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In this study, a measurement protocol is presented that improves the precision of dose measure-
ments using a flat-bed document scanner in conjunction with two new GafChromic® film models,
HS and Prototype A EBT exposed to 6 MV photon beams. We established two sources of uncer-
tainties in dose measurements, governed by measurement and calibration curve fit parameters
contributions. We have quantitatively assessed the influence of different steps in the protocol on the
overall dose measurement uncertainty. Applying the protocol described in this paper on the Agfa
Arcus II flat-bed document scanner, the overall one-sigma dose measurement uncertainty for an
uniform field amounts to 2% or less for doses above around 0.4 Gy in the case of the EBT
sPrototype Ad, and for doses above 5 Gy in the case of the HS model GafChromic® film using a
region of interest 232 mm2 in size. © 2005 American Association of Physicists in Medicine.
fDOI: 10.1118/1.1929253g
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I. INTRODUCTION

Their high spatial resolution, minor energy dependence
near tissue-equivalence make radiochromic filmssRCFd1,2

appropriate for dose distribution measurements in mega
age radiation fields with high dose gradients. Radiochro
media were initially developed for dose measuremen
industrial radiation processing.3–6 Having only a 6mm thick
sensitive layer, these relatively insensitive films were s
able for dose measurements between 50 and 2500 Gysmodel
HD-810 or DM-1260, Nuclear Associatesd. sIn this paper
certain commercially available products are referred to
name. These references are for informational purposes
and do not imply that these are the best or only prod
available for the purpose, and do not imply endorsemen
the National Institute of Standards and Technology.d A more
sensitive model, the MD-55-1sNuclear Associatesd,7,8 was
developed that had a 15mm thick sensitive layer and co
ered a dose range from 10 to 100 Gy. Subsequently, a
sensitive model, the MD-55-2, was introduced that was c
posed of two MD-55-1 layerssseparated by a central in
binding layerd.9–12Currently, the MD-55-2 model is availab
commercially under the name MD-55 GafChromic® fi
and it covers a dose range from 1 to 250 Gy.

Several types of instrumentsssingle-point densitometer
and one- or two-dimensional position-sensitive light dete
densitometersd are used for two-dimensional fil
densitometry.13–15Although not specifically designed for r
diochromic film dosimetry, document scanners have p
ously been used for measurements in various film dosim

16,17
applications. Flat-bed document scanners designed for
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high quality photographic scanning with an option to ope
in transmission mode usually employ a fluorescent
source with a broadband emission spectrum and a l
charge coupled devicesCCDd array detector. These scann
allow the acquisition of transmission scans in up to a
-bit red-green-bluesRGBd mode, e.g., 16 bits per colo
Since the absorption spectrum of the radiochromic film
hibits a maximum in the red region of the visible spectr
as previously determined by Stevenset al.,16 extraction o
the red channel from the RGB image can improve docu
scanner sensitivity when used in combination with ra
chromic films. The idea of using the red channel of the R
transmission image for radiochromic film dosimetry has b
subsequently employed by many authors.14,17–22

Amongst the various scanning densitometers used fo
radiochromic film dosimetry tasks, many of these utilize
sers as a light source, providing coherent and polarized
However, these two properties of laser light can lead to
rious problems when using laser-based optical densitom
for radiochromic film dosimetry. Dempseyet al.23 have dem
onstrated that laser light coherence can create interfe
patterns, and made recommendations on methods for
removal. In addition, radiochromic films have been show
have a relatively small variation in optical density when
light source is linearly polarized and the film is rotated.24,25

However, if the light source and the detector are both line
polarized, variations in the measured optical density
amount to 15% for the HS model GafChromic® film25 when
the film is rotated through 360°. Corrections can be mad

these two effects, but the flat-bed document scanners that

22452245/9/$22.50 © 2005 Am. Assoc. Phys. Med.
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employ a noncoherent broadbandswhited light emission
spectrum do not require these corrections, and are thus
ently simpler and more reliable for precise optical den
measurements.

Dose measurements based on any film dosimetry sy
have uncertainties inherent to the particular system use
using a uniform radiation field during the process of cali
tion, the overall combined absorbed dose measuremen
certainty is limited to three main factors:s1d the overall un
certainty of the dose measurement in the reference fields2d
the uncertainty due to the nonuniform thickness of the fi
sensitive layer; ands3d uncertainties associated with the d
sitometer used to measure optical densitysfor a classification
of uncertainties, see Ref. 26d of the irradiated film sample

Although the sensitivity of the MD-55 film model is re
tively high, its dose response range is limited to relativ
high doses in comparison to everyday clinical practice.
cently, two new radiochromic film models, HSshigh sensi
tivity d and EBT sexternal beam therapyd have been intro
duced. The EBT model has two sensitive layers, wherea
HS model has a single sensitive layer, and both models
designed for two-dimensional dose measurements in
energy photon beamssabove 1 MeVd.

Every film dosimetry system consists of three main c
ponents: the film model used, the scanning densitomete
the scanning protocol. In this study we establish a prot
that provides a high dose measurement precision while
a flat-bed document scanner in combination with two
GafChromi® film models, the HS and Prototype A EBT.

II. MATERIALS AND METHODS

A. Radiochromic films

The HS GafChromic® film modelsInternational Specialt
Products, Wayne, NJd has been developed as a more sens
and uniform alternative to the GafChromic® MD-55 film
was specifically designed for the measurement of abso
dose in high-energy photon and electron beamssabove
1 MeVd. According to the manufacturer, the HS model c
ers a dose range from 1 to 50 Gy. Film consists of a si
active layer sandwiched between two sheets of clear, t
parent polyesterfFig. 1sadg, each with thickness of approx
mately 97mm and density of 1.35 g/cm3. The HS active
layer has a thickness of 40mm and nominally consists of
s9%d, C s57%d, N s16%d, and Os18%d by weight as quote
by the manufacturer.

The EBT model high-sensitivity radiochromic film h
been tailored for absorbed dose measurements in
energy photon beams employed in intensity-modulated r
tion therapysIMRTd. As quoted by the manufacturer, the fi
is designed to be used in a dose range from 0.01 to 8
The structure of the new EBT filmsPrototype Ad model is
more complex than that of the HS model, and consists o
sensitive layers, each having thickness of 17mm and sepa
rated by a 6mm thick surface layerfFig. 1sbdg, all sand-
wiched between two 0.97mm clear polyester sheets. T

overall atomic composition of the EBT GafChromic film
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model is H s39.7%d, C s42.3%d, O s16.2%d, N s1.1%d, Li
s0.3%d, and Cls0.3%d as quoted by the manufacturer.

Figure 2 shows the absorption spectra for the two
radiochromic film models. In order to measure the absorp
spectra of the film samples, an HP 8452A Diode-Array S
trophotometer was used. The pieces of film were place
the standard sample compartment. A special plastic ad
was fabricated to ensure that the surface of the film
perpendicular to the direction of the light beam. The ac
sitions were taken after a 4-h warm-up time and each s
trum was measured with an exposure time of 1 s.

All radiochromic film models have similar absorpt
spectra with a maximum absorption band centere
678 nm, while the absorption spectrum of the new E
model exhibits a similar shape but is shifted toward sh
wavelengths. The maximum absorption band for the
model is centered at 633 nm, the wavelength that c
sponds to the emission of the He-Ne laser. However, se
polarization effects have been observed with this new ra
chromic film modelsN. Klassen and C. Ross, private co
municationd, and one has to be extremely careful when u
a He-Ne laser-based densitometer. It is apparent from F
that the EBT model is about ten times more sensitive
the HS model, if the optical density change is measured
a monochromatic light source centered at the correspo
absorption maxima, 633 nm for the EBT film model a
678 nm for the HS film model.

The film’s batch numbers used in this work w
L0445HS for the HS film and 34194-03 for the EBT fi
sPrototype Ad. At the time of this study, the EBT GafChr
mic® film model was still under clinical and technical eva
ation.

B. Phantom and irradiation procedures

Samples of film were placed at the isocenter of the a

FIG. 1. Diagram of the GafChromic® film structure/dimensions:sad HS
model andsbd EBT model-Prototype A.
erator, in a source-axis distancesSADd setup at a distance of
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100 cm. A 20320 cm2 field size at the isocenter was us
The films were covered with a 10 cm thick piece of s
water and a 15 cm thick piece of solid water was pla
below the films, to provide sufficient backscatter. At 10
downstream from this bottom piece, an additional ioniza
chamber was placed to monitor the linac output during
irradiation process and to determine the dose delivered t
film.

For both film models, we prepared five film packets. E
packet consisted of ten pieces of the HS GafChromic®
or ten pieces of the EBT film. The HS GafChromic® fil
were exposed to the following doses: 0, 1.0, 2.5, 4.9,
10.0, 20.4, 30.6, 40.7, and 50.1 Gy at McGill University. T
EBT films were exposed at Memorial Sloan-Kettering C
cer CentersMSKCCd to the following doses: 0, 0.1, 0.3, 0
0.7, 3.1, 5.1, 7.2, 11.3, and 15.4 Gy. The film samples
handled in accordance with recommendations outlined i
AAPM TG-55 report.1 The film pieces were only remov
from their light-protecting envelope during irradiation a
readout to reduce the effects of ambient light.27 For both film
models, four film packets have been used for the calibra
procedure. The fifths“test”d film packet for both film model
was used to test the validity of the radiochromic film dos
etry protocol described in this paper.

Film sampless2.531.5 cm2 in sized were irradiated with
a 6 MV photon beam from a Varian 21 EX accelera
sVarian, Palo Alto, CAd. The films were exposed perpendi
larly to the radiation beam in a 30330325 cm3 solid water
RMI-457 phantom. The region of interestsROId analyzed
was a 2 mm by 2 mm square in the middle of the upper
of the film piece, positioned 5 mm from the upper film ed
to avoid optical densitysODd measurement artifacts th
have been observed near film edges.27 The bottom half of th
film was used for labeling and handling.

C. Scanning procedure

In this study, we used an Agfa Arcus II desktop flat-
document scanner, whose technical characteristics ar
scribed elsewhere.1,14 Film pieces are scanned using the A
FotoLook 3.5 software, with the maximum OD range and
filters and image enhancement options turned off. Onc
scanner is turned on, it is important to perform a prev
operation in transmission mode and then allow the scann
warm-up for half an hour. This operation turns on the up
lamp used for transmission mode and allows its temper
to stabilize. By default the scanner only turns on the bo
sreflectived lamp, which causes the signal from the transm
sion measurements to gradually decrease in time, du
transmission light warm-up. Also, we kept the transpare
module raised so that the warming of the transmission
does not increase the temperature of the transparent
plate. The films were scanned in the 48-bit RGB m
s16 bits per colord and saved as tagged image file form
sTIFFd image files.

The first step in the protocol is to scan the unexpo
pieces of film five times. Multiple scans have been

formed in order to remove the scanner noise by subsequen
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averaging of the scanned images. Once the five images
unexposed film pieces have been acquired, blank scan
takensagain five timesd over the same scanning region as
previously acquired images with the film pieces. This all
one to correct for “defective” pixels, defined as pixels
differ in intensity from the blanksunattenuatedd signal,
which is equal to 216.

The film packets were then irradiated in accordance
the procedure described in Sec. II B. Once irradiated
films were left for a period of 48 h to self-develop, and t
they were scanned again five times with the same orient
as the un-irradiated scans. This allowed film-to-film
registration, and avoidance of image rotation, which ca
troduce unnecessary averaging of adjacent pixels. In ge
scanned images with irradiated films will have a scan
region different from that of the un-irradiated film piec
Therefore, for the removal of the defective pixels in irra
ated film images, five blank scans are made again o
irradiated film scanning region.

Five successive scans were chosen for the scanning
tocol because preliminary studies showed that averagi
more than five scans does not significantly improve si
measurement reproducibility. In fact, a preliminary st
showed that due to the summing in quadrature of a con
random noise, averaging more than five images results
slight increase of the relative uncertainty signal over a g
region of interest. After averaging over five scans, the
tive standard deviation over a given ROI reaches a minim
of 0.16% and then increases to 0.2% if ten successive
are averaged.

All images were scanned with an image resolution
0.113 mm/pixel. Accordingly, 232 mm2 ROIs in which the
net optical densitiessnetODd were determined consisted
18 by 18 pixels.

D. Image processing

The scanning procedure thus results in four sets of
ages: unexposed films, irradiated films, and two sets of b
sno filmd scans obtained after each of them. Once four se
five images were obtained, the images were imported in
in-house image manipulation routine written with MatL
6.5.0 sMath Works, Natick, MAd that extracts the red com
ponent of the RGB scanned image and subsequently
mines thenetODof the irradiated film pieces.

The first step in the processing of the images was
identification of defective pixels. Since two glass plates
in the optical pathwaysin addition to the examined filmd the
system can exhibit many imperfections. These can be re
nized as deviation from the theoretical value of 216 for cer-
tain points within the scanning region of the empty
caused by specks or dust on the light pathway from the
to the CCD detector. This identification was performed o
the resulting images obtained by averaging five succe
scans of the empty bed, for both un-irradiated and irrad
film images. We found that the percentage of faulty pi

−3
twas smaller than 0.4%s3.68310 d.
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Once the faulty pixels had been identified, the film ima
were first averaged, a 2D zero-phase Wiener filter was
plied to the averaged images, and the points recogniz
defective were discarded. Averaging of multiple succes
scans was done with the intention of removing the n
caused by the scanner, whereas the application of the
tive Wiener filtersin 737 pixel regionsd28 was meant to de
crease the image noise caused by the imperfections i
film sample. The 2D Wiener filter, which uses a local e
mate of the noise power spectrum, was applied since it
serves systematic variations in the film’s optical density.
transmission scanner readingssIunexp or Iexpd as well as th
standard deviationsssIunexp

or sIexp
d were determined for ev

ery film piece as a mean pixel value over the ROI.
The zero-light transmitted intensity valuesIbckgd, which

characterizes the background signal of the scanner, as w
its corresponding standard deviationssbckgd, were deter
mined over the same ROI with an opaque piece of fi
Opaque pieces of film were simulated by using stack
three 1.532 cm2 pieces of XV-2 radiographic film whic
had been removed from their protecting envelope, left
light box for half an hour, and then subsequently develo
To simulate the actual scanning conditions, ten opaque
d
ch

r
ed

mean:
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sets were placed in a single row, along the CCD collima
direction. Finally, values forIbckg andsbckg were determine
as weighted averages over the ten simulated opaque
pieces.

E. Dose response relation

In this section we present calculation of thenetODbased
on our previous work14 for the case where multiple fil
packets have been used for the calibration procedure.

For densitometers that do not readOD directly, the
netODisDjd and thesnetOD

i sDjd for a doseDj can be calcu
lated as follows:

netODisDjd = ODexp
i sDjd − ODunexp

i sDjd

= log10
Iunexp
i sDjd − Ibckg

Iexp
i sDjd − Ibckg

, s1d

whereIunexp
i sDjd and Iexp

i sDjd are the readings for unexpos
and exposed film piece for theith film packet, respectivel
while Ibckg is the zero-light transmitted intensity value, a
using an error propagation expression that ignores
correlations,26

FIG. 2. The net optical absorption spectra meas
with an HP 8452A Diode-Array Spectrophotometer
the two GafChromic® film models, exposed to differ
doses of 6 MV photon beams: the EBT film mo
sPrototype Ad was irradiated to 1 Gy, whereas the
film model was irradiated to a dose of 10 Gy.
snetOD
i sDjd =

1

ln 10
ÎssIunexp

i sDjdd2 + ssbckgd2

sIunexp
i sDjd − Ibckgd2 +

ssIexp

i sDjdd2 + ssbckgd2

sIexp
i sDjd − Ibckgd2 . s2d
All quantities in Eqs. s1d and s2d are calculate
over the same ROI for every film piece in ea
film packet. The final netOD for a particula
dose point sDjd was determined as a weight
netODsDjd =
oi=1

N
snetODisDjd/ssnetOD

i sDjdd2d

oi=1

N
s1/ssnetOD

i sDjdd2d
, s3d
where the corresponding uncertainties were calculated as
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ssnetODsDjdd2 =
1

oi=1

N
s1/ssnetOD

i sDjdd2d
, s4d

and the summation is over theN calibration packets of film
samples. Delivered dosesDd versus measurednetOD was
fitted using the analytical form

Dfit = b ·netOD+ c ·netODn s5d

following the approach outlined in our previous work.14

F. Dose uncertainty analysis

In a previous paper14 an uncertainty analysis for radi
chromic film dose measurements was presented that
rates an experimental contribution from the uncertainty
tribution due to the calibration curve fit. In this section,
summarize the results of this dose uncertainty analysis.
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dientssas in the case of IMRT fieldsd are commonly present.
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The relative experimental uncertainty of the meas
dose for the established functional form given by Eq.s5d is
given by

sDexp
s%d =

Îsb + n ·c ·netODn−1d2 · snetOD
2

Dfit
3 100, s6d

with snetOD calculated using Eq.s4d, whereas the relative
uncertainty is expressed as

sDfit
s%d =

ÎnetOD2 · sb
2 + netOD2·n · sc

2

Dfit
3 100, s7d

wheresb andsc represent the fitting parameter uncertain
Finally, the total relative uncertainty for the dose m

sured using the above described formalism for the funct
form given by Eq.s5d is calculated as
sDtot
s%d =

ÎnetOD2 · sb
2 + netOD2·n · sc

2 + sb + n ·c ·netODn−1d2 · snetOD
2

Dfit
3 100. s8d
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III. RESULTS

A. Dose response curves

The calibration curves for the two film models under
vestigation are shown in Fig. 3. The points correspond to
measured values ofnetODchange with dose for each type
film determined using Eq.s3d. In the same graph, the cor
sponding error bars of one standard deviation around
mean, calculated using Eq.s4d, are drawn, but are not visib
because they are smaller than the symbols in the figur
curves shown in Fig. 3 are given by Eq.s5d. For both type
of film, the fit procedures returned the best results for a
ting parametern=2.5. The parametersb andc stogether with
their corresponding uncertaintiesd are also included in th
graph.

Figure 3 indicates that at thenetOD level of 1 the sens
tivity of the EBT film model is three times higher than t
for the HS film model, both determined with the AGFA sc
ner. This value is significantly lower than stated in Sec.
as thenetODis not measured at the maximum of the abs
tion peaksFig. 2d, but instead represents an average ove
red part of the light source emission spectrum. When u
the broadband emission light source, even if only the
component is extracted, a different sensitivity is obta
when compared to the monochromatic absorption mea
ments.

B. Dose uncertainty estimates

Establishing uncertainties in measured doses is pa
larly important in clinical applications where high dose g
e

it

-

-

In addition, in most experimental measurement applicat
once the system has been calibrated, only a single mea
ment with a single film piece will be taken. Typically,
order to estimate the uncertainties on these types of mea
ments only single data values will be available to relate
netOD measurements to the unknown doses. Therefore
remaining test film packet from each batch, which was
used for the calibration fit procedure, was used to esti
uncertainties on unknown doses measured using the
described protocol. From now on, we will consider that
film pieces in the remaining test film packets were exp
to “unknown” doses.

Using the expression given by Eq.s5d we have calculate
the “unknown” doses for each piece of film in both of
test film packets. Also, by using Eq.s9d we calculated th
total uncertainties for each film piece in both test film pa
ets. Figure 4 summarizes components of the dose uncer
for the AGFA Arcus II system with the film models und
investigation. It shows that the fit uncertainty, calculated
ing Eq.s8d, is approximately constant while the experime
uncertainty, calculated using Eq.s7d, drops with increasin
dose. From the insets in Fig. 4, the conclusion can be d
that application of the protocol described in this work
result in a measurement dose uncertainty of 2% using
AGFA Arcus II flat-bed scanner for doses above 0.4 Gy
the EBT film and for doses above 5 Gy with the
GafChromic® film.

In order to assess the influence of different steps o
proposed dosimetry protocol, a step-by-step analysis fo
EBT film model has been performed. The results of

analysis are summarized in Fig. 5.



s of
the
per-
t, an
in
ove

on,
ver
s,
ses
l un
er-

ere
r
rst
fec-
pro-
, les

se
ses

in

osed

iza-
fit
cer-
s

ver,
the

case
r fit

®
cer-
lm

the
odel
on-
ne-
for

EBT
h

FA

r two
ve

2250 Devic et al. : Radiochromic film dosimetry with flat-bed document scanner 2250
The upper-left portion of Fig. 5 represents the result
the uncertainty analysis using only one film packet for
calibration. In this approach only a single scan was
formed without any additional image analysis. As a resul
overall uncertainty,5% was observed with the EBT film
combination with the Agfa Arcus II scanner for doses ab
2 Gy.

However, if a single film packet is used for calibrati
but with the film images scanned five times and then a
agedsFig. 5, upper rightd, the overall uncertainty improve
providing a level of uncertainty of less than 3% for do
above 2 Gy. As expected for this case, the experimenta
certainty, given by Eq.s7d, decreases, while the fit unc
tainty, given by Eq.s8d, remains the same.

In the next step, four different calibration packets w
introducedsFig. 5, bottom leftd. This resulted in a furthe
reduction of the fit uncertainty, from 4% to 3% for the fi
dose point at 0.1 Gy. Finally, the introduction of the de
tive pixel correction and a 2D, zero-phase Wiener filter
vided the best uncertainty estimates in this analysis, i.e.
than 2% for doses above 0.4 Gy.

For the HS GafChromic® film, an improvement of do
uncertainty from 3% for doses above 10 Gy to 2% for do
above 5 Gy was achieved.

C. Justification of the uncertainty analysis

In order to justify the uncertainty analysis, described

FIG. 3. Calibration curves for two GafChromic® film models and AG
Arcus II flat-bad document scanner: above—EBTsPrototype Ad,
below—HS.
Sec. II F with Eq.s9d, a regression analysis of the functional

Medical Physics, Vol. 32, No. 7, July 2005
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dependence of the dose determined for film pieces exp
to “unknown” doses using Eq.s5d scalculated dosed and the
dose to the film as determined with the downstream ion
tion chambersdelivered dosed was performed. The linear
was carried out by using the inverse square of total un
tainties, calculated with Eq.s9d for each dose point, a
weighting factors for a particular test film packet. Moreo
points that correspond to doses smaller than 0.4 Gy in
case of the EBT film and doses smaller than 5 Gy in the
of the HS film model have been discarded from the linea
procedure because of low signal levels. The slope,a, of the
fitted line differs from unity for the HS model GafChromic
film by less than 1% and is within the one-sigma fit un
tainty, i.e., a=0.994±0.010, whereas for the EBT fi
model, the regression analysis givesa=0.996±0.009.

In Figs. 6sad and 6sbd, we present the error between
delivered dose and the calculated dose for the HS film m
and the EBT film model, respectively. The two figures c
firm the results of our uncertainty analysis that 2% o
sigma uncertainty for the HS film model can be achieved
doses above 5 Gy, and for doses above 0.4 Gy for the
sPrototype Ad GafChromic® film model. This type of grap

FIG. 4. Uncertainty estimates for a single test film set measurement fo
film types: above—EBTsPrototype Ad, below—HS. Squares—total relati
dose uncertaintyfEq. s8dg, circles—fit relative dose uncertaintyfEq. s7dg,
and triangles—experimental relative dose uncertaintyfEq. s6dg.
can be used as a verification tool for future application of
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once established calibration curve. The properties of ra
chromic films may change with changes of environme
conditions, length of the post-irradiation waiting period,
batch number. Plotting the graph described in Fig. 6 ca
used as a verification that, for a deemed uncertainty lim
the protocol and the corresponding calibration curve are
valid.

D. Protocol summary

The radiochromic film dosimetry protocol described
this paper can be summarized in two stepssFig. 7d. The first
stepsthe calibration stepd involves determination of the fun
tional form given by Eq.s5d for a given radiochromic film
model and particular flat-bed document scanner. The se
step corresponds to the measurement of an unknown 2D
distribution, as well as uncertainty estimates of the dose
termined using this protocol.

To calibrate the radiochromic film dosimetry system
following actions are recommended:

sid Multiple film packets, containing film pieces
,1.5 cm by,2.5 cm in size, are prepared with t
number of pieces in each packet covering a d

FIG. 5. Influence of different image analysis and uncertainty analysis p
experimentald for EBT sPrototype Ad GafChromic® film model.
range intended for future applications; one film packet

Medical Physics, Vol. 32, No. 7, July 2005
-

,
l

d
e
-

s“test” packetd should be reserved for the calibrat
verification through a plot such as on Fig. 6.

sii d Unexposed pieces of film are scanned multipleswe
recommend fived times in a transmission mode usi
preferably a 48-bit RGB color contone scanning m
with all the image enhancement filters turned off;
blank scans of the scanner bed are performed ove
same scanning region, as for the unexposed
pieces, for defective pixel identification.

siii d The film pieces are exposed to a series of kn
doses; the use of a monitor chamber, positioned
below the plane in which the films are positioned
recommended to verify the dose delivered to the fi

sivd A time delay is introduced to allow the radiochrom
film to self-develop, at least 6 h for EBT film a
24 hours for the HS film model.

svd After the film self-development waiting period, t
film pieces are placed onto the scanner bed and
tiple sfived images are acquired with the same sc
ning parameters as in itemsii d above; then anoth
five blank scans of the scanner bed are perfor
over the same scanning region, as that of the exp

dures on the overall dose uncertainty, as well as on two of its componsfit and
roce
film pieces, for defective pixel identification. At this
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point, measurement of the zero-light transmission
tensity valuesIbckgd, measured with an opaque pie
of film, is recommended.

svid Blank images at the unexposed and exposed film
sitions are averaged and the faulty pixels are ide
fied; within the average unexposed and exposed
images, the “bad” pixels are discarded or replace
the average values of the neighboring pixels; a
Wiener filter is then applied to both resultant imag
and the transmission scanner readingssIunexp or Iexpd
as well as the standard deviationsssIunexp

or sIexp
d are

determined for every film piece as a mean pixel va
over the desired ROI.

svii d For every film packet, thenetODi fEq. s1dg and the
correspondingsnetOD

i fEq. s2dg are calculated an
netOD and snetOD are determined using Eqs.s3d and
s4d. In such a way, calculatednetODvalues are plot
ted as a function of delivered dose and then fitted
the functional form given by Eq.s5d in order to deter
mine the powern as well as the fit parametersb andc
and their corresponding fitting uncertainties.

sviii d Dose uncertainty assessment, based on Fig. 4, as
as verification of the calibration curve and dose
certainty analysis, based on Fig. 6, should be
formed by using the “test” film packet.

The following actions are recommended during the
known dose measurement process:

sid The unexposed piece of film is scanned multiplesfived
times in the transmission mode using the same s
ning parameters as in the case of the calibration

FIG. 6. Justification of the uncertainty estimation analysis: relative pe
error in dose calculated using Eq.s5d with respect to dose delivered to t
particular test film packet as a function of delivered dose for EBTsaboved
and HSsbelowd GafChromic film model.
cedure; five blank scans of the scanner bed are per

Medical Physics, Vol. 32, No. 7, July 2005
-

ll

-
-

formed over the same scanning region, as with
unexposed film piece, for the sake of faulty pi
identification.

sii d The film piece is exposed to an unknown dose.
siii d The same waiting time as in the case of the calibra

process is used for the radiochromic film to s
develop. Subsequently, the film piece is placed on
scanner bed and multiplesfived images are acquire
with the same scanning parameters as in poinsid
above; after removal of the exposed film pieces
other five blank scans of the scanner bed are
formed over the same scanning region, as that o
exposed film piece, for defective pixel identificatio

sivd Within averaged unexposed and exposed images
pixels are discarded or replaced by the average v
of the neighboring pixels; the 2D Wiener filter is a
plied to both unexposed and exposed film resu
images.

svd Resulting unexposed and exposed images are
registered and resized to the pixel size being equ
the ROI size used during the calibration proced
resulting in four new images:Iunexpsi , jd, sunexpsi , jd,

FIG. 7. Summary of the radiochromic film dosimetry protocol.
- Iexpsi , jd, and sexpsi , jd. The netODsi , jd given in Eq.
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s1d and the correspondingsnetODsi , jd given in Eq.s2d
are calculated for every pixelsi , jd within the resulting
image. Using Eq.s5d, the calculatednetODvalues are
converted to an 2D dose image of unknown do
while the corresponding total relative uncertain
can be calculated using Eq.s8d resulting in 2D dos
uncertainty image.

IV. CONCLUSIONS

In this study a radiochromic dosimetry protocol is es
lished for use with radiochromic film exposed to 6 MV p
ton beams and read with a flat-bed document scanner.
sources of uncertainty, which are characteristic of the ra
chromic film dosimetry process, are considered. These
the experimental uncertainty, and the function fitting par
eters uncertainty, both determined during the calibration
cess. Each step in the protocol has been quantitativel
sessed in order to determine their influence on the ov
dose measurement uncertainty.

In the case of the EBT film, the protocol described in
work can provide a 2% dose measurement uncertainty f
uniform field with the AGFA Arcus II flat-bed scanner f
doses above around 0.4 Gy, and in the case of the HS m
GafChromic® film the protocol with this scanner can p
vide a 2% dose measurement uncertainty for doses a
5 Gy.
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