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The purpose of this paper is to evaluate the energy dependence of the response of two new high
sensitivity models of radiochromic films EBT and XR-QA. We determined the dose response curves
of these films for four different radiation sources, namely, 6 MV photon beams (6 MVX), Ir-192,
1-125, and Pd-103. The first type (EBT) is designed for intensity modulated radiation therapy
(IMRT) dosimetry, and the second type (XR-QA) is designed for kilovoltage dosimetry. All films
were scanned using red (665 nm) and green (520 nm) light sources in a charge-coupled device-
based densitometer. The dose response curves [net optical density (NOD) versus dose] were plotted
and compared for different radiation energies and light sources. Contrary to the early GAFCHRO-
MIC film types (such as models XR, HS, MD55-2, and HD810), the net optical densities of both
EBT and XR-QA were higher with a green (520 nm) than those with a red (665 nm) light source
due to the different absorption spectrum of the new radiochromic emulsion. Both film types yield
measurable optical densities for doses below 2 Gy. EBT film response is nearly independent of
radiation energy, within the uncertainty of measurement. The NOD values of EBT film at 1 and
2 Gy are 0.13 and 0.25 for green, and 0.1 and 0.17 for red, respectively. In contrast, the XR-QA
film sensitivity varies with radiation energy. The doses required to produce NOD of 0.5 are 6.9, 5.4,
0.7, and 0.9 Gy with green light and 19, 13, 1.7, and 1.5 Gy with red light, for 6 MVX, Ir-192, I
-125, and Pd-103, respectively. EBT film was found to have minimal photon energy dependence of
response for the energies tested and is suitable for dosimetry of radiation with a wide energy
spectrum, including primary and scattered radiation. XR-QA film is promising for kilovoltage
sources with a narrow energy spectra. The new high sensitivity radiochromic films are promising

tools in radiation dosimetry. © 2005 American Association of Physicists in Medicine.
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I. INTRODUCTION

Radiochromic films have been used extensively for radiation
dosimetry in conventional radiation therapy, including exter-
nal beam, brachytherapy, and radiosurgery.k4 With the re-
cent development of intravascular brachytherapy, radiochro-
mic film dosimetry has emerged as one of two major
dosimetry tools together with Monte Carlo simulations.”™ "

Earlier types of radiochromic films include GAFCHRO-
MIC models HD810, MD55-1, MD55-2, HS, XR-T, and
XR-R. The models HD&810, MD55-1, MD55-2, and HS were
based on the same radiochromic emulsion, are listed in order
of increasing sensitivity.w_17 Models XR-T and XR-R, con-
taining high Z materials in the emulsion chemical, were de-
signed for use in the kilovoltage range.4’16’18 The film sensi-
tivity of these early models has been found to depend on
energy in the range covering megavoltage and kilovoltage
radiation modalities.'®'"'*

The absorption spectrum of these early models of radio-
chromic films consists of a major absorption peak at about
670 nm.'®*'"* The selection of light source in a densitom-
eter to optimize the film sensitivity has been in favor of red
light.l’zz’zz‘f29 Evaluation of densitometers with green and
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blue light source,16 as well as broad band spectrum,l’m’31 for
use in radiochromic film dosimetry has also been reported.

Two new types of radiochromic films, EBT and XR-QA,
were recently introduced by International Specialty Products
(ISP, Wayne, NIJ). The first type (EBT) is designed for inten-
sity modulated radiation therapy (IMRT) dosimetry. In the
megavoltage radiation energy range, this new model can be
five to ten times more sensitive than HS and MD55-2, de-
pending on the wavelength of the light sources in the densi-
tometer used for scanning.32_3 ® In addition, the major peak in
the absorption spectrum is close to 635 nm, shifted from
670 nm for the early models.*>* (See Fig. 1.) Evaluation of
the feasibility of EBT film for IMRT dosimetry has been
recently 1rep01rted.34_37

Although the original design idea for EBT film was for
megavoltage radiation dosimetry, it is important to (1) com-
pare the dosimetric characteristics of EBT film at megavolt-
age and kilovoltage energies of primary and scattered radia-
tion and (2) explore its potential application to low energy
photon sources. In this paper, we present our study of dose
response curves of EBT film for four different radiation
sources, namely, 6 MV photon beams (6MVX), Ir-192
(370 keV), 1-125 (28 keV), and Pd-103 (21 keV). Compar-
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Fic. 1. Absorption spectra of new high sensitivity radiochromic EBT film.
The absorption spectra for XR-QA films are the same. (Courtesy of David
Lewis, ISP.) The upper solid and lower dotted curves are for doses of 1.2
and 0 Gy, respectively. The wide (left) and narrow (right) arrows indicate
the wavelengths of green (referred to as PeC-Green, 520 nm) and red (re-
ferred to as PeC-Red, 665 nm) light sources used with the CCD-based den-
sitometer for scanning the films.

ing these four response curves, we observed minimal energy
dependence of response for this wide range from megavolt-
age to kilovoltage radiation energies.

The second type of new film (XR-QA) is designed for
kilovoltage dosimetry. It contains high Z materials™ and is
expected to be much more sensitive to low energy photon
radiation compared with megavoltage beams. It is important
to determine the energy dependence of the response. Hence,
we carried out a parallel investigation of the dose response
characteristics of XR-QA film for 6MVX, Ir-192, I-125, and
Pd-103.

The modified absorption spectrum (Fig. 1) in EBT and
XR-QA films would affect the relative film sensitivity
scanned using different light sources. In this study, we
scanned the EBT and XR-QA films using green (520 nm)
and red light (665 nm) of a charge-coupled device (CCD)-
based densitometer, and compared the film sensitivities.

Il. MATERIALS AND METHOD

A. Film irradiation

Four different radiation sources, namely, 6 MV photon
beams (6MVX), Ir-192, 1-125, and Pd-103 were used to ir-
radiate the two new types of radiochromic films, EBT and
XR-QA. Prototype EBT films of lot no. 33303-X2PERP and
XR-QA films of lot no. 33303-0161P2100 from ISP were
evaluated. Small film pieces, in size 2 cm X2 cm, were cut
from the film sheets of about 10 cm X 10 cm. A set of 13 to
18 film pieces was individually irradiated by each radiation
source with different doses. A background (unirradiated) film
was kept in each set of exposed films described below.

A Clinac 2100C (Varian, Palo Alto, CA) was used for the
6 MV photon beam (6MVX) irradiation. One film piece of
model EBT and one of XR-QA, were positioned horizontally
side by side near the beam’s central axis in a solid water
phantom (RMI model 457, Gammex, Middleton, WI),
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30 cm X 30 cmX 20 cm, at a depth of 1.5 cm placed at
100 cm source to surface distance (SSD). The radiation field
size was 10 cm X 10 cm at the isocenter. The dose output (in
cGy) to water was calibrated following the TG21 protocol
using an ion chamber which was calibrated by an Accredited
Dose Calibration Lab (ADCL). The dose rate to water was
6 Gy min~!. There were 16 irradiated films in this set, receiv-
ing doses from 0.2 to 30 Gy.

An Ir-192 HDR v2 source (model 105.002) in a microSe-
lectron from Nucletron Corporation (Columbia, MD) was
positioned at the center of a solid water phantom (30 cm
X 30 cm X 20 cm) for film irradiation. One film piece of
each type, EBT and XR-QA, was positioned at about 1.1 cm
from the source center, below and above the source, respec-
tively. The two films were exposed simultaneously. At the
time of irradiation, the source strength was 7.5 Ci, based on
decay from the calibration using an HDR1000 well ioniza-
tion chamber (Standard Imaging, Middleton, WI), which was
calibrated by an ADCL. Dose to water at the film center was
calculated using the source strength, distance from the source
center to film emulsion layer, exposure time, and TG43
parameters38 obtained by Daskalov et al.*® The dose rate to
water was 4.5 Gy min~! and the exposure times ranged from
5 s to 5 min. With varying exposure times, doses to water
from 0.37 to 22 Gy were delivered to the center of 15 film
pieces of each type.

We used an 1-125 seed (model 2301, Best Medical Inter-
national, Springfield, VA) and a Pd-103 seed (Best model
2335) to irradiate the films positioned at about 5 mm from
the seed center, above or below the seed. The seed strengths
were traceable to the National Institute of Standards and
Technology standard, and also checked with our in-house
well chamber, Capintec model CRC15. The seed was posi-
tioned at the center of a solid water phantom, 30 cm
X30 cm X 20 cm for film exposure. One 1-125 seed with
initial source strength of 6 U (5 mCi) was used to irradiate
the entire series of films sequentially during a three week
period. The dose rates to water, ranging from 13 to
25 ¢Gy h™!, were calculated using the source strength (incor-
porating decay), distance between the film emulsion layer
and seed center, and TG43 parameters recommended by the
TG43U1 report.40 The doses to water were from 0.16 to
20 Gy for 12 EBT films and from 0.06 to 10 Gy for 14
XR-QA films.

For the Pd-103 irradiation, one Pd-103 seed*"* was used
for the entire series of film exposures in a time period of two
months, with the initial and final seed strengths being 2.6 and
0.26 U (2 and 0.2 mCi), respectively. The dose rates to water
were calculated using the source strength (with decay factor
incorporated), distance between the seed center and film cen-
ter, and TG43 parameters obtained by Meigooni et al.*' The
initial and final dose rates were 7 and 0.6 ¢Gy h™!, respec-
tively, in the two month period. The exposure times ranged
from 0.3 to 500 h (20 days). The doses to water ranged from
0.006 to 6 Gy for 17 XR-QA films and 0.13 to 22 Gy for 14
EBT films.
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FIG. 2. Dose response curves for (a) EBT films and (b) XR-QA films,
scanned using green light (PeC-Green, upper) and red light (PeC-Red,
lower), irradiated by 6 MVX (closed diamond), I-125 (closed square),
Ir-192 (open triangle), and Pd-103 (open circle). The solid lines are fitted
curves.

B. Film scanning

All films were scanned using red [665 nm, full width at
half maximum (FWHM) 10 nm] and green (520 nm, FWHM
20 nm) light sources in a CCD-based densitometer [model
CCD100, Photoelectron Corporation (PeC), Lexington, MA]
at least five days after the completion of irradiation. Film
pieces grouped within an area of 10 cmX 10 cm were
scanned together. The pixel resolution was 0.2X0.2 mm.
The readings of optical densities (OD) were acquired and
processed using LABVIEW-based software from PeC.

For each film piece irradiated by Ir-192, I-125, and
Pd-103, an average reading over a small area of 1 mm
X1 mm (5X5 pixels) at the film center was obtained using
the PeC software. For the background films and the films
irradiated by 6MVX, an average reading over an area of
5 mm X5 mm of each film was obtained.

For each film type (EBT or XR-QA) and light source (red
or green) used for scanning, the optical density readings of
the four unirradiated films in the four sets of films were
compared. The average of these four readings was obtained.
The individual background OD readings of the four unirra-
diated films were all within 2% from the average OD value.
The net optical density (NOD) of each irradiated film was
obtained by subtracting the average background OD.

lll. RESULTS
A. Dose response curves

The dose response curve of each type of radiochromic
films irradiated by a given radiation source was obtained by
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FIG. 3. Dose response curves in zoom-in scale for (a) EBT films and (b)
XR-QA films, scanned using green light (PeC-Green, upper) and red light
(PeC-Red, lower), irradiated by 6 MVX (closed diamond), 1-125 (closed
square), Ir-192 (open triangle), and Pd-103 (open circle). The solid lines are
fitted curves.

plotting NOD values against corresponding doses using
green or red light source. These curves for EBT and XR-QA
films are shown in Figs. 2(a) and 2(b), respectively. Contrary
to the early GAFCHROMIC film models (such as models
XR, HS, MD55-2, and HD810), the values using the green or
red light source against corresponding delivered doses of
both EBT and XR-QA were higher with the green (520 nm)
than those with the red (665 nm) light source, because of
different absorption spectra (Fig. 1) of the new radiochromic
emulsion. To closely examine the dose range within 3 Gy,
we also display the response curves in a zoomed-in scale in
Fig. 3. All the curves are nonlinear. The slope (film sensitiv-
ity in NOD/Gy) decreases with increasing dose monotoni-
cally. Such a decrease in slope is more pronounced for the
XR-QA film compared with the EBT film studied in this
work.

The EBT film response is nearly independent of radiation
energy, within the uncertainty of measurement. The EBT film
sensitivities are very close for 6MVX, Ir-192, and I-125.
Compared with these three radiation sources, the sensitivity
of EBT film to Pd-103 is slightly higher with red light and
slightly lower with green light. When averaged over all four
radiation energies, the NOD values at 1 and 2 Gy are 0.13
and 0.25 for green, and 0.1 and 0.17 for red, respectively. For
a given light source used in scanning, the doses for a NOD of
0.5 or 0.1 are similar for all four radiation sources. (See
Table 1.)

The XR-QA film sensitivity decreases with increasing ra-
diation energy, as expected from the original design idea.®
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TABLE 1. (a) Values of NOD/D(Gy) at 1 Gy for XR-QA and EBT films,
irradiated by 6 MV photon beams, Ir-192, I-125, and Pd-103, read using red
and green light sources. (b) Values of D(Gy) for NOD=0.5. (c) Values of
D(Gy) for NOD=0.1.

(@)
Values of NOD/Gy at D=1 Gy

Radiation modality

Film type Light source 6 MVX Ir-192 I-125 Pd-103
XR-QA PeC-Green 0.16 0.21 0.60 0.55
PeC-Red 0.10 0.13 0.38 0.41
EBT PeC-Green 0.13 0.13 0.14 0.13
PeC-Red 0.09 0.10 0.10 0.13
(b)
D(Gy) for NOD=0.5
Radiation modality
Film type Light source 6 MVX Ir-192 I-125 Pd-103
XR-QA PeC-Green 6.9 54 0.7 0.9
PeC-Red 19 13 1.7 1.5
EBT PeC-Green 4.5 4.6 4.7 52
PeC-Red 11 11 11 10
(©)
D(Gy) for NOD=0.1
Radiation modality
Film type Light source 6 MVX Ir-192 1-125 Pd-103
XR-QA PeC-Green 0.47 0.41 0.04 0.04
PeC-Red 1.0 0.67 0.07 0.06
EBT PeC-Green 0.79 0.78 0.71 0.77
PeC-Red 1.1 1.0 0.96 0.71

The curves for I-125 and Pd-103 are close to each other. The
Ir-192 and 6MVX curves are in a separate group, not far
from each other. The doses required to produce NOD of 0.5
are 6.9, 5.4, 0.7, and 0.9 Gy with green light and 19, 13, 1.7,
and 1.5 Gy with red light, for 6MVX, Ir-192, I-125, and
Pd-103, respectively. Since NOD is not linear with dose, it
would be important to also note the difference in doses re-
quired to produce NOD of 0.1 for the four radiation sources
and two light sources. These are displayed in Table 1.

For comparison, we also list the values of NOD/D(Gy) at
D=1 Gy for XR-QA and EBT films, irradiated by 6 MV
photon beams, Ir-192, I-125, and Pd-103, read using red and
green light sources. (See Table 1.) Both film types yield reli-
ably measurable optical densities for the doses below 2 Gy.

B. Uncertainty analysis

Uncertainty in delivered dose values was determined for
each radiation source. The 6 MV photon beam doses were
based on calibration using an ADCL calibrated ion chamber
with 2% uncertainty.

The combined uncertainty in delivered dose values for
Ir-192, 1-125, or Pd-103 sources was obtained by summing
the quadratures of the uncertainties in (1) the distance be-
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tween the source center and film emulsion layer, (2) source
air kerma strength, (3) dose rate constant, (4) radial dose
function, (5) equatorial anisotropy, and (6) exposure times.
The maximum dose uncertainties were estimated as 9% for
both I-125 and Pd-103, and 8% for Ir-192.

The uncertainty in net optical density values was esti-
mated as 5.4%, which was obtained by combining in quadra-
tures of the uncertainties in film uniformity (5%) and densi-
tometer readings (2%). Therefore, the maximum uncertainty
in film sensitivity [NOD/D(Gy)] was estimated as 10.4%,
10.4%, 9.8%, and 5.7% for Pd-103, 1-125, Ir-192, and
6MVX, respectively.

IV. DISCUSSION AND CONCLUSION

Due to the low source strengths of the Pd-103 and I-125
seeds used in the film irradiation, the dose rates were be-
tween 0.6 and 7 cGy h~!, much lower than the dose rate of a
few Gy min~! from Ir-192 and 6MVX. It is not known if
there may be any effect of very long exposure times (up to
20 days for Pd-103). It has not been confirmed if there is any
dose rate effect on the film response, although there are some
reports of such studies for some early models. "

Due to the limited supply of the prototype films available
for this study, the film exposures were not repeated for re-
producibility check. The above mentioned uncertainties were
not statistical.

Variation in film sensitivity from lot to lot may also be
non-negligible. This study was carried out using prototype
lots of EBT and XR-QA films. The results reported here
should serve as a guide for future studies. Users are advised
to establish calibration curves for each lot of films, even of
the same type.

EBT film has minimal photon energy dependence of re-
sponse and may be suitable for dosimetry of photon radiation
sources with wide energy spectrum, including primary and
scattered radiation. Such minimal energy response may make
such types of films a strong candidate for dosimetry of ra-
diation with heterogeneous energy spectra, such as IMRT
(Refs. 35 and 37) and electronic bra(:hytherapy.45 Given the
high sensitivity of XR-QA films to kilovoltage radiation
sources, they may have potential applications in brachy-
therapy dosimetry of low energy radiation sources, and CT,
mammography and fluoroscopy dosimetry in diagnostic ra-
diology. Both film types yield measurable optical densities
for doses below 2 Gy. The new high sensitivity radiochromic
films are promising tools in radiation dosimetry.

ACKNOWLEDGMENTS

The authors would like to thank Dr. David Lewis, Dr.
Hsiao-Yi Shih, and Dr. Xiang Yu of International Special
Products for supply of the prototype radiochromic films and
the absorbance spectra data. The support from Best Medical
International in supplying I-125 and Pd-103 seeds is also
acknowledged.

“Current Address, Radiation Oncology Department, H. Lee Moffitt Cancer
Center & Research Institute, Tampa, FL 33612.
b)Corresponding author, electronic mail: schiutsa@chpnet.org



3354 Chiu-Tsao et al.: Energy response of new high sensitivity radiochromic films 3354

'A. Niroomand-Rad, C. R. Blackwell, B. M. Coursey, K. P. Gall, J. M.
Galvin, W. L. McLaughlin, A. S. Meigooni, R. Nath, J. E. Rodgers, and
C. G. Soares, “Radiochromic Film Dosimetry: Recommendations of
AAPM Radiation Therapy Committee Task Group 55,” Med. Phys. 25,
2093-2115 (1999).

2w, Schumer, W. Fernando, M. Carolan, T. Wong, S. Wallace, G. Quong,
and M. Geso, “Verification of brachytherapy dosimetry with radiochromic
film,” Med. Dosim 24, 197-203 (1999).

IR Dempsey, D. A. Low, S. Mutic, J. Markman, A. S. Kirov, G. H.
Nussbaum, and J. F. Williamson, “Validation of a precision radiochromic
film dosimetry system for quantitative two-dimensional imaging of acute
exposure dose distributions,” Med. Phys. 27, 2462-2475 (2000).

M. J. Butson, P. K. N. Yu, T. Cheung, and P. Metcalfe, “Radiochromic
film for medical radiation dosimetry,” Mater. Sci. Eng., R. 41, 61-120
(2003).

°R. Nath, H. Amols, C. Coffey, D. Duggan, S. Jani, Z. Li, M. Schell, C. G.
Soares, J. Whiting, P. E. Cole, I. Crocker, and R. Schwartz, “Intravascular
brachytherapy physics: Report of the AAPM Radiation Therapy Commit-
tee Task Group No. 60,” Med. Phys. 26, 119-152 (1999).

°F. A. Mourtada, C. G. Soares, S. M. Seltzer, and S. H. Lott, “Dosimetry
characterization of 2P catheter-based vascular brachytherapy source
wire,” Med. Phys. 27, 1770-1776 (2000).

T. D. Bohm, D. W. Pearson, and R. K. Das, “Measurements and Monte
Carlo calculations to determine the absolute detector response of radio-
chromic film for brachytherapy dosimetry,” Med. Phys. 28, 142-146
(2001).

N, Reynaert, M. V. Eijkeren, Y. Taeymans, and H. Thierens, “Dosimetry
of Ir-192 sources used for endovascular brachytherapy,” Phys. Med. Biol.
46, 499-516 (2001).

°F. Mourtada, C. G. Soares, S. M. Seltzer, P. M. Bergstrom, Jr., J. M.
Fernandez-Verea, J. Asenjo, and S. H. Lott, “Dosimetry characterization
of a 3?P source wire used for intravascular brachytherapy with automated
stepping,” Med. Phys. 30, 959-971 (2003).

'9A. Piermattei, A. Fidanzio, F. Perrone, L. Azario, L. Grimaldi, P. Viola,
and R. Capote, “Experimental dosimetry of a **P catheter-based endovas-
cular brachytherapy source,” Phys. Med. Biol. 48, 2283-2296 (2003).

g, Chiu-Tsao, T. L. Duckworth, N. S. Patel, J. Pisch, and L. B. Harrison,
“Verification of Ir-192 near-source dosimetry using GAFCHROMIC
film,” Med. Phys. 31, 201-207 (2004).

2D E. Roa, H. Song, N. Yue, F. d’Errico, and R. Nath, “Dosimetric char-
acteristics of the Novoste Beta-Cath *°Sr/Y source trains at sub-
millimeter distances,” Med. Phys. 31, 1269-1276 (2004).

P, J. Muench, A. S. Meigooni, R. Nath, and W. L. McLaughlin, “Photon
energy dependence of the sensitivity of radiochromic film and comparison
with silver halide film and LiF TLDs used for brachytherapy dosimetry,”
Med. Phys. 18, 769-775 (1991).

1S, Chiu-Tsao, A. De La Zerda, J. Lin, and J. H. Kim, “High sensitivity
GafChromic film dosimetry for '>I seed,” Med. Phys. 21, 651-657
(1994).

M. T Butson, P. K. N. Yu, T. Cheung, and P. Metcalfe, “High sensitivity
radiochromic film dose comparisons,” Phys. Med. Biol. 47, N291-N295
(2002).

'S, Chiu-Tsao, T. Duckworth, C. Zhang, N. S. Patel, C.-Y. Hsiung, L.
Wang, J. A. Shih, and L. B. Harrison, “Dose response characteristics of
new models of GAFCHROMIC films: Dependence on densitometer light
source and radiation energy,” Med. Phys. 31, 2501-2508 (2004).

7R, d’Errico, H. Song, Z. Chen, H.-J. Selbach, L. Buermann, H. M.
Kramer, and R. Nath, “Energy dependence of the sensitivity of MD55-2
radiochromic film for brachytherapy dosimetry,” Med. Phys. 31, 1838
(2004).

'8E. R. Giles and P. H. Murphy, “Measuring skin dose with radiochromic
dosimetry film in the cardiac catheterization laboratory,” Health Phys.
82, 875-880 (2002).

T, Kron, L. Duggan, T. Smith, A. Rosenfeld, M. Butson, G. Kaplan, S.
Howlett, and K. Hyodo, “Dose response of various radiation detectors to
synchrotron radiation,” Phys. Med. Biol. 43, 3235-3259 (1998).

T, Cheung, M. J. Butson, and P. K. N. Yu, “Experimental energy response
verification of XR type T Radiochromic film,” Phys. Med. Biol. 49,
N371-N376 (2004).

2w L. McLaughlin, C. G. Soares, J. A. Sayeg, E. C. McCullough, R. W.
Kline, Andrew Wu, and A. H. Maitz, “The use of a radiochromic detector
for the determination of stereotactic radiosurgery dose characteristics,”

Medical Physics, Vol. 32, No. 11, November 2005

Med. Phys. 21, 379-388 (1994).

2p R, Sullivan, B. F. Hasson, C. H. Grossman, and L. D. Simpson, “Op-
tical density changes of Gafchromic MD-55 film resulting from laser light
exposure at wavelengths of 671 and 633 nm,” Med. Phys. 27, 245-251
(2000).

BL.E. Reinstein, G. R. Gluckman, and H. I. Amols, “Predicting optical
densitometer response as a function of light source characteristics for
radiochromic film dosimetry,” Med. Phys. 24, 1935-1942 (1997).

8. Devic, C. Soares, and J. Seuntjens, “Absorption spectra of improved
gafchromic film types,” Med. Phys. 31, 1837 (2004).

BL. E. Reinstein and G. R. Gluckman, “Comparison of dose response of
radiochromic film measured with He-Ne laser, broadband, and filtered
light densitometers,” Med. Phys. 24, 1531-1533 (1997).

204, Ertl, P. O. Kellermann, M. Zehetmayer, A. Schoggl, P. Kindl, and A.
H. Maitz, “A novel 675.2 nm diode laser densitometer for use with
GafChromic films,” Med. Phys. 26, 834-838 (1999).

D. O. Odero, G. R. Gluckman, K. Welsh, R. A. Wlodarczyk, and L. E.
Reinstein, “The use of an inexpensive red acetate filter to improve the
sensitivity of GAFChromic dosimetry,” Med. Phys. 28, 1446-1448
(2001).

BA. Sh. Aydarous, P. J. Darley, and M. W. Charles, “A wide dynamic
range, high-spatial-resolution scanning system for radiochromic dye
films,” Phys. Med. Biol. 46, 1379-1389 (2001).

»G. R. Gluckman and L. E. Reinstein, “Comparison of three high-
resolution digitizers for radiochromic film dosimetry,” Med. Phys. 25,
18391846 (2002).

o7, Cheung, M. J. Butson, and K. N. Yu, “Evaluation of a fluorescent light
densitometer for radiochromic film analysis,” Radiat. Meas. 35, 13-16
(2002).

3, Devic, J. Seuntjens, G. Hegyi, E. B. Podgorsak, C. G. Soares, A. S.
Kirov, I. Ali, J. F. Williamson, and A. Elizondo, “Dosimetric properties of
improved GafChromic films for seven different digitizers,” Med. Phys.
31, 2392-2401 (2004).

329, Chiu-Tsao, R. Shankar, and L. B. Harrison, “Dose response character-
istics of novel higher sensitivity radiochromic films,” Med. Phys. 31,
1727 (2004).

BDavid Lewis (private communication, 2004).

3*C. Soares and M. Lombardi, “Dosimetric characteristics of a new radio-
chromic film for IMRT dosimetry,” Med. Phys. 31, 1725 (2004).

37, Baker, L. Reinstein, and G. Gluckman, “Initial evaluation of a new
radiochromic film for IMRT QA,” Med. Phys. 31, 1726 (2004).

3B, Lynch, M. Ranade, J. Li, and J. Dempsey, “Characteristics of a new
very high sensitivity radiochromic film,” Med. Phys. 31, 1837 (2004).

TM. Ranade, B. Lynch, J. Li, and J. Dempsey, “Single fraction IMRT dose
measurements using a novel radiochromic film,” Med. Phys. 31, 1839
(2004).

BR. Nath, L. L. Anderson, G. Luxton, K. A. Weaver, J. F. Williamson, and
A. S. Meigooni, “Dosimetry of interstitial brachytherapy sources: Recom-
mendations of the AAPM Radiation Therapy Committee Task Group No.
43,7 Med. Phys. 22, 209-234 (1995).

¥G. M. Daskalov, E. Loffler, and J. F. Williamson, “Monte Carlo-aided
dosimetry of a new high dose-rate brachytherapy source,” Med. Phys. 25,
2200-2208 (1998).

oML T Rivard, B. M. Coursey, L. A. DeWerd, W. F. Hanson, M. S. Huq, G.
S. Ibbott, M. G. Mitch, R. Nath, and J. F. Williamson, “Update of AAPM
Task Group No. 43 Report: A revised AAPM protocol for brachytherapy
dose calculations,” Med. Phys. 31, 633-674 (2004).

YA S. Meigooni, Z. Bharucha, M. Yoe-Sein, and K. Sowards, “Dosimetric
Characteristics of the Best® double-wall '*Pd brachytherapy source,”
Med. Phys. 28, 2568-2575 (2001).

423, W. Peterson and B. Thomadsen, “Measurements of the dosimetric con-
stants for a new '®Pd brachytherapy source,” Brachytherapy 1, 110-119
(2002).

. Ali, C. Costescu, M. Vicic, J. F. Dempsey, and J. F. Williamson, “De-
pendence of radiochromic film optical density post-exposure kinetics on
dose and dose fractionation,” Med. Phys. 30, 1958-1967 (2003).

Hy, Le, I. Ali, and J. Williamson, “Quantitative assessment of Radiochro-
mic film absolute dose measurements for low dose brachytherapy
sources,” Med. Phys. 31, 1912 (2004).

“T. W. Rusch, S. Davis, L. DeWerd, R. Burnside, S. Axelrod, and M.
Rivard, “Characteristics of a new miniature x-ray source for electronic
brachytherapy,” Med. Phys. 31, 1807 (2004).



