5 and 50 cm from the isocenter for proton beam energies of
100 and 200 MeV. Table III shows spot sizes with a range
shifters of 4.5 g/cm? composed of six materials and placed at
six positions from the isocenter for proton beam energies of
75 and 200 MeV. The results in Tables II and III show that
the spot sizes with a range shifter made of a material other
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Fi. 2. Comparison of the calculated spot sizes with measurements for a
5.5 cm WET wax bolus at 2 and 8 cm from the isocenter (a) and a 7.4 cm
WET Lexan range shifter at 34.5 cm from the isocenter (b).

than water are smaller than those with a range shifter made
of water. The spot sizes after a range shifter made of wax
or polyethylene are more than 15% smaller than those after
a range shifter made of water when they are placed 50 cm
proximal to the isocenter. The spot sizes with range shifters
made of Lexan and Lucite are less than 6% smaller than those
corresponding to water in the same geometry. For ABS and
polystyrene, the relative difference to water is approximately
10%. The scattering lengths for all materials were shown in
Table 1. Smaller scattering lengths result in larger spot sizes.
The relative spot size variations are nearly independent of
beam energy and range shifter thickness, but do decrease as
the range shifter is moved closer to the isocenter.

4. DISCUSSION

Analytic methods were used to study the effects of different
materials and geometries on spot sizes after the proton pencil

TasLE I. Physical parameters of the range shifter materials, taken from ICRU Report 49 (Ref. 19).

Element weight

Material P (g/cm3) H C N (0] Scattering length (g/cmz)
Water 1.0 0.1119 — — 0.8881 46.88
ABS? 1.07 0.0811 0.8526 0.0663 58.66
Lexan 1.20 0.0555 0.7558 — 0.1888 55.05
Lucite 1.19 0.0805 0.5998 — 0.3196 53.76
Polyethylene 0.94 0.1437 0.8563 — — 61.79
Polystyrene 1.06 0.0774 0.9226 — — 59.15
Wax 0.93 0.1486 0.8514 — — 61.99

2ABS is not listed in ICRU 49, in which stopping power is derived from its elements by the Bragg additivity theory.
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TasLe II. Spot size variations in air for 100 and 200 MeV protons distal to various range shifter materials with energy loss equivalent to 7 cm of water, at distances ranging from 50 to 5 cm from the isocenter. Spot
percents are given relative to water: % = (0" wat — O'1s)/ O wat-

Distance from ISO (cm), for 100 MeV Proton Distance from ISO (cm), for 200 MeV Proton
50 40 30 20 10 5 50 40 30 20 10 5

L o o o o o o o o o o o o
Material (cm) (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) %
Water 7.00 26.4 21.4 16.5 11.7 7.1 5.1 9.2 7.6 6.0 45 32 2.7
ABS 6.61 237 102 193 101 149 10.0 105 9.6 65 83 48 60 83 9.6 6.9 9.3 5.5 88 42 7.8 30 52 26 31
Lexan 6.12 249 5.8 202 59 155 6.0 110 60 6.7 58 48 49 8.7 5.8 7.2 57 5.7 56 43 52 3.1 40 26 27
Lucite 6.04 249 5.8 202 59 155 60 110 6.1 6.7 59 48 50 87 5.7 7.2 57 5.7 56 43 53 3.1 4.1 26 28

Polyethylene  6.99 224 153 182 152 141 149 100 141 6.3 116 47 79 79 14.4 6.6 139 53 13.0 4.0 11.2 30 7.1 26 40
Polystyrene 6.74 237 101 193 10.0 149 9.8 10.6 95 65 80 48 57 83 9.5 6.9 93 55 88 42 7.7 30 5.1 26 3.0
Wax 7.09 222 157 181 156 140 152 100 144 6.2 117 47 79 79 14.7 6.5 142 52 133 4.0 11.4 30 72 26 39

TasLe III. Spot size variations in air for 75 and 200 MeV protons distal to various range shifter materials with energy loss equivalent to 4.5 cm of water at distances ranging from 50 to 5 cm from the isocenter. Spot
percents are given relative to water: % = (0-wat— O'rs)/ O wat-

Distance from ISO (cm), for 75 MeV Proton Distance from ISO (cm), for 200 MeV Proton
50 40 30 20 10 5 50 40 30 20 10 5

L o o o o o o o o o o o o
Material (cm)  (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) % (mm) %
Water 4.50 33.0 26.7 20.4 14.2 8.4 6.0 7.1 59 4.7 3.7 2.8 2.5
ABS 4.25 29.7 10.1 240 10.0 184 99 129 9.4 7.8 7.5 5.7 4.7 6.4 9.0 5.4 8.5 44 7.7 34 6.1 2.7 33 24 1.5
Lexan 3.93 31.2 56 252 56 193 5.6 135 5.5 8.0 4.7 5.8 33 6.7 53 5.6 5.1 4.5 4.7 3.5 39 2.7 2.3 24 1.2
Lucite 3.88 31.2 56 252 56 193 55 135 54 8.0 4.7 5.8 33 6.7 52 5.6 50 45 4.7 3.5 39 2.7 2.3 24 1.3

Polyethylene 4.51 279 155 226 153 174 150 122 141 7.5 11.0 56 65 6.1 13.6 5.1 129 42 115 33 90 27 46 24 20
Polystyrene ~ 4.33 29.7 100 240 100 184 9.8 129 93 78 7.4 57 45 64 9.0 5.4 85 44 77 34 6.1 27 32 24 1.5
Wax 4.58 27.8 159 225 158 173 154 122 145 175 11.2 56 66 6.1 14.0 5.1 132 42 11.8 33 92 26 46 24 20

8€eel

weaq [1ouad uojoud 1oy jelvlew Jays abuey e 19 uays

8eel
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beam passes through a range shifter. The results provide guid-
ance on selecting appropriate materials for range shifters. A
range shifter may considerably broaden proton beam spots
and may lead to a degradation of treatment plan quality.’
Therefore, selecting the appropriate range shifter material may
lead to a reduction in spot size. As shown in Tables II and
III, wax and polyethylene range shifters result in 15% smaller
spot sizes relative to water. They are desirable range shifter
materials if minimizing spot sizes is a concern. In this context,
it is interesting to note that the Paul Scherrer Institute (PSI)
uses polyethylene for its range shifter.®

Ideally, a proton TPS would be capable of accurately
modeling range shifters based on the open-beam measure-
ments. However, this is not the case for all proton TPS. For
example, the spot sizes distal to a range shifter modeled by
Eclipse TPS are considerably smaller than the measurements,
because broadening across the large air gap between the range
shifter and the isocenter is ignored. To fully correct for this
deficiency, a full complement of range shifter beam data must
be collected.” Therefore, it is much more convenient to be able
to select a range shifter material based on theoretical models
prior to beginning measurements.

The results of the range shifter also apply to bolus selection.
However, the ideal materials for a bolus may differ, since the
bolus is placed directly on the patient and may need to form to
patient-specific anatomy. Historically, the bolus is commonly
treated as water by a manual override of the electron density
and adjustment of the external contour to match WET (Refs. 4
and 7), so for this reason, it may be advisable to choose
materials with scattering properties close to water. As shown
in Tables II and III, of the materials studied, Lexan and Lucite
have scattering properties most similar to water.

According to Both et al.;’ the spot sizes with and without
boluses are nearly identical when the bolus is placed close
to the patient. According to Tables II and III, the spot size
differences among selected materials are less than 4% for
range shifter placement 5 cm proximal to the isocenter. There-
fore, one may argue that choosing the appropriate material
for a bolus is not clinically important, since the spot size
differences are small when the bolus is placed close to the
patient. However, this consideration is only valid for shallow
targets, since the spot size due to different bolus materials
at 20 cm from the isocenter can vary by greater than 10%.
Consequently, overriding the electron density of certain bolus
materials to mimic only their water-equivalent energy loss
would impact dosimetric accuracy in deep targets. However,
we want to point out that for the target as deep as 20 cm,
spot size broadening is dominated by MCS inside the patient.
Therefore, the spot sizes variation in air due to different range
shifter materials would be smoothed out and possibly not
expected to be clinically significant.

Other factors, beyond spot size broadening, should also
be considered when selecting a range shifter material. Such
factors include rigidity, material characterization, uniformity,
material cost, and ease of machining. For example, Lexan is
more rigid than Lucite. In addition, Lexan-made compensators
were previously characterized by IBA for other applications,
so Lexan was chosen for the range shifter material for IBA
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systems (personal communication with IBA user at University
of Pennsylvania). In other clinical practices, different range
shifter materials are currently in use. For example, ABS, Lexan,
and polyethylene were used at M.D. Anderson Cancer Cen-
ter, Scripps Proton Therapy Center, and PSI, respectively.>°

PBS beam properties are commonly studied using Monte
Carlo techniques.?’ Accurate Monte Carlo simulations, how-
ever, are time consuming, complex, and require complete
information on the single spot phase space. Moreover, not
every institution has access to a Monte Carlo simulation envi-
ronment for proton beam therapy. Although measurements
are the gold standard,?' they also have limitations. First, one
may encounter a logistics problem. Often, the decision of
which material to use for a range shifter must be reached
before the beam is available. Second, proton beam time is
a limited resource, and beam time may not be available
for the measurements described here. Our validated analytic
method is convenient and can be applied to any material. It is
particularly useful to institutions in the preparatory stages of
proton beam therapy that have not yet developed institution-
specific Monte Carlo simulations.

The analytic method has its own limitation. As shown in
Fig. 2, the spot sizes calculated by the analytic method are
up to a few percent off from the measurements. This order of
deviation was also reported by Gottschalk and colleagues.'*
The analytical method used in this study is appropriate for
selection of ideal materials for range shifters. However, af-
ter the materials are chosen, the spot properties should be
commissioned by measurements or Monte Carlo simulations
in order to achieve an accurate system for dose calculation.

5. CONCLUSION

Range shifters made of six materials were evaluated quan-
titatively for their effect on spot size for typical clinical proton
energies, range shifter thicknesses, and positions. The spot
sizes with range shifters made of wax and polyethylene are
the smallest. The spot sizes with Lexan and Lucite are the
largest and closest to what one would expect if water were used
as a range shifter material. For the purpose of keeping small
spot sizes, wax and polyethylene are desirable range shifter
materials, while for the purpose of keeping the scattering
property close to water, Lexan and Lucite are more desirable
bolus materials.
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