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Abstract

Objective: The goal of the present study was to calculate the continuous slowing down
approximation (CDSA) ranges and derive mass stopping power for EBT3 and EBT-XD films for
therapeutic protons energy ranges of 50-400 MeV.

Methods: The MCNPX and TRansport of lons in Matter (TRIM) Monte Carlo codes were used
in this study. Utilizing the published International Commission on Radiation Units and
Measurement 49 data for the water mass stopping power and CSDA ranges, the mass stopping
powers of EBT3 and EBT-XD films were derived using the approximation proposed by
Newhauser and Zhang in 2009.

Results: The calculated CSDA ranges by MCNPX and TRIM in water were first benchmarked to
International Commission on Radiation Units and Measurement 49 published data for water, and
found to be within 1% with a 1.4-mm maximum difference. The calculated CSDA values in EBT3
film, compared with the measured CSDA ranges in the EBT3 film, were within 2% of the
calculated values with a 3-mm maximum difference. The MCNPX and TRIM results for CSDA
ranges agreed with each other to within 2.7% for EBT3 film and 4.4% for EBT-XD film. The
overall uncertainties of the MCNPX and TRIM-derived CSDA ranges were 3% and 1.3%,
respectively.

Conclusion: The mass stopping powers for Gafchromic EBT3 and EBT-XD films were derived.
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INTRODUCTION

Film dosimetry is an important method for the measurement of radiation. There has been
extensive research carried out on EBT and EBT2 films. For instance, Monte Carlo
calculation of mass energy absorption coefficients and restricted stopping power ratios of
water to active film materials of EBT and EBT2 films for photons has been reported by
Sutherland and Rogers.! Zhao and Das found that EBT film is suit-able for measuring the
proton beam range; however, the film response is a function of energy over the effective
(film vs ion chamber measurements for percentage depth doses [PDD]) proton energy of 50—
160 MeV with under-response of PDD in film <10% compared with an ionchamber.2 Under-
response of up to 20% was observed at the peak of the Bragg curve. Kirby et al. carried out
work to use stopping power to calculate a factor and account for the beam quality changing
with depth in proton beams measured using EBT film.3

The new film types, EBT3 and EBT-XD, have been introduced to the market in recent years.
The most prominent improvements of EBT3 films are the symmetric structure to reduce
face-up/down dependency, as well as the special surface coating to prevent Newton’s ring
artifacts.* Later EBT-XD, similar in composition and construction to EBT3, was produced
with a reduced crystal size of the active component of this film, which makes it less
sensitive. However, the increased slope of the dose—response curve at doses >10 Gy make it
more suitable for high-dose measurements.>-10 Perles et af. followed Kirby’s work3 and
calculated linear energy transfer correction factors using stopping powers for EBT2/EBT3
films.11 Goma er a/. found that water/medium stopping power ratios for protons in
radiochromic film as a function of depth in water are quite constant (within 2.5%).12 They
also used distal Rgg (80% of maximum Bragg peak) as the proton beam range. Fiorini et al.
also used a water-to-film stopping power ratio concept to correct the dose measurement of a
29-MeV modulated proton beam.13 Jung et a/. applied a single stopping power ratio for
correcting EBT3 measurements in heterogeneous regions.1* Battaglia et a/. measured EBT3
film response to a 3-MV proton beam and used mass stopping power to correct the dose
measured in the film.1> However, there have been very few studies involving proton beams
using stop-ping powers; in particular, a full range of stopping power values in EBT3 and
EBT-XD is not available in the literature.

Proton therapy has the advantage of sparing healthy tissues by utilizing the Bragg peak and
the finite range of the beam; radiation almost completely stops before hitting the healthy
tissues, thereby delivering a lower dose to the healthy tissues.18 Gafchromic films have also
proven to be an effective way to determine proton beam PDD, lateral dose profiles, and plan
verification.2 In order to convert the absorbed dose in film to that in water, it is necessary to
know the mass stop-ping power values for the films. Although the International Commission
on Radiation Units and Measurement (ICRU) Report 4917 and the latest ICRU 908 publish
the mass stopping power and ranges of pro-tons, with earlier Gafchromic film models,
values for newer models, such as EBT3 and EBT-XD, are not available. Therefore, it is
essential to determine those mass stopping power values for clinical applications. The mass
stopping powers are essential data that can be calculated using theory or measured by
experiments;17 however, it might be time-consuming or lack the required accuracy. In
contrast, Monte Carlo simulation of the proton range is now more mature as a technique.
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Based on the range’s results, one can derive the proton mass stopping power values based on
the water equivalent ratio equation of water to the film.1® Although the equation of Zhang
and Newhauser is based on a thin target assumption,1? it can be extended into clinical
applications with sufficient accuracy, because there is only a weak dependence on the target
thickness.16 Therefore, the continuous slow-ing down approximation (CSDA) range (g/cm?),
simulated or measured, can be used to derive the water equivalent ratio and further drive the
mass stopping power of the film.

In the present study, the CSDA ranges of different monoenergetic proton energies in EBT3
and EBT-XD films were calculated for the energy range of 50-400 MeV. The mass stopping
power ratios of the media (film) to water were derived based on the ICRU report 49 water
mass stopping power and ranges. Clinical experiments have also been carried out to verify
the Monte Carlo simulation results for protons in certain clinical energy ranges.

2 METHODS

2.1 Gafchromic films

Two types of Gafchromic films, EBT3 and EBT-XD, were simulated using Monte Carlo
methods. The active layers were selected as the medium for the simulation. The composition
of the active layer was as listed in Table 1 (communication with the manufacturer, Ashland,
Bridgewater, NJ, USA).

2.2 Monte Carlo methods

Two independent Monte Carlo methods were used in order to cross-check the simulated
results: MCNP (MCNP eXtended version 2.5.0)20 and the TRansport of lons in Matter
(TRIM) subroutine in the Stopping and Range of lons in Matter package (SRIM).21
MCNPX is a general-purpose Monte Carlo radiation transport code that tracks nearly all
particles at nearly all energies. For the MCNPX simulation, the geometry was a right
cylinder with a radius of 1 cm, 30~80-cm long to calculate integral depth dose (IDD) curves.
The 1-cm radius was estimated based on the lateral spreading of the proton energy, 350
MeV. As the particle scattered out will not affect the Bragg peak location, a larger size than a
1-cm radius is not necessary. The length was further divided into 100 layers with 3-mm
thickness for each layer. For proton CSDA ranges >30 cm or >50 c¢m, the first layer
thickness was adjusted to extend to a thickness of 30 cm or 50 cm to have enough proton
transportation length before getting the Bragg peak location for the simulation. The
remaining layers still had 3-mm thickness each. The F6 tally (energy deposition averaged
over a cell) was used, and 107 histories were simulated for each proton energy (50, 55, 60,
65, 70, 75, 80, 85, 90, 95, 100, 125, 150, 175, 200, 225, 250, 275, 300, 350, 400 MeV). A
monoenergetic proton pencil beam with no spread out and divergence was incident along
with the cylinder length direction in the MCNPX simulation.

SRIM is based on a Monte Carlo simulation method, namely, the binary collision
approximation. It is a collection of software packages that calculates many features of the
transport of ions in matter. In the SRIM software package, the TRIM subroutine was used
for the simulation. One single layer material with 70-cm diameter by default and 70-cm
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depth cylinder was used. A total of 1000 particles were simulated, and the software provided
the average range with straggle range (the square root of the variance). The other default
choices were kept for the calculation: backscattered ions = 0, transmitted ions = 0, and
vacancies/ion = 757.9.

In both Monte Carlo code simulations, even though the geometry setups were different, as
the purpose was to derive the CSDA range, which was along the center of the geometry, the
different geometry will not affect the final CSDA range results.

2.3 Experiments

Experiments with films were also carried out for clinical proton energies to verify the Monte
Carlo simulation results. EBT3 and EBT-XD films from the same batches were used for the
proton PDD measurements. Two types of measurements were carried out: the surrounding
medium was water-equivalent plastic, and the surrounding medium was film-stack. For the
water-equivalent medium measurement, the film was placed parallel to the proton beams
with a tilt of 5° and 10 x 10 cm? field size, and sandwiched between the Plastic Water
(CIRS, Norfolk, VA, USA) slabs (see Figure 1a). The proton energies of 100, 125, 150, 175,
200, and 225 MeV were selected for this determination.

However, to derive the true PDD in film, the exposed EBT3 films were added and used to
sandwich two new EBT3 films in the middle to create a phantom containing only film
medium. Then the phantom was placed parallel to the proton beams (see Figure 1b). Three
proton energies (100, 150, and 200 MeV) frequently used in the clinic were selected for this
measurement. The EBT3 film was calibrated by a step-wedge in six-dose level ranging from
65 cGy (relative biological effectiveness) to 250 cGy (relative biological effectiveness,) at
depths of 18, 20, and 24 cm in the Plastic Water. Detailed information on the film calibration
was documented in our earlier study.?2

2.4 Deriving the mass stopping power

Based on the equation proposed by Newhauser and Zhang,16 for a given proton energy, the
mass stopping power for the film can be derived using the CSDA ranges in water and film,
and the mass stop-ping power of water, as shown in Figure 2 and Equation (1), where Sy, is
the mass stopping power of the film, t,, is the CSDA range in water, S,y is the mass stopping
power of water, , is the density of water, ty, is the CSDA range in film, and y, is the density
of the film. Equation (1) is under the thin targets assumption, where the proton loses a
negligible fraction of its energy in the absorber material.16 For the CSDA range, the distal
50% PDD range can be considered as the CSDA range.16

3 £, XS, Xp,

Sm = 1, Xp,

o))

Because the stopping power was derived using Equation (1), by taking the partial derivative
it would give:
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S_’" = — t_m 2)
m m
which shows that the relative mass stopping power uncertainties will be equal to the relative
CSDA range uncertainties.
3 RESULTS

3.1 Experiment and the MCNPX Monte Carlo simulation results versus ICRU 49 data for
water medium

Figure 3a shows the CSDA range comparison among ICRU 49, MCNPX Monte Carlo
simulation results, EBT3, and EBT-XD film measurement results in water for the proton
energies of 100, 125, 150, 175, 200,and 225 MeV. The Monte Carlo simulation results for
the CSDA ranges were derived by using the depth corresponding to the distal 50% of the
PDD data, which were linearly interpolated by using distal 80% and 20% of the PDD data.
EBT3 and EBT-XD film measurements results were also derived by using the distal 50% of
PDD corresponding depth. Comparing the ICRU 49 data for all energies, the average
MCNPX Monte Carlo simulation results percentage ratio was 99.7% or 1.4 mm in range; the
average percentage ratios for EBT3 and EBT-XD measurement results were 100.8% and
100.7%, respectively; or 1.3 mm difference in range for both EBT3 and EBT-XD films.

3.2 Experiment results for film medium versus the MCNPX and TRIM Monte Carlo
simulation for EBT 3 films

Figure 3b shows the measurement results for EBT3 films in EBT3 film medium versus the
MCNPX and TRIM Monte Carlo simulation results for the EBT3 film medium. The 50%
distal IDD corresponding ranges were used for the CSDA range. The average percent-age
ratio for MCNPX versus measurement was 98.2% or 3.0 mm in range for the three energies.
The average percentage ratio for TRIM versus measurement was 98.9% or 2.4 mm in range
for the three energies.

3.3 MCNPX versus TRIM simulation results for CSDA range comparison

Figure 4a shows the calculated CSDA ranges using the MCNPX and TRIM Monte Carlo
codes for monoenergetic proton energy from 50 MeV to 400 MeV. The average percentage
difference for MCNPX from TRIM was 2.7% for EBT3 film and 4.4% for EBT-XD film.

3.4 MCNPX versus TRIM simulation results for mass stopping power and mass CSDA

range

Figure 4b shows the mass stopping power results derived using Equation (1), the ICRU 49
values for liquid water, and the MCNPX calculated CSDA results; CSDA ranges are
expressed as g/cm? for EBT 3 and EBT-XD films. The stopping power error bars for
MCNPX were calculated based on the CSDA error bars.
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3.5 Application examples using the simulated mass stopping power

Stopping power values are the basic physics parameters that can be applied in many fields.
One phenomenon observed using film to mea-sure the PDD of protons is the under-response
of radiochromic film in the presence of proton spread-out Bragg peaks.2-3:11.13.15.23 Figyre 5
shows the results for 100, 150, and 200 MeV PDD measurement corrections. Compared with
ion chamber measurements, the original film PDD was lower in the Bragg peak region.
After applying the EBT3 film to water mass stopping power ratio for the Bragg peak range,
the film-measured PDD matched the ion chamber measurement.

Figure 6 shows Monte Carlo simulated 100-MeV proton fluence, energy, and mass stopping
power changing with depth in water and EBT3 film. Figure 6a shows that the proton fluence
will reduce in a shorter range in EBT3 film than in water. Figure 6b shows that the pro-ton
energy will be lost faster in EBT film than in water. Combing the effects of Figures 6a and
6b, Figure 6¢ shows that the stopping power values are lower in EBT3 than in water,
especially in the Bragg peak region. Therefore, it will cause the measured PDD to be lower
in EBT3 film than in water.

Tables 2 and 3 show the measured PDD (dmax, dag, dsp, dog, d19,) Values for EBT3 and EBT-
XD films sandwiched by the Plastic Water phantom, respectively. The results show that
using dsg instead of other ranges (such as dmax, dgg, d2g, Of d1g) as the CSDA range will
cause the range estimate to be within an envelope of about + 3%. For lower pro-ton energies
(<100 MeV), the cell thickness plays an important role for the uncertainty; for higher proton
energies (>100 MeV), the percent-age dose selection for the range plays an important role.

4 DISCUSSIONS

The mass stopping power has been used for deriving correction factors for proton Bragg
spread peak curves measured using the EBT3 and EBT-XD films,3:11-13.15.23 correcting the
measured dose in water for protons. The data presented here will also provide conversion of
the dosimetry measurements in film to another medium if the mass stop-ping power is
available for that medium. Potential applications can also include designing a quality
assurance device using film for proton measurements or verifying theory calculations.

In the present study, we used ICRU 49 liquid water stopping power and CSDA data to derive
the EBT3 and EBT-XD film data.1” More recently, ICRU 90 published updated liquid water
stopping power and CSDA datal8; however, the stopping power data are within 1% com-
pared with ICRU 49, and the proton energy provided is less than ICRU 49. Therefore, all the
liquid water data were from ICRU 49.

For MCNPX Monte Carlo simulation, the dose per cell was recorded and the IDD was
plotted. The range of CSDA was estimated by 50% dose corresponding range using linear
interpolation of the 80% and 20% PDD data. There are uncertainties in the cell thickness
fluctuation recording the dose and IDD for 50% dose estimation by using linear fitting
equation. The recording cell thickness was 3 mm, and the maximum uncertainty will be 3
mm (either the particle stopped on the proximal or distal side of the cell). The fact that the
50% distal IDD corresponding range was derived using linear interpolation for MCNPX
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simulated CSDA ranges might add uncertainty. Based on Tables 2 and 3, and Equation (2),
the range uncertainties are <3 mm maximally for lower energies (100 MeV) or <3%
maximally for higher energies (=100 MeV).

Instead of calculating the stopping power directly by analytical equations, our approach is to
derive the mass stopping power using Equation (1). The Monte Carlo method is an indirect
method in con-junction with the use of the published data for water in ICRU 49. Hence, it is
only required to simulate the CSDA results for film, which it is straightforward and
relatively simpler than using analytical methods. Plus, the range uncertainties for the
simulation are transferred to the stopping power uncertainties, as we analyzed. Therefore,
the stopping power data should have already had the built-in uncertainties.

The stopping powers for Gafchromic EBT3 and EBT-XD films for monoenergetic proton
energies ranging from 50 to 400 MeV were derived based on the Monte Carlo simulation of
the CSDA range in the films, the use of ICRU 49 data of the CSDA range, and the stop-ping
power in water. Comparison of MCNPX, TRIM, and measurement results in water and film
agreed with each other within a certain tolerance. The derived mass stopping power can be
implemented in many areas of basic and applied radiotherapy physics, such as correcting the
quenching effects of EBT3 and EBT-XD film dosimetry, as shown in the present work.
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Single EBT3/XDfilm Unexposed EBT3 film

Proton Proton
S
B e Exposed EBT3 film /
> -
a b ——
FIGURE 1.

Experiment setup illustration in the (a) film sandwiched by two Plastic Water blocks and
tilted by 5°; (b) film sandwiched by exposed film blocks and placed parallel to the beam
direction. Note that arrows in pictures show the proton beam direction
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FIGURE 2.
Illustration of the stopping power equation. CDSA, continuous slowing down approximation
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FIGURE 3.

(a) Comparison of continuous slowing down approximation (CSDA) range in water among
International Commission on Radiation Units and Measurement (ICRU) 49, MCNPX
simulation results, EBT3, and EBT-XD film measurement; (b) comparison of CSDA range
in film among MCNPX, TRansport of lons in Matter (TRIM) simulation results, and EBT3
film measurement

Precis Radiat Oncol. Author manuscript; available in PMC 2019 May 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shietal.

Page 12
a 700.0
600.0
® MCNP-EBT3
_500.0
= = TRIM-EBT3
£ 400.0 = MCMP-XD
<
0 300.0 TRIM-XD
0]
O
200.0
100.0 l I
S O WO N O N O W © I O n S S n O O 2
mn i O O T~ o AN VMO ANWVLWS OV O
— e - N NN NN N NN <t
Energy (MeV)
b 50
45 %
—+Water Stopping Powerr
40
=
535 ~~EBT3 Stopping Power
=
= 30 EBT-XD Stoppi ?
- - opping Power
-
25
z
(=]
B\
=]
= .
215
8
@« 10
5 =Y
0 . r . . . . . :
0 50 100 150 200 250 300 350 400
Energy (MeV)

FIGURE 4.

(a) Continuous slowing down approximation (CSDA) range comparison for MCNPX versus
TRansport of lons in Matter (TRIM) for EBT3 and XD film; (b) MCNPX results for
stopping power of EBT3 and EBT-XD films versus International Commission on Radiation

Units and Measurement (ICRU) 49 water stopping power
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Examples of the mass stopping power ratio applications in EBT film percentage depth doses
(PDD) correction: (a) 100-MeV proton measurement; (b) 150-MeV proton measurement;
and (c) 200-MeV proton measurement. No measurement less than the first 10-cm depth is
presented for film, as the range is larger than the film’s dimension
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(a) Change of proton fluence in EBT3 and water with depth. (b) Change of proton energy in

EBT3 and water with depth. (c) Change of EBT3 and water stopping power with depth
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Table 1

EBT3 and EBT-XD film composition information for the Monte Carlo simulation

Composition (atomic percentage)

Active  Density

layer (glemd) H Li C N o] Na Al S Cl
EBT3 1.20 56.9 0.6 27.6 Null 133 Null 1.6 Null Null
EBT-XD 1.35 570 06 286 04 11.7 0.1 14 01 0.1
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