Author Manuscript

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1002/mp.12682

This article is protected by copyright. All rights reserved


https://doi.org/10.1002/mp.12682�
https://doi.org/10.1002/mp.12682�
https://doi.org/10.1002/mp.12682�

10

Experimental investigation of GafChromic® EBT3 intrinsic

energy-dependence with kilovoltage x-rays, *"Cs, and %°Co

ClLiff G. Hammer (cghammer@wisc.edu),"* Benjamin Saul Rosen,?

Jessica M. Fagerstrom,® Wesley S. Culberson,! and Larry A. DeWerd!

L Department of Medical Physics,

School of Medicine and Public Health,
University of Wisconsin-Madison, Madison, WI 53705
2Department of Radiation Oncology,

Unwversity of Michigan, Ann Arbor, MI /8109
3 Northwest Medical Physics Center, Lynnwood, WA 98036
(Dated: November 13, 2017)

This article is protected by copyright. Alll rights reserved



15

20

25

30

35

40

Abstract
Purpose: To determine experimentally the intrinsic energy response, kg, of EBT3
GafChromic® radiochromic film with kilovoltage x-rays, 137Cs, and %°Co in therapeutic and
diagnosticsdose ranges through direct measurement with an accompanying mathematical
approach. to.describe the physical processes involved.
Methods:™ EBTS3 film was irradiated to known doses using ®*Co, '37Cs, and 13 NIST-
matched kilovoltage x-ray beams. Seven dose levels, ranging from 57 to 7002 mGy, were
chosen 'for this work. Monte Carlo methods were used to convert air-kerma rates to dose
rates to(thé film active layer for each energy. A total of 738 film dosimeters, each measuring
(1.2 x 1.2) cm?, were cut from three film sheets out of the same lot of the latest version
of EBT3 film, to allow for multiple dosimeters to be irradiated by each target dose and
beam quality” as well as unirradiated dosimeters to be used as controls. Net change in
optical "density in excess of the unirradiated controls was measured using the UWMRRC
Laser Densitometry System (LDS). The dosimeter intrinsic energy response, kpq, for each
doseJevel.was determined relative to ®*Co, as the ratio of dosimeter response to each beam
quality relative to the absorbed dose to the film active volume at the same dose level. A
simplified, single-hit mathematical model was used to derive a single-free-parameter, 3,
which is a proportionality constant that is dependent on beam quality and describes the
microdosimetric interactions within the active layer of film. The response of 8 for each
beam quality relative to 59Co was also determined.
Results: ky,; was determined for a wide range of doses and energies. The results show
a unique variation of kpq as a function of energy, and agree well with results from other
investigations. There was no measurable dose dependence for ki within the 500 to 7002 mGy
range outside of the expanded measurement uncertainty of 3.65% (k=2). For doses less than
500 mGygthe signal-to-noise ratio was too low to determine £y, accurately. The single-free-
parameter, 3, fit calculations derived from the single-hit model show a correlation with kg
that suggests that 5, at least in part, characterizes the microdosimetric interactions that
determine kpq.

Conclusions: For the beam qualities investigated, a single energy-dependent kg
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correction can be used for doses between 500 and 7002mGy. Using the single-hit model
with the single-free-parameter fit to solve for 8 shows promise in the determination of the

intrinsic enerﬁ'y response of film, with § being the mathmatical analog of the measured ky,q.

Keyw&iochromic film, energy dependence, radiation dosimetry, microdosimetry,
single-hit model

Author Manuscr

This article is protected by copyright. Arights reserved



50

55

60

65

70

75

I. INTRODUCTION

Ashland=Specialty Ingredients (Bridgewater, NJ) manufactures a variety of ra-
diochrémic films, known commercially as GafChromic® films, for a range of radio-
therapy and diagnostic applications. EBT3 film, the third generation of the External
Beam Therapy line, is primarily designed for intensity modulated radiation therapy
(IMRT)*patient plan verification. Other EBT applications include brachytherapy,'-
radiobiolegy,>! and CT dosimetry,” warranting accurate characterization of EBT re-
sponse_in’ low-energy and low-dose settings. The latest version of EBT3 contains
an activeslayer that is relatively water equivalent (Z.g ~ 7.5) such that the dose ab-
sorbedsmmits active layer from incident high-energy photons is similar to the dose that
would be deposited in an equivalent volume of water. At lower energies, however, the
increased cross sections for photoelectric interactions negate such water equivalence
due to'the strong dependence of the photoelectric effect on the atomic number of the
high=Z=elements within the active layer. This dependence gives rise to an absorbed-
dose energy response of EBT3 film that must be taken into account for quantitative
radiochromic film dosimetry. The absorbed-dose response for EBT3 can be calcu-
lated using analytic or Monte Carlo techniques. Massillon-JL et al.® and Brown et
al.” found_contrasting magnitudes of the total energy dependence of EBT3 film to
low-energy photons of up to 11% and 3%, respectively. This inconsistency has been
attributed*to manufacturing and compositional changes that are not always accom-
panied-by=updates to the film model or label.®1° Using Monte Carlo simulations of
two batches of EBT2 film with slight variations in active layer chemical composition,
Sutherland and Rogers'! showed that the magnitude of energy dependent response
for photonssunder 100 keV is highly dependent on the particular batch makeup (one
batch*had 10% and the other a 50% energy response). This indicates the necessity for
careful determination of the chemical makeup of the active layer for accurate mod-
eling and characterization of the energy response in each film batch. In this work,
Monte Carlo methods were used to calculate absorbed-dose energy dependence, f*,

of the latest version of EBT3 film to low-energy x-rays.
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In addition to absorbed-dose energy dependence, an intrinsic energy response has

L1259 well as other solid-state and

been reported for most radiochromic film models
chemical dosimeters.'*!® Intrinsic energy response, denoted ki, refers to the phe-
nomenon_in which different beam energies delivering the same absorbed-dose to the
film active layer produce different dosimeter responses. These aspects are difficult to
model aecurately using conventional Monte Carlo codes, and thus, intrinsic energy
responsérissmeasured or estimated based on empirical data. Previous work'? has ex-
amined these quantities for previous commercially released models and versions of
EBT film as well as experimental prototypes. The current work experimentally de-
termines‘the intrinsic energy response for the current version of EBT3 film through
the novel approach of both using the film medium as the reference material, enabling
direct measurement of the intrinsic response, as well as using an accompanying math-
ematical approach to describe the physical processes involved. In addition, a more

accuratesmethod for determining intrinsic response by controlling for film’s non-linear

response with respect to dose delivered is presented.

Better_understanding of the microdosimetric interactions within the active layer
of the film can provide the basis for a physical model of intrinsic energy response.
Previous work has examined the use of a single-hit geometric model to describe the
nonlinear dose-response of EBT film.!%2? This work will expand such methodology to
investigate how a single-hit model may better quantify the measured intrinsic energy
respongem™The goal of this novel single-hit, microdosimetric model is to account for
the polymerization effectiveness of various photon beam qualities. By assuming that
the radiochromic response is a result of electronic excitations exceeding the polymer-
ization threshold energy, the complexity of the model is reduced to including only
the key features of the secondary charged particles produced by various photon beam
qualities. Thus, this model aims to describe differences in the radiation distribu-
tions within active lithium pentacosa-10, 12-diynoate (LiPCDA) crystals, whose size

2122 and not the individual excitations of

is on the order of that of mammalian cells,
monomeric elements, with sizes of molecular dimensions. Upon successfully quanti-

fying these distribution differences at the crystal level, the single-hit model is used
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to describe the macroscopic energy response relationships. It is a combination of the
microdosimetric model, describing energy distribution throughout a crystal, and the
geometric theory, describing the film response given a particular energy distribution,

that comprise the proposed film response model.

II. "™METHODS AND MATERIALS
A. [(Intrinsic energy response

The intrinsic energy response may be written:

- M (Q)
bd Dﬁlm(Q) ’

where @ radiation beam with quality @ produces an absorbed dose in film, Dg,(Q),

(1)

and Mg, (Q) is the film response measurement (note that this quantity is defined
inversely from Sutherland and Rogers,'! Bekerat et al.,'? and Hermida-Lopez et al.'?).
For directameasurement of the intrinsic energy dependence, the reference beam quality
should deliver the same dose to the active film layer as each tested beam quality. The

film "absorbed-dose energy response in a reference medium is defined as:

_ Dmed(@)
Dﬁlm(@) 7

where (Dpeq(Q) is the absorbed dose in the reference medium. A reference beam

f@Q) (2)

quality,«@seps which delivers the same dose as the measurement beam quality @) to
the mediumsof interest, may be specified. Then the relative energy responses, kﬁﬂ(@)

and fia(@Y,"may be defined as:

re _ kbq(Q>
kbci(@) - kbq(Qref) (3)
and
Finally, the total energy dependence of the film, S(Q), may be specified as:
k
s(@) = "2, 5
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and the corresponding relative total energy dependence, S™(Q):

59(Q) = fcgi (©)

A key aspect in this work is the use of the film medium itself as the reference mate-

rial (med) for the determination of the relative intrinsic energy response (kj¢). Since
Dgig isdetermined using Monte Carlo-calculated air kerma-to-dose conversion fac-
tors, irradiations were performed by directly relating the x-ray or gamma exposure
time t@ dose to film. Thus, f*(Q) was accounted for prior to irradiation for this
work, enabling direct measurement of kﬁﬂ(@). To compare with published values and
to calculate/a relative total energy dependence with respect to water, Monte Carlo
simulations were performed using water as the reference material.

This work fully characterizes the energy dependence for ®°Co, 37Cs, and a variety

of NIST-matched kilovoltage x-ray beam qualities.

B. "Radiochromic film

To datey there have been three versions of EBT3 radiochromic film produced,
with each iteration using a different chemical composition in an effort to make the

t.12 Two versions of EBT3 film were used

dosimeter more stable and water equivalen
for this work, denoted here as version 2 (V2) and version 3 (V3). The original version
of EBT3, EBT3-V1, was released in early 2011 and discontinued in October 2011 when
EBT3-V2wwas initially released. EBT3-V3 was initially released in August 2013, when
EBT3=V2swas discontinued. EBT3-V3 is the currently available version of EBT3. All
films for each version used in this work were taken from a single lot (A051512-01 and
11051301 for EBT3-V2 and V3, respectively). EBT3-V2 was used in this study for
methodology validation and for comparison to previous work, although it is no longer
commescially available. The primary difference between EBT3-V2 and EBT3-V3 is
the presence and concentration of high-Z materials in the film’s active layer, with an
increased percentage of aluminum, and the removal of chlorine, sodium, and sulfur

in the active layer of EBT3-V3, as shown in Table I. This compositional change

is expected to have a negligible effect at photon energies above ®°Co;%° however,
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TABLE I. The material compositions of EBT2 and EBT3 film listed in mass percent (%).
EBTS3 film has undergone three chemical compositions (the first, second, and third versions
of EBT3 are denoted here as V1, V2, and V3, respectively), with each iteration becoming

more water equivalent.m’23

H Li C N O Na S Cl Br Al Zg Density (g/cm?)

EBT2 9.7 09 584 01 284 04 02 11 08 - 9.38 1.2
EBT3-V1I—97 09 584 01 284 04 02 11 08 - 9.38 1.2
EBT3-V2/ 89 1.0 613 01 235 05 0.01 45 - 0.1 7.99 1.2
EBT3-V3 88 06 51.1 - 328 - - - - 6.7 7.26 1.2

slight ehamges in the chemical composition can have a major impact (e.g., 50%) on
film reSponse to photon energies under 300 keV.!'! At low energies, the increase in
photoelectric cross sections is expected to result in a substantial change in dosimeter

response, requiring careful quantification of the effect.

Accurate dosimetry with radiochromic film requires consistent and meticulous film
handling methods as described by the recommendations of the AAPM Radiation
Therapy Task Group 55.% Latex gloves were worn while handling film to minimize sur-
face contamination. Tweezers and vacuum pickup tools were used for the majority of
film handling. To reduce the effects of ambient light,?4"26 films were stored in opaque
envelopeswhen not in use. Temperature and humidity have been shown to affect film
response,’’ 22 so films were stored together in a temperature and humidity-controlled
environment to ensure that all films had a similar thermal history, and environmental
conditions.were documented during irradiation. Storage and irradiation conditions
were eonsistent with manufacturer recommendations. Pre-irradiation scans were per-
formed at least 48 hours after cutting to reduce any effects of the cutting process.®
Post-irradiation scans were completed at least seven days following exposure in order

to minimize any changes in the film response due to different post-exposure develop-

ment times.
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C. Irradiators

The University of Wisconsin Medical Radiation Research Center (UWMRRC) in-
cludesrarseeondary standards laboratory with several irradiators used for this work: a
Theratron 1000 °Co irradiator (Theratronics, Inc., Ontario, Canada), a dual-source
G-10 Y37Cs irradiator (Hopewell Designs, Inc., Alpharetta, GA), and an Advanced X-
ray, Ine, (Buford, GA) constant potential kilovoltage x-ray system. The UWMRRC
%0Co igFadiator, *7Cs irradiator, and x-ray beams are used as secondary air-kerma
standards™for the UW Accredited Dosimetry Calibration Laboratory (UWADCL)
calibrations of therapy and diagnostic ionization chambers. As secondary standards,
the air-kermia rates are directly traceable to NIST and are known to a low uncer-
tainty. ®Fhe’x-ray beams used in this work are matched to lightly-filtered (L-series)
and moderately-filtered (M-series) beams at NIST based on tube voltage, half-value
layer (HVL)y and homogeneity coefficient (HC). In addition to the I- and M-series
beams; a heavily-filtered (H-series) 100 kVp beam was also used. The beam qualities
usedrin“thiswork are listed in Table II. Thus, the results of this work offer EBT3
energy characterization for a wide range of beam qualities that are directly traceable

to nationally recognized standards.

D.  Mente Carlo-generated Dgy, /K,y conversion factors

Monte=Carlo simulations were performed using Monte Carlo N-Particle Trans-
port=@ode~(MCNP)3! version 6 to determine the ratio of dose to film per air kerma
(Dgim /K air) as a function of photon energy for the UWMRRC’s ®°Co, ¥7Cs and
NIST-matched kilovoltage x-ray beams. Results of the simulations were used to
convert measured air-kerma rates to dose rates to the EBT3 active layer. For the
simulations, the 37Cs spectrum was taken from the data of Seltzer and Bergstrom,??
and the %°Co spectrum was taken from the data of Mora et al3® The L- and M-
series beam spectra used in the MCNP calculations were previously measured using

a low-energy germanium detector, corrected with a backward stripping method us-

ing Monte Carlo-calculated corrections to account for detector response and other
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measurement perturbations.?* For the heavily-filtered 100 kVp beam (UW100-H), the
No. 75 spectrum data from the Gesellschaft fiir Strahlen-und Umweltforschung mbH
Miinchen (GSF) Report 560 was used.? The GSF report contains a compilation of
photon spectra data measured with a germanium detector from available institutions.
Though not/an exact match of the specific beam used in this work, GSF spectra are

oftem assumed to be sufficient for source input used in Monte Carlo simulations.!3:17:36

Following the methodology of Davis et al.'* and Nunn et al.'” for determination of
TLD response as a function of photon energy, the Dy, / Ky was found using two sim-
ulations'for'each photon beam. The first simulation calculated the energy deposited
in the film"active layer. The film was modeled within its various configurations of
holders (polyethylene vacuum bag, acrylic holder, etc.) as appropriate for the geom-
etry in whieh the film was irradiated in each beam. The second simulation calculated

the airkerma in a volume of air with volume and shape equal to the film active layer.

The film ‘and holders were irradiated free in air, but the Monte Carlo geometry
placed the holders in vacuum, since the spectra used in the simulations, aside from
the GSF No: 75 beam, are defined at one meter and corrected for air attenuation.
ThelGSE=No. 75 beam is defined at 75 cm, so a (25 x 25 x 25) ¢m? volume of air
was placed between the x-ray point source and the front of the film packet for the
UW100-H simulation to correct for the extra attenuation at further distances from

the source.

Thegenergy deposition per starting particle was determined using the *F8 tally
to caleulatethe air kerma and the dose deposited in the EBT3 active layer or in
an equivalent volume of water for comparison with published work. For the dose
simulations, 'the low-energy electron and photon cutoffs were set to 1keV. For the
simulationssof air kerma, electron transport was effectively eliminated by using a low-
energynelectron cutoff of 2 MeV to force local deposition of energy released in photon
interactions. The starting particle direction was sampled from a cone, such that a
circular field with diameter of 10 cm was incident on the central depth of the EBT3
active layer. Photons and electrons were transported, and the MCPLIB84 cross sec-

tion library®” was used. All materials involved in the simulations (the film active
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FIG. 1..Geometry of %°Co in-holder simulations and measurements, including (a) a rendering

of a film packet in the PMMA holder for simulation in-air with color/material of: white:
vacuum, red: PMMA, orange: polyethylene, dark blue: polyester, light blue: active material,
green: ‘air and (b) a photograph of a film packet mounted in the PMMA holder for in-
air irradiatiofl at one meter from the ADCL °Co irradiator. Note that for 37Cs and
x-ray irradiations, geometries were different with less buildup for 37Cs and no buildup or

backscatter material for x-rays.

layer, the film polyester substrate layers, the plastic bag, etc.) were modeled as ho-
mogeneous mixtures. Dose was defined using energy imparted to the mixture media.
A visual rendering, provided by MCNP’s Visual Editor (VisEd), of the modeled film

for ®°Co_irradiations is shown in Figure 1.

E. _Film preparation and preirradiation scanning

A total of three sheets of EBT3-V3 were used to obtain 738 cut and labeled film
dosimetersgeach measuring (1.2 x 1.2) cm?. Similarly, 96 cut and labeled film dosime-
ters were obtained from one sheet of EBT3-V2 film. The film dosimeters were scanned
using the UWMRRC Laser Densitometry System (LDS).*® The LDS is a NIST-
traceable laser densitometry system developed in-house that performs point-based
measurements of radiochromic film suspended in free-space using coherent light to

mitigate common film scanning artifacts, such as positional scan dependence and
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high noise in low-dose regions.?>*® The LDS uses a 635 nm diode laser light source
and point photodiode detector. Rosen et al.®® demonstrated total elimination of the
lateral response artifact (LRA) and minimal nonuniformity using the LDS. Thus, no
corrections for LRA or scanner non-uniformity were made. Polarization artifacts due
to the eoherent light source were also investigated by Rosen et al. and were found to
be on thesorder of 0.4% per degree of rotation for 2 Gy exposures. To account for
this, careswas taken to ensure that films were scanned in the same orientation before
and after exposure. Additionally, the uncertainty conservatively assumed maximum
response (0:4%/degree) and 1 degree of uncertainty in the film orientation during

readoute

Preirradiation optical density (OD) values were determined with the LDS by se-
quential scanning of each film dosimeter for postirradiation normalization. Follow-
ing prelrradiation scanning, film dosimeters were randomized and placed within thin
vacuum=sealed, plastic packets, as described by Rosen,*® Soares,*! and Massillon-JL
et al.*?> The'randomization was done in order to minimize the effect of any interfilm
(betweéenythe three sheets) and intrafilm (within the individual sheet) nonuniformi-
ties.gach vacuum-sealed packet contained six film dosimeters as shown in Figure
2. The vacuum bag was included in the Monte Carlo models as polyethylene, with
chemical formula (CyHy), assumed.*® The average bag thickness was determined to
be 0.10/mmi=t 0.03 mm, using digital caliper measurements of various vacuum bags,
while thée®nominal film thickness, according to the manufacturer, is 0.275 mm. With
small thicknesses relative to the overall film thickness and overall setup reproducibility
of £1 mm, the added uncertainty was minimal. The maximum Monte Carlo calcu-
lated variation from the intended dose due to the bags was found to be well under

1%, evemmat‘the lower energies.

F. Film irradiations

For film irradiation with x-rays, multiple pieces of Kapton® tape were used to sus-

pend the film packets in air from a polymethyl-methacrylate (PMMA) fixture with
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FIG 2. Photographs of the film irradiation geometry for x-ray energies.

an opening of (15.5 x 13.5) cm?. The Kapton tape was used to suspend the packets
in air away from the PMMA fixture in order to minimize scatter while simultane-
ously pesitioning the dosimeter packets normal to the x-ray beam. Figure 2 shows
photegraphs of this setup for the x-ray irradiations. For *"Cs and *°Co irradiations,
the dosimeter packets were placed in an acrylic phantom holder in order to obtain
appropriate buildup and backscatter. This holder had a (10 x 10) ¢cm? face, with a
back plate<thickness of 8.8mm. A 5.2mm thick front plate was used for the %°Co
irradiations, and a 2.9mm thick plate was used for the ¥"Cs irradiations in order to
achieve charged particle equilibrium as described by Nunn et al.'” The holders were
modeled in MCNP to account for any scatter dose or spectral changes caused by the
presence of the holder material. Films positioned within the PMMA holder for %°Co

irradiations are shown in Figure 1.
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TABLE II. The fifteen beam qualities used in this study, with effective energy, first half-
value layer, homogeneity coefficient, measured air kerma rates, and Monte Carlo-derived

Dty [ K aip factors.

UWMRRC Effective First HVL HC Koir  Dgim/Kair
beam code  energy (keV) (mm Al) (mGy/sec)
UW-20M! 11.5 0.148 75 1.287 0.919
UW-30M! 15.5 0.356 65 1.742 0.959
UW-40M! 19.8 0.728 66 1.819 0.977
UW-50M! 224 1.02 66 2.187 0.983
UW-60M! 26.9 1.68 66 1.854 0.993
UW-100L! 32.7 2.80 58 3.975 1.008
UWe80M! 33.5 2.96 68 1.957 1.006
UW-100M! 42.1 4.98 72 1.845 1.022
UW-120M! 49.9 6.96 78 2.202 1.036
UW-150M! 67.0 10.2 87 2.005 1.054
UW-100H2 85.9 13.4 99 0.02377 1.073
UW-200M! 99.8 14.9 94 1.654 1.077
UWe250M! 145 18.5 98 1.283 1.087
137063 662 - - 0.222 1.128
60Co* 1250 - - 2.764 1.110

L Moga (2011)

2 Seelentag et al. (1979)

3 Seltzer and Bergstrom (2003)
* Mora, et al. (1999)

Seven film dosimeter packets were exposed to seven different dose levels for each
energy. The delivered doses to the film active layers were: 57, 103, 500, 699, 997, 1998

and 7002 mGy. Dose rates for each beam were determined based on the air-kerma
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rates measured using a NIST-calibrated UWADCL secondary standard ionization

chamber and the Monte Carlo-determined Dgyy, /Ky conversion factors.

G. _Film postirradiation scanning

For ;all postirradiation analyses, film samples were scanned at least seven days
followingwexposure to minimize change in film response due to small variations in
developmentiduration.*** Film was scanned postirradiation in the same numerical
order as it.was scanned prior to irradiation to mitigate any positional or temporal
nonunifermities associated with the LDS scanner.®® In order to provide a calibrated
optical density measurement, a series of NIST-traceable calibrated reference materials
(CRMs) bracketing the expected film OD range were included with every scan. The
CRMs'used were Kodak Wratten™ 2 No. 96 Polyester Neutral Density Filters. OD
was deteemined by applying a linear fit between the NIST-provided reference OD and
the LDS-measured OD for each CRM.

H.»Data analysis

Film response was taken as the difference between net optical densities of exposed
dosimeters,and unirradiated controls (AnetOD). Since packets received the same dose
to filmtacross all beam qualities, differences in response between energies are due to
intrinsic EBT3 energy dependence. Normalized intrinsic EBT3 energy dependence
was found by taking the ratio of response for a given beam quality to the response
when exposed to ®*Co. The results were compared with recently published data using

similar techniques.'?

I. Single-hit theory

Understanding the measured intrinsic response requires an examination into the
microdosimetric interactions within the active layer of the EBT3 film. The active

layer consists of two main components: the diacetylene monomer LiPCDA crystals
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(the active component), and the gelatin in which they are suspended. The LiPCDA
crystals are stick-like monomer crystals of varied lengths and widths. These crystals
are densely arranged throughout the active layer.* Callens et al.?’ found that there
is a wide range of sizes of the crystals, with a mean length of 9.4 +5.6 ym and a mean

width of 1.62 +0.35 um.

Lineal energy transfer is the energy transferred from a particle to the medium
traversed per unit length, and is the microdosimetric analog to Linear Energy Trans-
fer (LET). The mean lineal energy deposition changes with energy. The lower the
energy{the lower the deposition range as determined by the continuous slowing down
approximation (CSDA). At lower energies, this reduced deposition range results in
more energy/deposited in a smaller area of the active layer relative to higher energies
and theirswider, more spread out, deposition. It is hypothesized that the higher en-
ergies réachmmore active centers than the lower energies. As discussed earlier, each
successive compositional change in the active layer has led to more water equivalence
and an expected decrease of the overall energy dependence. Understanding how the
composition,of the active layer affects the microdosimetric interactions between the
incoming.radiation and the active LiPCDA crystals is essential for estimating the

intrinsic energy response of the film.

For this work, a simplified model of the polymerization mechanics in the EBT3
film isfused. This model aims to describe differences in the radiation distributions
within @etive LiPCDA crystals and not the individual, molecular-level excitations of
monomerictelements. This work makes some assumptions. The first assumption is
that the LiIPCDA crystals are either “on” or “off”: “on” if radiation has hit its active
center, and Toff” if it has not. The second assumption is that there is a probability
that a threshiold amount of radiation will activate a center, and that there are a finite
number,of crystals in any given area of the film active layer. Since the threshold
energy required to induce polymerization is on the order of a single €V,” the accumu-
lation of energy below this threshold can be largely ignored when ionizing radiation
is considered. Instead, the ionization density relative to the active center spacing is

considered to be the driver of intrinsic response differences. Finally, if radiation is
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present but no “oft” crystals are available for interaction, saturation occurs. Thus, for
lower energies, shorter deposition ranges result in higher radiation density in a smaller
area and fewer available active centers to interact with. This leads to saturation at
relatively lower doses as compared to higher energies.

From the' single-hit model discussed in del Moral et al.,'* the number of active
centerssstruek (m) is related to the total number of active centers per unit area (M)

using thevequation:

m=M(1—e %), (7)

where @ ig the planar fluence of directly ionizing radiation, and o is the cross section of
interaction.between active centers and radiation. If we assume charged-particle equi-
librium.(which is present in the experimental setups in this work), ® is proportional

to dos¢ (D) using the equation:
& = 8D. (8)

The hypothesis is that the proportionality constant, (3, is dependent on beam quality,
@Q; suchathat the secondary electron fluence within active centers depends on @), but
the cress'section of interaction, o, is proportional only to the size of the active centers.
For the simple model, we assume that the mean size of the active centers is the size
of all aetive centers (which is a film invariant). o is the constant cross section of
interacgion“(which can be thought of as the physical, geometric cross section of the
centers)mSince optical density for a given quality @ is proportional to m, the following

relationship can be written:
ODg o< M(1 — efePer), (9)

By including a proportionality constant, «, which represents the scanner response per

hit a€tive center, the following fit function can be applied for each beam quality:
ODg = aM(1 — ePePe), (10)

where « is considered a LDS scanner constant, while M and o are considered to be

EBTS3 film constants.
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For the fifteen beam qualities and seven dose levels described previously, OD val-
ues were determined using the described methodology. Then, a four-parameter fit
function (Equation 10) was applied only to the reference beam quality (°°Co), to
determine _the scanner and film constants, o, M, and o. For the remaining fourteen
beam qualities, the model predicts that the single free parameter, 3¢, fully character-
izes thesimtrinsic energy dependence and may be determined by fixing the remaining
three parameters to match those determined using the reference beam. Once (g is

determined for all beam qualities, the following equation is applied:

BQ/Bref = Brela (11)

where f3, ishthe relative relationship of the beam quality of interest to %°Co. Once
validated, this methodology may provide users with a straightforward way to charac-

terize intrinsic energy dependence in arbitrary beam qualities.

III. RESULTS
A. JIntrinsic energy and dose dependence

The,intrinsic, absorbed-dose, and total energy responses of EBT3-V3 film relative
to ®°Co are included in Table III. The measured intrinsic energy response for dose
levels 500 mGy and greater are plotted in Figure 3. Underresponse to low energies, as
well as@dip in response at approximately 67 keV, are relatively consistent across all
five doserlevels as noticeable in Figure 3. For effective energies of 19 to 145 keV, the
intrinsic energy response is relatively consistent, ranging from 3 to 7% underresponse
relative to %°Co. The maximum standard deviation of the mean of the five dose levels
for all energies was 2.2%. All dose differences were within the overall uncertainty of
the measurements (3.65% at the k=2 level). For further uncertainty discussion, see
the Uncertainty Analysis section below. It is of note that using different reference
media has the potential to result in different Aff, values due to differences in total dose

to the film active layer. While this work has shown minimal dose dependence for the

intrinsic energy response, it is worth consideration when using different reference
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media.

The values for the two lowest dose levels, 57 and 103 mGy, were not included
in Table III or Figure 3 due to poor signal resulting in high statistical uncertainty.
This signal-to-noise issue is exacerbated at the lower energies, at which the intrinsic
underresponse is greatest. Due to the high uncertainty, it is unclear whether doses
loweF tham™500 mGy exhibit similar intrinsic energy response as higher doses. The
dynamie*Farnige of the EBT3/LDS dosimetry system is determined by the signal-to-
noise (SNR)/ratio at a variety of dose levels. In this application, SNR was reduced
by a fagtorsef 3 and 2.5 for dose levels of 57 and 103 mGy, respectively, as compared
to 1998*m@Gy. Since up to an additional 20% response reduction for EBT3-V3 is
evident for the lowest-energy beam qualities, noise limitations prevented an accurate

characterization of energy response at these two dose levels.

Figure.4.shows the distribution of the intrinsic response over all dose levels be-
tween 403 and 7002 mGy. The 103 mGy dose level was added to this analysis to
demonstrate the issues of low-energy, low-dose relative measurements. Including the
103 mGyndata increases the standard deviation for all energies, and also greatly in-
creases the deviation from %°Co response at lower energies. The limited signal at low
energies (due to underresponse) at low dose levels prevents meaningful interpretation

of experimental data that was attained at both low energy and low dose levels.

B. [ Measurement uncertainty analysis

A full uncertainty analysis for the results of this work is shown in Table IV.
The analysis was completed in accordance with the NIST Technical Note 1297
methodologyi®® The air-kerma and beam uniformity uncertainties were taken from
the UWADCL uncertainty budgets for therapy-class ion chamber calibrations.*® The
film positioning uncertainty includes both the repeatability of the film placement
within the alignment systems as well as the precision of the alignment systems. This
positioning uncertainty is based on a precision of +£ 1 mm, and a rectangular dis-

tribution was assumed. The film and scanner uniformity uncertainty includes both
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TABLE III. Measured intrinsic, calculated absorbed-dose, and total energy response of
EBT3-V3 relative to %°Co for dose levels 500 to 7002 mGy. Uncertainty for the intrinsic
energy tesponse results are displayed as the standard deviation of the mean response over

all doses at a, given effective energy. The absorbed-dose uncertainties are the propagated

statistical"errorsiof the Monte Carlo Dy, /K i calculations.

Effective UWMRRC Intrinsic Absorbed dose Total
enétgy"(keV) beam quality (ki) U/ fibw) (5™ =k /)
115 UW-20M 0.822 £ 1.9% 0.988 + 0.3% 0.812 £+ 1.9%
15.5 UW-30M 0.898 + 1.6%  0.977 + 0.4% 0.877 + 1.6%
198 UW-40M 0934 +21% 0.974 + 0.4% 0.910 + 2.1%
224 UW-50M 0.954 £ 1.6% 0.972 + 0.5% 0.928 + 1.7%
26.9 UW-60M 0973 £ 2.2%  0.965 + 0.6% 0.939 + 2.3%
32.7 UW-100L 0.957 £ 1.5%  0.960 + 0.7% 0.918 + 1.6%
33:5 UW-80M 0.958 £ 1.2%  0.956 + 0.8% 0.916 + 1.4%
42.1 UW-100M  0.959 + 1.9%  0.954 + 0.8% 0.915 + 2.1%
49.9 UW-120M  0.941 +1.2%  0.946 + 0.8% 0.890 + 1.5%
67.0 UW-150M  0.934 + 0.9%  0.950 + 0.7% 0.887 + 1.1%
85.9 UW-100H  0.947 + 0.8%  0.960 + 0.7% 0.909 + 1.1%
99.8 UW-200M  0.947 + 2.2% 0.971 +£ 0.7% 0.920 + 2.3%
145 UW-250M  0.966 + 2.1%  0.993 + 0.8% 0.959 + 2.3%
662 137Cs 1.000 + 1.8%  1.009 + 0.4%  1.009 + 1.9%

inter- and intra-film uncertainty as well as the LDS measurement uncertainty. The
Type A comtribution to this uncertainty value is based upon the average standard
deviatien'of the measured OD for every pack of six films (70 of these packs total)
while the Type B contribution is based upon the highest standard deviation for any
one of these packs. The highest standard deviation was used to establish an upper
limit on the uncertainty, and a rectangular distribution was assumed. The additional

film development uncertainty is the added uncertainty in the film development due to
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FIGF3wintrinsic energy response of GafChromic EBT3-V3 film by dose level. Error bars

are the standard deviation of the mean for the six individual film OD readings.

variables not directly related to the irradiation of the film as investigated in previous
versionsof*BBT film. Exposure to UV light,242% temperature and humidity fluctu-

2729 and differences in the post-exposure delay

ations*during storage and scanning,
before scanning***® can all contribute to unwanted, varied film development if not
controlled. As discussed in the Methods section, great care was taken to follow past
recommendations for other formulations of EBT film and minimize these effects. As
manyof these past investigations were on previous versions of EBT film, a cautious
approach in estimating the uncertainty due to these variables was taken. The value
of 0.5% is both a reflection of the potential added uncertainty found in these studies

as well as internal measurements based on our methodology and our formulation of

the EBT3 film. The scan orientation uncertainty is a conservative estimate based
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FIG. 4f The spread and skewness of the intrinsic energy dependence normalized to °Co
is shown for each measured beam, with the 103 mGy dose level included. The central line
inside the"bex for each beam represents the median of the data, and the upper and lower
limitis efsthesbox represent the 75th and 25th percentiles, respectively. Data outside of three
times the interquartile range were considered outliers, and are plotted individually as dots.
The whiskers'indicate the upper and lower limits of dataset, not including any outliers. Note

that all outliers are 103 mGy values.

uponthe"ZDS rotational dependence study as described in Rosen et al.3® The study
found that the potential rotational variance possible for a piece of film within the
LDS holder was negligible. The Monte Carlo uncertainties account for uncertainties
in the calgulation of the ratios of dose to film per air kerma (Dgim/Kair) that were
used topdetermine the dose delivered to each set of films. Uncertainty due to inexact
spectra is expected to be minimal as two beams with similar effective energies but
different spectra, UW-100L and UW-80M, have similar relative energy response. Per
Nunn et al.,'” the largest contribution to this uncertainty was the impact of low

energy photons. Simulations were performed using photon energy cutoffs of both
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1 and 10keV to determine the potential effect on the various beam qualities. As
expected, the change in photon cutoff energy primarily affected the lower energy
w5 beams. Percent change between the two simulations was determined for each beam

quality and a rectangular distribution was assumed.
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TABLE IV. Uncertainty budget for the intrinsic energy response (kpq) determination. Film

irradiation, scanning, as well as MC calculated Dgjy, /K i ratio uncertainties are included.

Parameter Type A Type B
Irradiation

60Co air-kerma rate determination 0.73
370y air-kerma rate determination 0.78
X-ray ait-kerma rate determination 0.45
Beam @niformity 0.10
Film positioning 0.12
Measurement

Film and scanner uniformity 0.45 0.55
Additignal*film development 0.50
Scan orientation 0.40

Monte CarlonCalculations

Statistical computational uncertainty 0.20

Energyicutoff 0.07
Photonspeetrum 0.50
Cross sections 0.86
Quadratic Sun 0.49 1.76
A and BsQuadratic Sum 1.82
Totals@oémbined Uncertainty 1.82 (k=1)
Expanded Tatal Uncertainty 3.65 (k=2)
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C. Single-hit results

Table V shows the results of the single-free-parameter (/) fit calculations derived
from"the"single-hit model in this work. To compare these results with the intrinsic
energy/data, (., and k{)";ll are listed and compared. The correlation between [, and
k{;‘;l suggests that [, at least in part, characterizes the microdosimetric interactions
that determine the intrinsic energy response of the film and that S is indeed a

description of the fluence per unit dose in the active centers.

D. “EBT3-V2 and EBT3-V3 comparison

Figures5“shows a comparison of the measured intrinsic energy response of both
EBT34V2 and EBT3-V3 at 699 mGy. Note that the compositional change in V3 has
greatly improved the low-energy underresponse evident in V2. This improvement in
response i§ of interest as it represents the change in energy deposition within the film
actiyerlayerbetween the two formulations. As discussed earlier, lower energies have
a lower deposition range relative to higher energies, and the higher Z elements in the
active layer of the EBT3-V2 further increase the attenuation properties of the active
layer gelatin. This leads to a decreased depostion range and, therefore, fewer active
centers available for interaction with incoming radiation, exacerbating the saturation
issue for low/energies. Conversely, the more water equivalent (lower Z) EBT3-V3 film

allows for"a"wider depostion range resulting in less saturation.

IV. DISCUSSION

Table Ilsshows the measured intrinsic, calculated absorbed-dose, and combined
total“energy response of EBT3-V3 film. A sample uncertainty budget is included
in Table TV. Since the spread of the measured intrinsic energy response results are
taken as an estimate of the uncertainty for the intrinsic energy response, the standard
deviation of the mean response over all doses at a given effective energy was added in

quadrature with the Monte Carlo-calculated statistical uncertainty to calculate Type
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TABLE V. 3 fitting parameters and 5" values compared with k{;’;

Beam Effective Beta () Chi-squared fit pret kf)e(; pret) k:{)eC}

Quality energy (keV)  (x107%) statistic (x1073)

UW-20M! 11.5 1.225 0.957 0.763  0.822 0.928
UW-30M1L 15.5 1.369 0.853 0.853  0.898 0.950
UW-40M! 19.8 1.427 1.065 0.889 0.934 0.952
UW-50M1 22.4 1.491 1.698 0.929  0.954 0.974
UW-60M* 26.9 1.510 0.765 0.941  0.973 0.967
UW-100L! 32.7 1.473 0.675 0.918  0.957 0.959
UW-80M! 33.5 1.492 0.948 0.930  0.958 0.970
UW-100M* 42.1 1.487 1.305 0.927  0.959 0.966
UW-120W 49.9 1.459 0.843 0.909  0.941 0.966
UW-150M* 67.0 1.444 0.451 0.900 0.934 0.964
UW-100H2 85.9 1.462 0.239 0.911  0.947 0.962
UW=200M! 99.8 1.474 0.490 0.918  0.947 0.970
UW-250M3 145 1.453 1.411 0.905  0.966 0.937

137 ggk 662 1.642 5.069 1.023  1.008 1.015

600! 1250 1.605 3.030 1.000  1.000 1.000

L OD yalues,for all 5 doses used

2 ODwvalues:for doses 500, 699 and 997 mGy used

(1997 and 7002 mGy irradiations were not performed due to irradiation time restraints)
3 OD values/for doses 500, 699, 997 and 1997 mGy used

(7002 mGymmot used due to irradiation error)

A uncertainty. Tabulated Type B uncertainties are listed in Table I'V.

This article is protected by copyright. AB(rights reserved



485

3 1.1
3
o
g 1.0 .
©
L .
8 0.9 T
|
3
= *
e 0.8
L *
_8' L
= 07
. *
o> & EBT3-v2
fil] e EBT3-¥3
s 0.6 *
(& &
L *
= .
= 05
= 10 100 1000

effective energy / keV

FIG .5#"The intrinsic energy response relative to %°Co at 699 mGy for EBT3-V2 and EBT3-
V3. Error bars are the standard deviation of the mean for the individual film OD readings

and are-ineluded but mostly obscured by data point markers.
A. “Application of intrinsic energy-response correction

The intrinsic energy responses listed in Table III can be used to normalize the
response of EBT3-V3 films irradiated at two or more different energies. These cor-
rection factors are applicable for doses between 500 and 7002 mGy.

EBT3-Va3film has a greatly reduced energy dependence as compared to previous
iterations of EBT films;'*!2 however, this energy dependence still warrants consider-
ation at lower energies. When performing comparative quantitative analysis between
film samples in different irradiation environments or geometries, it is necessary to
know the effective energy or energies of incoming radiation at the active layer of

film, which requires an understanding of the initial radiation spectrum and spectral
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changes throughout the media. In most cases (i.e. other than “in-air” irradiations),
Monte Carlo simulations are required to calculate the spectrum and effective energy

of the beam at the film’s active layer accurately.

To reduce measurement uncertainties, matching the effective energy between mea-
surement_and calibration films is optimal; however, this is often not possible due to
differenées™in irradiation geometry, which are especially important at lower energies.
In these'sitwations, applying intrinsic (k) and absorbed-dose (') energy correc-
tions is likely the next-best alternative. For effective energies not listed in Table III,
one couldaise the methodology described in this paper to obtain specific correction
factors."Anoéther less certain (though more practical) option would be to match the
experimental effective energy using nearest neighbor or spline interpolation.

As diseussed earlier, manufacturing and compositional changes of EBT3 film have
not alwayssbeen accompanied by updates of the film model or label. As seen when
comparing EBT3-V2 and EBT3-V3 film, any compositional change in the active layer
of the film ¢an result in substantial change in the energy response of the film. Because
of this, itsis recommended that the composition of any new batch of film be verified
whensmultiple effective energies are involved. This can be achieved through liter-
ature review, contacting the manufacturer, or performing energy calibration checks

followingsthe methodology presented in this manuscript.

B. [ Comparison with previous work

The EBT3-V3 total energy response relative to %°Co derived in this work and
that from Bekerat et al.!? is plotted in Figure 6. It is noted that while the effective
energy values of the beams in the two compared studies are similar, the spectra of
the beams are not identical. Nevertheless, the similarity of the results for UW-100L,
the minimally filtered 100 kVp beam, and those for UW-80M, the moderately filtered
80 kVp beam (two beams with similar effective energies but different spectra) indicate
that small changes in spectra may not have a large effect on results. It should also

be noted that different dose to film was delivered in this work and any potential
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FIG 6.=Gomparison of the results of the total energy response relative to %°Co for EBT3-
V3 from this work to those of Bekerat et al.'? for similar beams. Note that both sets of
film feature the compositional improvement of substituting the Cl and Br of past EBT3
iterations for/7% Al. Error bars for the current work represent uncertainty from intrinsic
and abserbed=dose uncertainties added in quadrature (summarized in Table IV), while error
barsifor ‘Bekerat et al. represent the stated and plotted deviations listed in the published

work.

dose dependence of the intrinsic response may affect the comparison. However, in
this Wwork we have shown minimal intrinsic response dose dependence in the range of

doses investigated.

Comparison with Bekerat et al. indicates that, though methodologies were differ-
ent, the results of this work are consistent with previously published values within

reported uncertainties. It is likely that the lower overall measurement uncertainty

This article is protected by copyright. AR%ights reserved



530

535

540

545

550

reported in this work is a result of (1) the use of a measurement light source tuned
to match the EBT3 absorption spectrum®® and (2) the use of direct measurement of
intrinsic energy response by essentially eliminating the absorbed-dose component of

the energy response.

C! "Single-hit discussion

The' correlation between (., and k:,g‘;l suggests that [ partially characterizes the
microdosimetric interactions that determine the measured intrinsic energy response
of the film, and that the proportionality constant, (g, is indeed a description of the
amount of flience per unit dose in the active centers for a particular beam quality.
The results support the hypothesis that higher energies are able to interact with more
active ‘centers relative to lower energies, and that saturation due to a more limited
number_of active centers per unit of radiation is an underlying cause of the film
underresponse at lower energies.

It is likely that more advanced fitting models, such as percolation theory as dis-
cussed by#del Moral et al.'® will continue to refine and improve the S-fitting process.
With the individual microdosimetric parameters defined, successful modeling of the
intrinsic energy response through Monte Carlo computations may be feasible. The
measuredsresults of this work provide a means for benchmarking future refinements

to the micredosimetric understanding of radiochromic film response.

V. CONCLUSION

This study has determined the intrinsic energy response for EBT3-V3 GafChromic
radiochromie film. The £y correction factors are listed in Table III for direct com-
parisonyof films irradiated at different energies. The variation in these ki, factors
demonstrates the need to correct for differences in effective energies used in any such
comparison. Use of the measured intrinsic energy response, along with the calculated
absorbed-dose energy response, can greatly reduce the measurement uncertainties for

film irradiations involving multiple energies. Further investigation into mitigating low
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dose (<500 mGy) signal effects on measuring intrinsic energy is also warranted.
Using the single-hit model with the single-free-parameter fit to solve for g shows
promise in the determination of the intrinsic energy response of film, with 5 being
the mathmatical analog of the measured ky,. Further refinement of the calculation
of  through more advanced modeling, such as percolation theory or detailed Monte
Carle simulation, has the potential to provide an accurate theoretical estimation of

EBT3 film=intrinsic energy response.
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