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Purpose: In this study, newly formulated XR-RV3 GafChromic” film was calibrated with National
Institute of Standards and Technology (NIST) traceability for measurement of patient skin dose
during fluoroscopically guided interventional procedures.

Methods: The film was calibrated free-in-air to air kerma levels between |3 and 1100 ¢Gy using
four moderately filtered x-ray beam qualities (60, 80, 100, and 120 kVp). The calibration films were
scanned with a commercial Ratbed document scanner. Film reflective density-to-air kerma calibra-
tion curves were constructed for each beam quality, with both the orange and white sides facing the
x-ray source. A method o correct for nonuniformity in scanner response (up to 25% depending on
position] was developed (o enable dose measurement with large films. The response of XR-RV3
film under patient backscattering conditions was examined asing on-phantom film exposures and
Monte Carlo simulations.

Results: The response of XR-RY3 film to a given air kerma depended on kVp and film orientation,
For a 200 ¢Gy air kerma exposure with the orange side of the film facing the source, the film
response increased by 20% from 60 o 120 kKVp, A 500 ¢Gy, the increase was 12%. When 300 cGy
exposures were performed with the white side facing the x-ray source, the film response increased
by 4.0% (60 kVp) to 9.99 (120 kVp) compared to the orange-facing orientation. On-phantom film
measurements and Monte Carlo simulations show that using a NIST-traceable free-in-air calibration
curve to determine air kerma in the presence ol backscatler results in an error from 2% up to 8%
depending on beam qualitv. The combined unceriainty in the air kerma measurement [rom the
calibration curves and scanner nonuniformity correction was =7.1% (95% C.L). The film showed
notuble stability. Calibrations of flm and scanner separated by | vr differed by 1.0%.
Conclusions: XR-RV2 radiochromic film response 10 o given air kerma shows dependence on beam
quality and film orientation, The presence of backscatter slightly modilies the x-ray energy spec-
trum: however. the increase in film response can be attributed primarily to the increase in total
photon fluence at the sensitive laver. Film calibration curves created under Free-in-air conditions
may be used to measure dose from Auoroscopic quality x-ray beams, including patient backscatter
with an error less than the uncertainty of the calibration in most cases, © 20400 American Associa-
tion of Physicists in Medicine. [DOT: 10.1118/1.3560422
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I. INTRODUCTION

Fluoroscopically guided interventional procedures have be-
come vital tools in the treatment of disease. However, as the
complexity of these procedures increases, so does procedure
time, increasing skin dose and therefore the risk of serious
skin ll'ljlll'l‘,-',J_b For more than a decade, several methods have
been developed o estimate or measure the skin dose patients
receive from fluoroscopically guided procedures, in accor-
dance with the U.5. Food and Drug Administration (FDA)
recommendations.” These methods include the use of ther-
moluminescent  dosimeters  (TLDs),  radiochromic  film,
metal-oxide semiconductor field-effect tansistors (MOS-
FETs), ionization chambers, and software-based dose
caleulators.” "® MOSFETs and TLDs can be fime-consuming
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to attach to a patient’s back and. unless there is o priori
knowledge of the expected x-ray field locations, often pro-
duce an insufficient sampling density to capiure the spatial
features and peak dose from multiple overlapping x-ray
exposures.”" Radiochromic flm offers high spatial reso-
lution, large surface area (e.g., 14 in. % 17 in.), and is easy
to place under the patient, making it well-suited to measure
skin dose during Auoroscopy. In addition, radiochromic film
is self-developing and insensitive to visible light, making it
easy to work with during analysis, and has been shown to
have acceptable precision and accuracy for clinical measure-
ments of skin dose."”

Film calibration and film-property measurements have
been performed for several versions of fuoroscopic energy-
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range radiochromic film (e.g., GalfChromic”™ MD-33, XR-R.
and XR-RV2 films)."™* This work examines the response of
a newly formulated radiochromic film (GafChromic® XR-
RV 3) to four National Tnstitute of Standards and Technology
(MIST) traceable. moderately filtered x-ray beams in the en-
ergy range of G0-120 kVp, similar to beam qualities used [or
interventional procedures. The calibration of a commercial
flatbed scanner for the digitization of radiochromic films is
also reported. The energy dependence of the [ilm response
under backscattering conditions representative of typical
fluoroscopic imaging was investigated using phantom mes-
surements and Monte Carlo (MC) simulations.

Il. METHODS AND MATERIALS
ILA. X-ray source

GafChromic XR-RV3 dosimetry radiochromic film (XR-
RV3) from International Specialty Products (ISP) (Wayne,
M) was calibrated using University of Wisconsin Accredited
Posimetry Calibration Laboratory (UW-ADCL) technigues
and equipment and following AAPM Task Groups 55 (TG-
55) and 61 (TG-61) guidelines."*® The x-ray source was an
AAPM-accredited NIST-traceable Advanced X-ray Technol-
ogy, Inc. (Tucker, GA) system with o Gulmay CP320 con-
stant potential generator and o Comet 320 wnegsten anode
tube. At 100 cm, this x-ray source produced a 10 cm
# 10 cm equivalent-square field, with an x-ray field flatness
ol less than 1% over the central 80% of the field, The air
kerma rate at W em from the x-ray source was determined
using a NIST-calibrated Model A3 Exradin Shonka—Wyckaff
spherical ion chamber (Standard Imaging®, Middleton, WI)
with an uncertainty of = 1.0% (k=2) in its calibration coef-
licient. All exposures were performed with the center of the
iom chamber or front surlace of the film at 100 em from the
source and centered within the equivalent-square field.

The air kerma-film response relationship of the XR-RV3
film was determined at four x-ray beam gualities: L'WGEO-M,
UWEO-M, UW100-M. and UW120-M (Table 1).*" The UW-
ADCL uses these moderately filtered beams to calibrate ion
chambers that are used clinically for fMuoroscopic imaging
system measurements. The first and second half-value lavers
(HVLs) of the s-ray beams were matched to x-ray beam
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standards at NIST.” The Seclentag et al.” GSF Report No.
360 beam codes that were used in the Monte Carlo simula-
tiens are also listed in Table 1.

II.B. Free-in-air film calibration

An entire sheet of film [14 in <17 in. (356 cm
%432 em)] was divided into a 57 grid of 6 cm*6 cm
sections and a | %7 grid of 5 em 6 cm sections. The film
section size was selected to ensure that the calibration x-ray
field was unilorm to better than 1% over the film area. The
film sections were numbered and marked so that they could
be placed on the scanner bed to match their positions and
orientations in the original sheer.'™ The XR-RV3 film was
handled and cut in accordance to the guidelines recom-
mended by TG-35." Before and after the exposures, the cali-
bration lilms were stored in individual envelopes in a dark,
environmentally controlled room. The temperature during
the exposures, slorage, and scanner measurements was be-
tween 20 and 22 °C,

XR-EV3 film is a reflective-type film consisting of five
layers, including an opagque white backing. The five layers
are composed primarily of carbon, hydrogen, and oxygen.
The active layer contains small quantities (less than 2% by
mass) of lithinm, nitrogen. and chlorineg, while the opagque
white polvester layer contains quantities of sulfur (less than
4% by mass) and barium (less than 16% by mass).”! The film
values provided by the manufacturer were derived from cal-
culations and not from direct measurement or analysis. The
layer thickness. density, and composition values used in the
Monte Carlo simulations, described in Sec. Il F, were the
nomingl values provided by ISP. The active layer thickness
was reported (o vary by less than 5% and the thicknesses qf'
other layers were estimated to vary by less than =20%."
The elemental composition was reported to vary slightly be-
tween batches.”’ The effective Z of all the layers of the XR-
RV3 film combined is approximately 7 o

The large pholoelectric cross-section of barium in the ki-
lovoltage x-ray cnergy range used during Quoroscopy will
result in a high yield of anisoropically ejected. long-range
secondary electrons, Because of the high probability of pho-
toelectrons generated in the barium-containing while laver of
the film with ranges sufficient to reach the active layer, the
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orientation of the film in relation to the incident x-ray beam
may affect the dose deposited in the active Tayer. ISP sug-
gests that XR-R reflective-type films be used with the white
side of the film [acing the s-ray source,” However, placing
the white side toward the x-ray source results in a right/lefi
or top/botiom reversal when viewing the exposed film afler
exposure. If the film is placed with the orange side facing the
source, there is a divect correspondence between film dark-
ening and location on the patient. To determine whether the
film ecremation affects film response, the same calibration
experiments were performed with both the orange side and
the white side of the film facing the x-ray source.

Nine air kerma values (15, 45, 100, 150, 200, 380, 570,
800, and 1100 ¢Gy) and one unexposed background value
were nsed to create the calibration curve for each of the four
beam qualities. “Free-in-air” indicates that the calibration
films were exposed to the primary x-ray beam with negli-
gible x-ray scatter. This allowed for film calibration with
NIST traceability. For each exposure, one 6 em > 6 cm film
section was randomly selected from the 35 pieces cot from a
single film. The film section was secured inside a polylmeth-
ylmethacrylate) (PMMA) support frame using two pieces of
air-equivalent Kapton tape (Fig. 1). Exposures were made
with two sets of films, one with the orange side facing the
s-ray source and one with the while side facing the source,
The interior border of the frame measured 12 em 12 om
and did not lie within the primary radiation field. Based on
the measured air kerma rate for the specific beam quality of
interest. the constant potential x-ray system timer was sel Lo
deliver a known air kerma (free-in-air) ar 100 cm.

Several additional free-in-air exposures were performed
to check the dose limits of XR-RV3 film bevond 1100 cGy
and Lo assess the proper postexposure development time be-
fore measuring film response. One calibration film was irra-
digted free-in-air to 1500 cGy air kerma using the UWRS(0-M
heam guality. Four additional calibration films were irradi-
ated free-in-air to 100, 200, 380, and 570 Gy air kerma,
respectively, using the UWI00-M beam quality, The re-
sponse of each of these films was measured len times over 4
30 h period.
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ll.C. On-phantom film exposure

To measure entrance skin dose from Auoroscopy. the flm
will be placed against the back of a patient as hefshe lies on
the procedure table. Under these conditions, the flm is irra-
diated by both the primary x-ray beam and patient x-ray
scatter. The seattering conditions will result in more photon
fluence through the active layer of the film and therefore
more ahsorbed dose and resulting film darkening. The mix-
ture of primary and seattered radiation will also soften the
overall energy spectrum compared to the primary x-ray beam
used to calibrate the film. For the NIST-traccable, free-in-air
filen calibration to be applicable under clinical conditions, the
energy-dependent response of the film must be similar under
the primary-only and primary plus and scatter conditions.
Therefore, in addition to free-in-air [ilm calibration, the film
response under patient-equivalent backscattering conditions
was measurcd by exposing calibration films placed on the
surface of a phantom. Monte Carle simulations were per-
formed to compare the energy spectra. photon fluence, and
resulting air kerma between the free-in-air and on-phantom
conditions,

The on-phantom iradiations wsed a 20 em =20 em
# 28 cm thick PMMA phantom and followed methods simi-
lar to Petoussi-Henss ef al.”' and the Health Physics Society
20001 guidulincs.” The XR-RW3 film calibration sections
were taped in the center of the phantom surface closest to the
x-ray source. Again, lwo film setups were used, one with the
orange side facing the x-ray source and one with the white
side facing the source, The front surface of the phantom was
positioned [0 cm from the source. The x-ray system timer
was set 1o deliver a known air kerma at 100 cm as il the
phantom was not present. The same four UW-ADCL beam
qualitics and the nine free-in-air air kerma levels were used
for the on-phantom cxposures.

II.D. Measurement of the film reflective density

The measured response (darkness) of radiochromic film
depends on the wavelength used for readout, the densitom-
eter (scanner), flm orientation during scanning, the film
batch, and the delay between iradiation and readout,'? As
per ISP recommendations, as well as the successful results of
other researchers, the calibration films were scanned with an
Epson  Expression 10000XL  Natbed document  scanner
24+4 h postexposure.””*"" 7 The postexposure time
dependence of film darkening was also evaluated. The sofi-
ware package “EPSON SCaN" (Wersion 3.04A) was used to
control the scan parameters, which included scanning in
“Professional Mode,” reflective mode, with all imaging ad-
justment options mrned off, and with a resolution of 72 dpi.
As Martisikovd er al.™ discovered for EBT-type radiochro-
mic film, there is no measurable benefit of increasing the
scanner resolution above 72 dpi (L35 mm pixels), Reso-
lution is limited more by light diffusion in the film and stray
light in the scanner than the pixel size and hl%heraresn!utinn
scans often show considerably more noise.'™

Each calibrotion film section was placed orange-side
down in the center of the scanner bed, To minimize potential
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film orientation issues that could be caused by the manner in
which the active layer of the film was produced (i.e., a lattice
arrangement), the calibration pieces were rotated so that the
numberad orientation mark was consistently aligncd.'“'”':m
To simulate the scan of a full-sized patient film when using
the smaller calibration lilms, a [ull-sized unexposed piece of
XR-RV3 film was used as the background during the scans,
All the films were scanned and images saved in 48 bit RGB
uncompressed tagged image file format. To improve preci-
sion and also determine the scan-to-scan uncertainty, each
calibration film was scanned successively five times. Scan-
ning took approximately 2 h for all 37 lilm sections corre-
sponding to one beam quality. Initial and final orange back-
ground (full-sized unexposed film) scans were performed (o
check for scanner variation and drift during the course of
scanning.

The film images were analyzed in MATLAB (The
MathWorks", Natick, MA), using custom-written code. The
red, green, and blue color channels were isolated [rom cach
image, resulting in 16 bit images with pixel values ranging
from 0 to 63 5335, An average image was created from the
five successive images to reduce image noise.” To obtain an
image value comresponding to a particular air kerma, a rect-
angular region of interest (ROI), approximately 3 cm
#3 cm, was selected inside the film region of the mage
containing at least 9000 pixels. The pixel values inside the
RO were averaged and the standard deviation was calcu-
lated. Afier caleulating the absolute average pixel value for
each film density, the relative “reflective density™ (RD) was
calculated to be used as the values for the film calibration
curves [RD i =102,(65 535/ Pixel Value)].

II.E. Scanner nenuniformity correction

Commercial fluorescent and LCD light scanners, such as
the Epson 10000XL, have a wendency 1o produce nonuniform
measurements for the same film darkness due to light-
scuttering effects.”™™ = The maximum IESPONse measure-
ment tends W occur in the center of the seanner bed, decreas-
ing toward the edges of the bed along the direction parallel to
the length of the thin light source and perpendicular o the
scanning direction of the light source. The degree of nonuni-
formity is also dependent on film darkness, Since a full-sized
patient film may be exposed at any position on the film 10 g
range of darkness levels, it is critical to evalvate and correct
for these eflects.

A spatial map of scanner response was generated by scan-
ning the same calibration flm at 42 different positions along
the scanner bed to cover the entire scanning Tegiun.H'?'E The
rotation of the [lm was consistent for each film position and
the orange side of a full-sized umexposed film was used as
the background for each scan. Then, a full-sized film image
was simulated by stitching together the 42 film regions of the
42 scans using MATLAB, This procedure was repeated for
each of the nine free-in-air exposed UW120-M calibration
films {the darkest films for 4 given air kerma) and one unex-
posed film section. The result was a set of scanner response
maps with a range of film darkness levels that would be
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encountered for any of the four beam gualities exposed up to
1100 Gy air kerma.

IIl.F. Monte Carlo simulations

The on-phantom film exposures. described in Sec. 110,
could not be matched to NIST-traceable air kerma values at
the phantom entrance sinece the ionization chamber vsed to
measure air kerma only had NIST calibration factors for
free-in-air exposures (i.e., without buckscattered x rays).
Therefore, MC simulations were performed to determine the
x-Tay energy spectrum, photon fluence, energy fluence, and
air kerma under free-in-air conditions and at the surface of a
simulated PMMA phantom similar to the experimental sctup.
The ratio of the simulated on-phantom to [rec-in-air air
kerma values was then vused o adjust the measured free-in-
air air kerma. Additional MC simulations were performed to
investigate the dose deposited in each layer of the film for
both orange-lacing and white-facing exposures, Finally, to be
clinically valuable, the {ilm response must also be correlated
with absorbed dose to skin under clinical conditions.*** Air
kerma-to-skin dose conversion factors and backscatter fac-
tors at various x-ray energies are available in the
literature,**** However, supplementary MC simulations
were performed to caleulate free-in-air maximum absorbed
dose 1o tissue (Le., the “skin dose”™) 1o air kerma conversion
factors for x-ray beam gqualities similar 1o the calibration
beams.

MC simulations were implemented using a general Monte
Carlo N-particle transport code, Version X (MONPX' , Los
Alamos National Laboratory, Los Alamos, MM). The x-ray
source was modeled as an isotropic point source of polyen-
ergelic photons truncated by & cone to produce a circular
10 cm = 10 cm eguivalent-square field at 100 cm from the
source. The MC souwrce model did not include heel efTect
since the experimental x-ray field was flat to less than 1%
across the central 8 cm 8 cm of the field, Well-established
tabulated GSF beam spectra for moderately filtered x-ray
beams, which matched as closely as possible to the known
properties of the physical x-ray beams ie.e., HVL), were
selected for the input spectra {Table 1). The input specira
were applied at 100 cm without the inclusion of air scatter.
The photon and electron cross-sections used in the simula-
tions were from the meplib04 and €103 Iibraries,
1'especiivef}'.'” The MC simulation source maodel, cross-
section libraries, and GSF beam spectra were similar 1o those
used by Davis er al.™ and Nunn er al.' to caleulate air
kerma to dose conversion [uctors for TLDs irradiated with
kilovoltage beams.

The frec-in-air and on-phantom simulation geomeiries
replicated the experimental free-in-air and on-phantom XR-
RV3 film exposures. The film layers were modeled according
to the geometry shown in Fig. 2 (note the difference between
Fig. 2 and the configuration of GafChromic XR-RV2 given
in Ref. 36). To calculate air kerma at the position of the film,
the film model was replaced with a & em* 6 cm* 15 pm
slab of air (20 °C). Likewise, to calculate the maximum ab-
sorbed dose to tissue, the film model was replaced with a

-
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6 emx6 em 15 um slab of simulated International Com-
mission on Radiation Units and Measurements (ICRU) four-
component tissue, Material compositions and densities of the
air, ICRU tissue, PMMA, and Kapton tape were obtained
from NIST.” The film layer compositions and densities for
the specific baich of XR-RV3 film vsed in this study were
manufaciuring estimates provided by ISP

The MCNPX FO energy deposition tally was used to caleu-
late air kerma for the free-in-air and on-phantom geometries
and also the maximum tissue dose for the free-in-air geom-
etry, The photon energy cutoff was set to 1 keV, The FG tally
caleulates the photon energy deposited locally per unit
mass.”’ That is. the tafly estimates kerma. Kerma and colli-
sion kerma are equal lor low-cnergy x rays interacting in
homogeneous, low-2 materials, such as air and tissve, Under
charged particle equilibrium (CPE), collision kerma is equal
to the maximum dose, Therefore, calculating collision kerma
using the F6 tally in a slab of tissve thick enough to provide
sufticient volume-averaging for acceptable statistics vet thin
enough to negligibly affect the x-ray spectra is equivalent to
calculating the maximum skin dose in the presence of
buildup in a thick slab of tissue. In the case of skin dose, the
superficial layer ol dead skin provides a buildup region that
establishes CPE for x-ray energies less than 150 keV. The
maximum dose is deposited in the sensitive skin lavers just
beyond the build-up region, typically considered the shallow
dose at 70 pm.”

As stated previously, XE-RV3 film is composed of five
layers, including a white polvester layer thal contains
barinm. The large photoelectric cross-section of barium re-
sults in long-range secondary electrons that can deposil en-
ergy in adjacent layers. Therefore, the "F8 energy deposition
tally was nsed 1o explicitly caleulate the energy deposited in
each laver of the film using both photon and electron
Erﬂnspm'[,j: In order 1o closely examine dose deposition ver-
sus thickness in the film, each lilm layer was partitioned into
I pem thick tally segments. Dividing the energy deposited by
the mass of each segment yielded the absorbed dose per
source photon. Film dose simulations were conducted for the
free-in-air ceometry for both the orange-facing and white-
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facing cases. The photon and electron enerey cutolls were
sef at 1 keV and the energy-deposit tally was used in con-
Junction with electron track sampling in each layer 1o pro-
duce acceptable statistical accuracy.

The photon fluence through air, tissue, and film was cal-
culated with the F4 volume-averaged flux tu[l:«r."”‘ﬂ The
photon-fluence energy distributions were hinned at 1 keV
intervals (o determine the spectral shape of the incident pho-
tons. The fluence caleulations were performed for all the
peomeiries described above. All the simulations and calcula-
tions deseribed in this section were carmried oul for each of
the GSF beams listed in Tahle 1,

lll. RESULTS
lll.LA. Color channel film response comparison

The 16 bit red. blue. and green channels of each calibra-
tion film image were analvzed separately for 11 free-in-air
UW-BOM calibration films. Figure 3 shows that the red chan-
nel provides the best dilferentistion in the low-kerma region
{less than 100 ¢Gy air kerma). This was consistent with pre-
vious radiochromic film investigations (reflective or transpar-
ent), as well as ISP recommendations.'"'*%3® Beyond
1000 ¢Gy air kerma, the red-channel values incredse more
aradually than the green channel. ISP suggests analyzing the
ereen channel for doses greater than 1000 cGy (potentially
up to 50 Gy}.'m In this investigation, the red channel was
used (o produce the [ilm calibration curves,

lil.B. Film darkening over time

The film response versus postexposure time was evalu-
ated at four-different air kerma levels between | and 8 hoat |
b intervals, at 26 h, and then again at 30 h postexposure, The
film continued to darken with time after exposure. changing
maost dramatically for the first 8 h postexposure and less no-
ticeably thereafier, From 1 to 8 h postexposure, the measured
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lilm darkness increased by 1.6%, 1.5%, 1.1%, and 0.65% for
the 100, 200, 380, and 570 cGy films, respectively. After an
additional 18 h (26 h postexposure), the films were darker
than the 1 h postexposure measurement by 2.0%., 1.8%,
1.3%, and 0.75%. respectively. At 30 h. the lilms were 2.2%,
2.1%, 1.3%, and .19 darker, respectively, than the 1 h pos-
texposure measurement. The largest difference in measured
film response between 8 and 30 h was for the 200 c¢Gy film
at 0,625, which was less than the uncertainty in the average
pixel value for the 200 cGy film (£0.8%). This was true for
all four air kerma levels investigated.

lI.C. Free-in-air film calibration

Figure 4 shows the average RD for XR-RV3 films ex-
posed free-in-nir with the orange side and the white side
facing the x-ray source, respectively, versus air Kerma mea-
sured free-in-air, Data points with spline-interpolated curves
are shown for the UWGaD-M, UWBED-M, UWI00-M, and
U'W120-M beam gualities.
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D.4%.

Preliminary work had been performed using GafChromie
NR-RVZ2 [ilm before ISP changed the formulation to XR-
RV3. For those familiar with XR-RV2 (ilm, these prelimi-
nary studies indicated that XR-BV2 film was more respon-
sive than XR-RV3 film to air kerma values between 135 and
1100 cGy by an average of 8 £ 4% for all four energies.

The calibration curves allow the air kerma during patient
procedures to be estimated from the measured film density.
The resulting air kerma map can be converted to a skin dose
map using beam-specific maximum tissue dose-to-air kerma
conversion factors. Our MC investigation of the maximum
dose to ICRU four-component lissue per unit air kerma for
the 60, 80, 100, and 120 kVp beams matched closely to
values provide in TG-61."" The ratios we calculated were
0,043, 0,953, 0.975, and 0.991, respectively.

1Il.D. Film response under backscatlering conditions

Figure 6 compares three MC-caleulated spectra Tor the
on-phantom geometry in the 120 kVp case: (a) Primary, (b)
primary plus backscatter at phantom entrance, and (¢) the
spectrum incident upon the active layer of the film in the
on-phantom geometry, The spectra are normalized o equal
integrated photon fAuence. The spectrum incident upon the
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Fi. 6. Compurson of the primary GEF 80 (120 kVpl spectum to the
primary plus seatier spectrum incident upon the simuluted wir ot 20 =C and
the active layer of the simulated film (ihe orange side facing the x-rav
source] for the on-phantom pecmetry.

active laver ol the film is similar to the primary plus scatier
spectrum, but also shows two barium fluorescence peaks.
Average energy and photon-fluence and energy-fuence ratios
between the primary plus scatter and primary spectra are
listed in Table 1. The presence ol backscatler lowered the
average energy slightlv. The largest average energy reduction
was 5.8% for the GSF 80 (120 kVp) spectrum, For that same
spectrom, photon fluence and uir kerma at the face of the
phantom increased 42% and 47%, respectively, compared 1o
the free-in-air case. MC simulations indicated thar the main
effect of phantom backscatter on the x-ray spectrum at the
film active layer was an increase in the total photon fluence,

Air kerma increased more than fluence in the presence of
backscatter because the decrease in average photon energy
increases the average photon interaction  cross-sections.
Comparing the on-phantom o {ree-in-air air kerma ratios
and the photon-Auence ratios shows that the decreased en-
ergy ol the scattered photons increased the air kerma per
photon by 2%, 4%, and 3% for the 80, 100, and 120 kVp
beams, respectively, compared to the photon-fluence ratios,
The 60 kVp beam showed o small decrease (0.09%) in air
kerma compared to the primary spectrum alone, which is
within the noise of the MC simulations,
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Fici. 7. Adr kermy versus reffective density of the calibration films exposed
lres-in-air, plotied wgether with uncomected free-in-air air kerma versus
on-phantom RD and comected on-phantom wir kerma versus on-phantom
By (The orange side facing the s-ray source; LW 20-M beamn.)

Figure 7 compares the free-in-air and on-phantom experi-
mental results, The on-phantom wncorrected values are the
RD for the on-phantom film versus the free-in-air air kerma
value (measured without the phantom). The increased lilm
darkening is due to backscattered photons. The increased air
kerma responsible for the film darkening was estimated by
the MC-generated on-phantom versus [ree-in-air air kerma
ratio found in Table I and is plotted as the MC-correcred
values,

Assuming the MC simulations produced accurate air
kerma values, the results show that the frec-in-air calibration
curve slichtly overpredicts the on-phantom air kerma. The
average overpredictions between 43 and 1100 cGy were
2041.7%, 3.9+1.5%, 43 1.9%, and 8.3% 1.0% for the
LIWol-M, UWER0-M, UWI00-M, and UWI120-M calibration
beams, respectively, lor orange-facing exposures, The same
operation for the white-facing, on-phantom case yielded un-
derpredictions in on-phantom air kerma when using the free-
in-air  calibration  averaging 04*0.8%, 58=1.9%,
9.1 % 245, and 13.4 £ 1.1% for the four beams, respectively,

l.E. Orange-side versus white-side facing
exposures :

For all four beam qualities, the white-facing exposures
resulted in higher (darker) film response compared to the

Tasre . Monte Carle simulated beam charncteristics of GSF spear incident upon air at 200°C onder free-in-air conditions and under PMMA phantom

hackseter conditions,

Avcrage coemgy
{keV}

Primary +hackscaller versus primary

GSF spectrum codes Primary (free-in-air)

Primury-+backscatier (on-phantom)

Photon-flucnee radio Encrgy-fluence ratio Air kerma ratio

349 LW 34.4 LR
4 LIW-B0M) 43.9 426
T1(LW-100M) 4.0 il4
B (LTW-120M) Al 570

1.308 1-258 1.307
1363 [.323 1.392
[.407 1.339 1.4n3
1415 1338 1406
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orange-facing exposures. The differences increased with in-
creasing beam quality. The differences were dependenton air
kerma, peaking around 100 ¢Gy and decreasing at higher air
kerma levels. In the range from 43 to 1100 cGy, the average
percent difference in film response to a given air kerma be-
tween the orange-white-side orientation was 6 = 15, 9= 2%,
11+:3%, and 13=4% for the UWO0-M, UWE0-M,
UW100-M, and TTW12(-M beam qualities, respectively.

MC simulations were used o investigale the orentation-
dependent film response. Figure 8 shows the MC-simulated
dose per air kerma deposited in each | gem thick segment of
the film layers for the GSF 80 (120 KVp) beam spectrurm,
The presence of burium in the white polyester layer resulis in
high dose deposition in the white layer. The limited range
and anisotropic angular distribution of photoelectrons results
in a steep dose gradient at the edges of the white layer. Since
the active layer of the film is separated from the white layver
by only 4 pm (the undercoat laver), the dose to the active
layer is sensitive to the shape of this gradient. When the
while layer faces the x-ray source, the dose has a longer
decay 1ail into adjacent film lavers compared o when the
orange side faces the source, resulting in higher average
dose,

The MC simulation showed the dose delivered o the ac-
tive layer of the film, per unit air kerma, was 42%, 066%5%,
86%, and 919% greater in the white-facing case for the 60, 80,
L), and 120 kVp beams, respectively. Analysis of the ex-
perimental results also showed an increase in dose deposited
in the active laver for white-facing ilms, although smaller in
magnitude: 19%, 33%. 43%, and 595 greater for the four
beam qualities studied. The difference between simulation
and experiment may be due to both uncerlainties in the film
specifications provided by ISP and in the ability of MCxEX to
track secondary electrons in thin adjacent layvers.

Medical Physies, Val. 38, No. 4, April 2011

1926
Fow 1 . >=11040
>=40750
== 10500

*=10350

>=10000

>=B7 50

Row 8787

<8500
End w========c Gcanning Direclion Starl
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the Epson [IO0OXL scanner:

lIl.F. Scanner nonuniformity correction

Figure 9 shows a contour plot of the measured film re-
sponse of a full-sized stitched lilm image that was created
using the same piece of film scanmed at 42 different locations
along the scanner bed. All scans eccurred with unexposed
orange background film in place,

Spatial nonuniformity in scanner response was observed
along the direction parallel to the thin light source (i.e., along
the columns of the scanner image). Scanner response was
fairly uniform along the direction of scanning (i.c., along the
rows) for all film darkness levels (standard deviation range
of =0.3% 1w =3% with an average value of +0.9%). There-
fore, a single profile perpendicalar to the scanning direction
was caleulated from each stitched image and background im-
age by averaging the pixels along each of the 878 rows, The
outliers cavsed by the edges of the stitched lilm sections
were excluded, resulting in the average of at least 800 pixels
per row. Polynomial curves were fit to each profile. The data
points of the average profiles (including outliers at the flm
gaps) for the ten measured Rlm responses are shown in Fig.
14,
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Fig, 10, Meswsured scanner profiles for each of the wn il darkness levels.
The polynomial best-fit curves, excluding the outliers. are plotted as the
dashed lines theough the data points.
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Fui. 11, Contour plot of the pixel values of the comected stitched image of
the 6 om 6 cm calibration flm exposed free-in-air to 570 cCy air kerma,
positioned and scanned separatcly at 42 different scanner bed locations on
the Epson 1THKIXL scanner.

For the darkest Alms (exposed w greater than 570 Gy air
kerma), the variation from the center of the scanner bed to
the edges was greater than 25%. The scanner nonuniformily
for the reflective scan was consistent with the experience of
previous authors using transmission-type or reflective-type
scans with commercial flathed document scanners.” =

The scanner profiles show a monotonic decline in image
value versus film durkness at fixed row position, Profiles at
intermediate film darkening were obtained by linear interpo-
lation of the measured data a1 a fixed row position, From
these profiles, spatial nonuniformity correction factors were
caleulated for each combination of row position and raw im-
age pixel value. To correct a specific raw pixel value, first the
scanner profile with the same value at the position of mea-
surement is obtained. Then, 4 multiplicative correction factor
is calculated as the ratio of the value ai the profile center to
the value at the measurement position. For convenience, this
was implemented as a two-dimensional lookup table, ie.
correction factor versus row position versus raw pixel value,

Figure 11 shows the result of applying this lookup table to
the uncorrected stitched image shown in Fig, 9. After apply-
ing the scanner comection, for films exposed up to 570 cGy,
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the difference in image value for a point on the film averaged
less than 0.6 =0.3% when the film was placed at the edge of
the scanner versus the center. For the 800 and 1100 cGy
films, the corrected images were fat to within 1.5 £0.5%.

lIl.G. Uncertainty of calculated air kerma

Sources of uncertainty for the XR-RV3 calibration film
exposure and measurement are shown in Table 111 The un-
certainties are expressed as a percent with a confidence in-
terval of 68% (k=1), The percent uncertainties add in
guadrature and the final expanded uncertainty has a conli-
dence interval of 95% (k= Ej_ﬁ"

Using UTW-ADCL techniques and equipment. the averall
air kerma measorement uncertainty for low-energy x-ray
beams was = 1,6% (k=2). This was mainly due to the uncer-
tuinty of the NIST calibration of the reference ion chamber
(+=0.5%, k=1) for the x-ray beams used in this study. The
reporied uncertainty in raw pixel value from the scanner
(£0.9%, k=1) is based on the ROI standard deviation mea-
sured in the darkest Glm (1100 ¢Gy air kerma). Smaller un-
certainties were observed with lighter films. The uncertainty
in the x-ray field flatness across the 6 cm® 6 cm calibration
[ilms was better than 1%, with a 99% confidence interval.
Therefore, the uncertainty of the feld llatness was caleulated
to be £0.3% (k=1). For XR-RV2 radiochromic film, ISP
reports the ilm-to-Alm response variability within a bateh as
less than 5% and the dose-rate response (between 0.03 and 3
Gy/min) of less than 365 Assuming these variations are
reported with 95% confidence, the uncertainties in these val-
ues are therefore =2.5% and = 1.5%, respectively. Note that
the batch-to-batch variation of XR-RV3 film reported by TSP
is = 10%, 50 each new batch must be calibrated ﬁeparﬂtely.'qj
The maximum ditference between any two of five successive
scans was (0.3%., Assuming a rectangular distribution, this
leads to a scan-lo-scan uncertainty of =0.1% (k=1). Since
this uncertainty value is less than the pixel value variation
within the ROL, it was concluded that the light from the
scanner did not cause the XR-RV3 film to darken measurahly
with each subsequent scan. unlike EBT-type radiochromic

Tanee UL Example uncenaimy analysis for measored i data from UWS0-M data, expressed as percent.

Uneerainly parimeler Type A Type B
Afr kermia rate determination (ADCL) 0.8
H-rwy field flatness 03
Film-to-film uniformity in one batch 25
Dose-rate film response 1.3
Film positioning 0.3
Shutter crror 1
Pixel value uncertainty within RO ]

Scan-[o-seEm uneanainty 0.1

Seanner doft 1

Quadratic sum L] 31
A and B quadratic som 3.2

Air kerma per film response % uncertainty (d=1) 32

Adr kerma per flm response expandsd S uncertainty

{k=2) =64
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film.”" Scanner drift was calculated by comparing the initial
and final background scans over the course of scanning the
calibration films,

The final NIST-traceable calibration curve expanded un-
certainty [or calculating air kerma from the measured film
darkness is equal o =6.4% (k=2). Additional uncertainty in
the calculated air kerma map must also inclode the uncer-
tainty in the scanner correction lookup table. Following cor-
rection, the maximum percent deviation from Malness was
1.5% {ochserved for the darkest films). Using this value for
the uncertainty due 1o scanner correction, the overall uncer-
tainty of the film-measured air kerma map was estimated 1o
be =7.1% (k=2). Morcover, the same batch of XR-EV3 film
and the same Epson 10000XL scanner were recalibrated 1 yr
later. The average percent difference between RD values
from the first calibration o the second calibration for all four
beam qualities was 1.0£ 1.2% (k=1). The scanner correction
continued to flatten the film response to within 1.5%,

Sources of uncertainty associated with the Monte Carlo
investigations included uncertainties with the photon spectra,
photon cross-sections, number of parficles run, film thick-
ness, Alm composition, and positioning, Only the uncernain-
ties in the F6 kerma calculations are reported here since they
are relevant lo free-in-pir and on-phantom Olm response
analysis. The differences between the physical and simulated
spectra are difficult to quantily since the low-energy photon
tails of the M-series x-ray beams would tend to impact the
energy deposited and the similarity of the low-energy tail
region between the tabulated GSF beams used in the MC
simulations and the UW-ADCL M-series beam qualities is
still under investigation. However, Nunn ef al.*® showed that
for M-series beams above M3U, an uncertainty of =0.5%
(£=1) was acceptahle to take into account the differences in
photon spectra for energies above 10 keV. Accuracy of
atomic cross-section values were investizated by Cullen et
al.™ and estimated to be accurate to =2% for the x-ray en-
ergy range used in this study. Since ratios of MC-calcolated
kerma values were evaluated for materials composed of the
same  clements (ie. free-in-air versus on-phantom  air
kerma), biased differences in cross-sectional accuracy will
cancel, Sufficient particles were tun For cach MC simulation
to reduce the statistical uncertainty for each caleulation to
less than 0.2%. The overall uncertainty in the ratio of on-
phantom to free-in-air air kerma MC simulations, wsed o
caleulate the on-phantom entrance air kerma, and free-in-air
maximum tissue dose per air kerma was estimated to be
£1.1% (k=2).

IV. DISCUSSION

[n 1994, the FDA issued wamings that serious skin inju-
ries can occur to patients undergoing Huoroscopically guided
interventional procedures.’ In 1993, the FDA followed with a
specitic call to document the location and skin dose estimate
for any region receiving a dose exceeding | G;,-.'*"r' KR-RV3
GafChromic film can be used w meet this requirement. The
benefits of using XE-BV3 film for skin dosimetric studies are
high spatial resolution, large area to capture mulliple en-
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trance fields during interventional procedures, and ease of
nse compared to other types of dosimeters such as TLDs and
diode-type detectors, The methods 1o calibrate the XR-RV3
film and Epson 10000XL scanner required several hours of
scanning and analysis. A drawback of dosimetric film analy-
sis is that it is not real-time so it cannot be vsed o prevent
skin injury o a patient. However, the data can be used 1o
inform proactive follow-up patient care and as & training ool
for physicians, It can also be vsed to validate the accuracy of
real-time methodologies.

While film calibration is performed free-in-air, a major
component of film dakening for films exposed on-patient is
due 1o backscattered photons. MC simulations indicated that
while roughly 35% of photons in the mixed primary and
scatter x-ray feld are scattered photons, the spectra are simi-
lar to the original primary spectrum. Using the free-in-air
calibration 10 measure on-patient air kerma resulls in an
overprediction between 2% (60 KVp) and 8% (120 kVp) for
the orange-facing case. For the while-facing case. on-patient
air kerma is underpredicted by 0.4% (60 kEVp) to 13% (120
EVp). Accounting for this dependence allows use of the
MIST-traceable [ree-in-air calibration curves to estimale air
kerma during patient procedures. The air kerma map can
then be converted 10 a skin dose map using beam-specific
maximum tissue dose-lo-air kerma conversion factors,

The response of XR-RV3 film was dependent on the ori-
entation of the film 1o the x-ray source. The film is more
sensitive when the white side faces the x-ray source, whereas
the orange-lacing orientation provides better discrimination
at high levels of air kerma. The orange-facing orientation
also has a lower energy dependence, MC simulations indi-
cated the source of the asymmeiric response, Dose o the
active layer of the film is primanly due 1o a steep dose gra-
dient that arises from the barium-containing white layer. The
shape of this dose gradient is dependent on the direction of
the incident x-ray photons, If the orientation between the
calibration and the clinical exposures are reversed, the error
in the measured air kerma value from a RD measurement can
be up w 60%, depending on the beam quality and air kerma.

The greatest challenge in using XR-RV3 film in the ¢linic
is the energy dependence exhibited by the film. For example,
an orange-facing flm exposed to 300 cGy at 100 kKVp will
exhibit a RD of 0.71. This same R represents an air Kerma
of 450 cGy at 120 kVp (10% less) or 600 eGy at 80 kVp
(209 greater). The difference is even greater in the whire-
facing case. A RD of 0.77 represents an air kerma of 500 cGy
at 100 kVp, 420 cGy at 120 kVp (165 less), or 670 cGy at
80 kVp (34% sreater). As a result, it is challenging to calcu-
late skin dose at a film point which receives exposure from
multiple beams at varying kVps and durations, as is often the
case for interventional procedures. If, as a practical matter, a
single calibration energy is chosen 1o convert {film darkening
to a map of skin dose, the results reported here can provide
an estimate of the error associated with energy dependence.
It is noteworthy that these errors are fess when the orange
side of the film faces the x-ray source,

Stability of the calibration process is critical il radiochro-
mic film is to be vsed clinically. Investigation showed that by
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scanning the film 24 =4 h postexposure, variation in Qlm
darkening over the & h window is less than the uncertainty in
the scanning measurement. The flatbed scanner exhibited
both a spatiel and signal (Le.. film darkness) dependent re-
sponse, Without a nonuniformity correction, & measured film
response may be in error by up to 253% for the darkest film
regions measured near the edges of the scanner bed. The
uniformity correction flattened the response to less than
|.5%. Repeated 1 vr later, the combination film calibration
and scanner response changed by only 1%,

V. CONCLUSIONS

XR-EV3 film was calibrated with NIST traceability using
UW-ADCL methods and equipment. Air kerma versus XR-
EV3 reflective density calibration curves were created lor
four moderately filtered x-ray beam qualities expected during
Nuoroscopically guided interventional procedures. Calibra-
tion curves showed a strong dependence on film orientation
{white side versus orange side Tacing the x-ray source) and
kVp and small dependence on patient-equivalent backscatter-
ing, A scanner measurement nonuniformity correction was
also developed for the Epson TOMNXL scanner. The overall
uncertainty of the air kerma map calculated from the calibra-
tion curves and corrected for scanner measurement nonuni-
formity was =7.1% (k=2). Repeat calibration studies one
vear later showed a difference of 1%.
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