Precise radiochromic film dosimetry using a flat-bed document scanner
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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 |l 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
(Prototype A, and for doses above 5 Gy in the case of the HS model GafChromic® film using a
region of interest X 2 mn? in size. © 2005 American Association of Physicists in Medicine
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I. INTRODUCTION high quality photographic scanning with an option to operate

o . . . in transmission mode usually employ a fluorescent light
Their high spatial resolution, minor energy dependence, and y pioy 9

: ! . o 12 source with a broadband emission spectrum and a linear
near tissue-equivalence make radiochromic fil(RCPH™ .
. S , charge coupled devicgCCD) array detector. These scanners
appropriate for dose distribution measurements in megavolt- L C .
T o : . -allow the acquisition of transmission scans in up to a 48
age radiation fields with high dose gradients. Radiochromic

media were initially developed for dose measurements ir'éb_It re;jh-gresn—bll:_e(RGB) {node,f?hg., 1(;5. br;]s per fglolor.
industrial radiation processirtg® Having only a 6um thick Ince the absorplion spectrum ot e radiochromic fim ex-

sensitive layer, these relatively insensitive films were suit!PItS & maximum in the red region of the visible spectrum,
able for dose measurements between 50 and 2500n@glel &S Previously determined by Steveesal, " extraction of
HD-810 or DM-1260, Nuclear AssociafesIn this paper, the red channg_l f_rom the RGB |mage can. |mprove .docum.ent
certain commercially available products are referred to by>c@nner sensitivity when used in combination with radio-
name. These references are for informational purposes onf'fomic films. The idea of using the red channel of the RGB
and do not imply that these are the best or only product§r@nsmission image for rad|ochrom|cf|lr£1 <17023,2|metry has been
available for the purpose, and do not imply endorsement byubsequently employed by many authtrs’™
the National Institute of Standards and Technolpgymore Amongst the various scanning densitometers used for the
sensitive model, the MD-55-INuclear Associateg® was ~ radiochromic film dosimetry tasks, many of these utilize la-
developed that had a 1Gm thick sensitive layer and cov- Sers as a light source, providing coherent and polarized light.
ered a dose range from 10 to 100 Gy. Subsequently, a motdowever, these two properties of laser light can lead to se-
sensitive model, the MD-55-2, was introduced that was comtious problems when using laser-based optical densitometers
posed of two MD-55-1 layergseparated by a central inert for radiochromic film dosimetry. Dempsey al*® have dem-
binding Iaye;f.g‘lZCurrentIy, the MD-55-2 model is available onstrated that laser light coherence can create interference
commercially under the name MD-55 GafChromic® film patterns, and made recommendations on methods for their
and it covers a dose range from 1 to 250 Gy. removal. In addition, radiochromic films have been shown to
Several types of instrumentsingle-point densitometers, have a relatively small variation in optical density when the
and one- or two-dimensional position-sensitive light detectotight source is linearly polarized and the film is rotaféd’
densitometeds are used for two-dimensional film However, if the light source and the detector are both linearly
densitometry®*® Although not specifically designed for ra- polarized, variations in the measured optical density can
diochromic film dosimetry, document scanners have previamount to 15% for the HS model GafChromic® fifhwhen
ously been used for measurements in various film dosimetrthe film is rotated through 360°. Corrections can be made for
applications®*’ Flat-bed document scanners designed forthese two effects, but the flat-bed document scanners that
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employ a noncoherent broadbarfdrhite) light emission HSmodel
spectrum do not require these corrections, and are thus inher-
ently simpler and more reliable for precise optical density
measurements.
Dose measurements based on any film dosimetry system @)
have uncertainties inherent to the particular system used. By
using a uniform radiation field during the process of calibra- CLEAR POLYESTER 97 ym
tion, the overall combined absorbed dose measurement un-
certainty is limited to three main factorgt) the overall un-
certainty of the dose measurement in the reference fig)d,;
the uncertainty due to the nonuniform thickness of the film’'s
sensitive layer; an@B) uncertainties associated with the den-
sitometer used to measure optical den€ity a classification
of uncertainties, see Ref. P6f the irradiated film sample. (b)
Although the sensitivity of the MD-55 film model is rela- [ \
tively high, its dose response range is limited to relatively
high doses in comparison to everyday clinical practice. Re- CLEAR POLYESTER 97 ym
cently, two new radiochromic film models, H&igh sensi-
tivity) and EBT (external beam therapyhave been intro-
duced. The EBT model has two sensitive layers, whereas thac. 1. Diagram of the GafChromic® film structure/dimensioita: HS
HS model has a single sensitive layer, and both models wer8°de! andb) EBT model-Prototype A.
designed for two-dimensional dose measurements in high-
energy photon beani{above 1 MeV. model is H(39.7%, C (42.39%9, O (16.2%9, N (1.1%), Li
Every film dosimetry system consists of three main com-(0.3%9, and CI(0.3% as quoted by the manufacturer.
ponents: the film model used, the scanning densitometer, and Figure 2 shows the absorption spectra for the two new
the Scanning protoco|_ In this Study we establish a protoco[adiOChromiC film models. In order to measure the absorption
that provides a high dose measurement precision while usingpectra of the film samples, an HP 8452A Diode-Array Spec-
a flat-bed document scanner in combination with two newtrophotometer was used. The pieces of film were placed in

GafChromi® film models, the HS and Prototype A EBT.  the standard sample compartment. A special plastic adapter
was fabricated to ensure that the surface of the film was

perpendicular to the direction of the light beam. The acqui-

Il. MATERIALS AND METHODS sitions were taken after a 4-h warm-up time and each spec-
trum was measured with an exposure time of 1 s.

All radiochromic film models have similar absorption

The HS GafChromic® film modelnternational Specialty SPectra with a maximum absorption band centered at
Products, Wayne, Nhas been developed as a more sensitivéd78 nm, while the absorption spectrum of the new EBT
and uniform alternative to the GafChromic® MD-55 film. It model exhibits a similar shape but is shifted toward shorter
was specifically designed for the measurement of absorbegiavelengths. The maximum absorption band for the EBT
dose in high-energy photon and electron beafabove Model is centered at 633 nm, the wavelength that corre-
1 MeV). According to the manufacturer, the HS model cov-Sponds to the emission of the He-Ne laser. However, serious
ers a dose range from 1 to 50 Gy. Film consists of a singl@olarization effects have been observed with this new radio-
active layer sandwiched between two sheets of clear, tranghromic film model(N. Klassen and C. Ross, private com-
parent polyestefFig. 1(a)], each with thickness of approxi- munication, and one has to be extremely careful when using
mately 97um and density of 1.35 g/cinThe HS active a He-Ne laser-based densitometer. It is apparent from Fig. 2
layer has a thickness of 40m and nominally consists of H that the EBT model is about ten times more sensitive than
(9%), C (57%), N (16%), and O(18%) by weight as quoted the HS model, if the optical density change is measured with
by the manufacturer. a monochromatic light source centered at the corresponding

The EBT model high-sensitivity radiochromic film has absorption maxima, 633 nm for the EBT film model and
been tailored for absorbed dose measurements in higtf78 nm for the HS film model.
energy photon beams employed in intensity-modulated radia- The film’s batch numbers used in this work were
tion therapy(IMRT). As quoted by the manufacturer, the film LO445HS for the HS film and 34194-03 for the EBT film
is designed to be used in a dose range from 0.01 to 8 GyPrototype A. At the time of this study, the EBT GafChro-
The structure of the new EBT filniPrototype A model is ~ Mic® film model was still under clinical and technical evalu-
more complex than that of the HS model, and consists of tw@tion.
sensitive layers, each having thickness of i and sepa-
rated by a 6um thick surface layefFig. 1(b)], all sand-
wiched between two 0.9«m clear polyester sheets. The  Samples of film were placed at the isocenter of the accel-
overall atomic composition of the EBT GafChromic film erator, in a source-axis distan(®AD) setup at a distance of

CLEAR POLYESTER 97 ym

EBT model (Prototype A)

CLEAR POLYESTER 97 ym

A. Radiochromic films

B. Phantom and irradiation procedures
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100 cm. A 20x 20 cnt field size at the isocenter was used. averaging of the scanned images. Once the five images of the
The films were covered with a 10 cm thick piece of solid unexposed film pieces have been acquired, blank scans are
water and a 15 cm thick piece of solid water was placedaken(again five timesover the same scanning region as the
below the films, to provide sufficient backscatter. At 10 cmpreviously acquired images with the film pieces. This allows
downstream from this bottom piece, an additional ionizationone to correct for “defective” pixels, defined as pixels that
chamber was placed to monitor the linac output during thediffer in intensity from the blank(unattenuated signal,
irradiation process and to determine the dose delivered to thehich is equal to .
film. The film packets were then irradiated in accordance with
For both film models, we prepared five film packets. Eachthe procedure described in Sec. Il B. Once irradiated, the
packet consisted of ten pieces of the HS GafChromic® filmfilms were left for a period of 48 h to self-develop, and then
or ten pieces of the EBT film. The HS GafChromic® films they were scanned again five times with the same orientation
were exposed to the following doses: 0, 1.0, 2.5, 4.9, 7.7as the un-irradiated scans. This allowed film-to-film co-
10.0, 20.4, 30.6, 40.7, and 50.1 Gy at McGill University. Theregistration, and avoidance of image rotation, which can in-
EBT films were exposed at Memorial Sloan-Kettering Can-troduce unnecessary averaging of adjacent pixels. In general,
cer CentefMSKCC) to the following doses: 0, 0.1, 0.3, 0.5, scanned images with irradiated films will have a scanning
0.7,3.1,5.1, 7.2, 11.3, and 15.4 Gy. The film samples wereegion different from that of the un-irradiated film pieces.
handled in accordance with recommendations outlined in th&herefore, for the removal of the defective pixels in irradi-
AAPM TG-55 report! The film pieces were only removed ated film images, five blank scans are made again of the
from their light-protecting envelope during irradiation and irradiated film scanning region.
readout to reduce the effects of ambient lighEor both film Five successive scans were chosen for the scanning pro-
models, four film packets have been used for the calibratiomocol because preliminary studies showed that averaging of
procedure. The fiftl“test”) film packet for both film models more than five scans does not significantly improve signal
was used to test the validity of the radiochromic film dosim-measurement reproducibility. In fact, a preliminary study
etry protocol described in this paper. showed that due to the summing in quadrature of a constant
Film samples(2.5x 1.5 cnt in size) were irradiated with  random noise, averaging more than five images results in a
a 6 MV photon beam from a Varian 21 EX acceleratorslight increase of the relative uncertainty signal over a given
(Varian, Palo Alto, CA. The films were exposed perpendicu- region of interest. After averaging over five scans, the rela-
larly to the radiation beam in a 3030% 25 cn solid water  tive standard deviation over a given ROI reaches a minimum
RMI-457 phantom. The region of intere@ROI) analyzed of 0.16% and then increases to 0.2% if ten successive scans
was a 2 mm by 2 mm square in the middle of the upper halare averaged.
of the film piece, positioned 5 mm from the upper film edge, All images were scanned with an image resolution of
to avoid optical densityOD) measurement artifacts that 0.113 mm/pixel. Accordingly, X 2 mn? ROIs in which the
have been observed near film ed@%fhe bottom half of the net optical densitiegnetOD were determined consisted of
film was used for labeling and handling. 18 by 18 pixels.

C. Scanning procedure

. D. | i
In this study, we used an Agfa Arcus Il desktop flat-bed mage processing

document scanner, whose technical characteristics are de- The scanning procedure thus results in four sets of im-
scribed elsewhert Film pieces are scanned using the Agfa ages: unexposed films, irradiated films, and two sets of blank
FotoLook 3.5 software, with the maximum OD range and all(no film) scans obtained after each of them. Once four sets of
filters and image enhancement options turned off. Once thBive images were obtained, the images were imported into an
scanner is turned on, it is important to perform a previewin-house image manipulation routine written with MatLab
operation in transmission mode and then allow the scanner #.5.0 (Math Works, Natick, MA that extracts the red com-
warm-up for half an hour. This operation turns on the uppemponent of the RGB scanned image and subsequently deter-
lamp used for transmission mode and allows its temperaturmines thenetOD of the irradiated film pieces.
to stabilize. By default the scanner only turns on the bottom The first step in the processing of the images was the
(reflective lamp, which causes the signal from the transmis-identification of defective pixels. Since two glass plates are
sion measurements to gradually decrease in time, due ia the optical pathwayin addition to the examined filjrthe
transmission light warm-up. Also, we kept the transparencysystem can exhibit many imperfections. These can be recog-
module raised so that the warming of the transmission lampized as deviation from the theoretical value éf fr cer-
does not increase the temperature of the transparent glatsn points within the scanning region of the empty bed
plate. The films were scanned in the 48-bit RGB modecaused by specks or dust on the light pathway from the lamp
(16 bits per color and saved as tagged image file formatto the CCD detector. This identification was performed over
(TIFF) image files. the resulting images obtained by averaging five successive
The first step in the protocol is to scan the unexposedcans of the empty bed, for both un-irradiated and irradiated
pieces of film five times. Multiple scans have been per-film images. We found that the percentage of faulty pixels
formed in order to remove the scanner noise by subsequemtas smaller than 0.4%3.68x 10°9).
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Fic. 2. The net optical absorption spectra measured
with an HP 8452A Diode-Array Spectrophotometer for
the two GafChromic® film models, exposed to different
doses of 6 MV photon beams: the EBT film model
(Prototype A was irradiated to 1 Gy, whereas the HS
film model was irradiated to a dose of 10 Gy.
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Once the faulty pixels had been identified, the film imagessets were placed in a single row, along the CCD collimation
were first averaged, a 2D zero-phase Wiener filter was apdirection. Finally, values foly,q, and oy, Were determined
plied to the averaged images, and the points recognized as weighted averages over the ten simulated opaque film
defective were discarded. Averaging of multiple successiveieces.
scans was done with the intention of removing the noise
caused by the scanner, whereas the application of the adaE- )
tive Wiener filter(in 7 7 pixel region$® was meant to de- E- DOSe response relation
crease the image noise caused by the imperfections in the |n this section we present calculation of thetODbased
film Sample. The 2D Wiener ﬁlter, which uses a local eSti'On our previous Wor}(4 for the case where mu|t|p|e film
mate of the noise power spectrum, was applied since it preyackets have been used for the calibration procedure.
serves systematic variations in the film’s optical density. The For densitometers that do not red@D directly, the

transmission scanner readinggnexp Or lexp) s well as the  netoD(D)) and theo! D)) for a doseD; can be calcu-
standard dewatloner,unexpor ‘T'ex;) were determined for ev- |ated as follows:
ery film piece as a mean pixel value over the ROI. . i i
The zero-light transmitted intensity valu#,y, which netOD(D)) = ODeyfDj) ~ OD{nexf D))
characterizes the background signal of the scanner, as well as |iunex EDJ) ~hekg
its corresponding standard deviatidor,y, were deter- =10010 I (D) —| ,
mined over the same ROI with an opaque piece of film. ' _ exd D)) ~ Thekg
Opague pieces of film were simulated by using stacks ofvherel..,(D;) andl,(D;) are the readings for unexposed
three 1.5<2 cn? pieces of XV-2 radiographic film which and exposed film piece for theh film packet, respectively,
had been removed from their protecting envelope, left on avhile 1,4 is the zero-light transmitted intensity value, and
light box for half an hour, and then subsequently developedusing an error propagation expression that ignores cross
To simulate the actual scanning conditions, ten opaque filngorrelations®

(1)

1 (o} (D))? + (Opexg” .\ (Uiexp(Dj))z + (Tpekg

| _ unexp
UnetOID(D]) In 10 (Ilunex;ﬂ:)j)_lbckg)2 (Ilaxp(Dj)_lbckaz . @
|

All quantities in Egs. (1) and (2_) arg calgulated Ei’il(netOD(Dj)/(UlnetOD(Dj))Z)
over the same ROl for every film piece in each netOD(D;) = N ' (3
flm packet. The final netOD for a particular 2, (U(oheod D)D)
dose point (D;) was determined as a weighted
mean: where the corresponding uncertainties were calculated as
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5 1 The relative experimental uncertainty of the measured
(0netod D))"= SR i N (4) dose for the established functional form given by Eg).is
Eizl (1/(UnetOE{Dj)) ) given by
and the summation is over tli¢ calibration packets of film / e 12 2
samples. Delivered dos@) versus measuredetOD was op (%)= V(b+n-c-netoD™) Tnetod . 100, (6)
fitted using the analytical form e Drit
Dsit = b - netOD+ ¢ - netOD’ (50  with o,e0p calculated using Eq4), whereas the relative fit

following the approach outlined in our previous wdfk. uncertainty is expressed as

VnetOD? - o2 + netO?" - o2
Drit

F. Dose uncertainty analysis UDf't(%) = X 100, (7)

In a previous papé‘l1 an uncertainty analysis for radio-
chromic film dose measurements was presented that sepaherea;, ando, represent the fitting parameter uncertainties.
rates an experimental contribution from the uncertainty con- Finally, the total relative uncertainty for the dose mea-
tribution due to the calibration curve fit. In this section, we sured using the above described formalism for the functional
summarize the results of this dose uncertainty analysis.  form given by Eq.(5) is calculated as

Jnetor® - ot +netOD"- g2+ (b+n-c-netOD)? - o2, op
Dyt

o, (%) = X 100. (8)

Ill. RESULTS In addition, in most experimental measurement applications,
once the system has been calibrated, only a single measure-
ment with a single film piece will be taken. Typically, in
The calibration curves for the two film models under in- order to estimate the uncertainties on these types of measure-
vestigation are shown in Fig. 3. The points correspond to thenents only single data values will be available to relate the
measured values oletODchange with dose for each type of netOD measurements to the unknown doses. Therefore, the
film determined using Eq3). In the same graph, the corre- remaining test film packet from each batch, which was not
sponding error bars of one standard deviation around thgsed for the calibration fit procedure, was used to estimate
mean, calculated using E), are drawn, but are not visible yncertainties on unknown doses measured using the above
because they are smaller than the symbols in the figure. Fifescribed protocol. From now on, we will consider that the

curves shown in Fig. 3 are given by E®). For both types  fjim pieces in the remaining test film packets were exposed
of film, the fit procedures returned the best results for a fityg “,nknown” doses.

ting parameten:2.5. The parametetsandc_(togetherl with Using the expression given by E@) we have calculated
their corresponding uncertaintjeare also included in the 1o “unknown” doses for each piece of film in both of the

graph. o . test film packets. Also, by using E¢Q) we calculated the

_ Figure 3 indicates that at theetODlevel of 1 the sensi- 4 yncertainties for each film piece in both test film pack-
tivity of the EBT film model is three times higher than that o5 Figure 4 summarizes components of the dose uncertainty
for the HS film model, both determined with the AGFA SCaN- ¢ the AGFA Arcus I system with the film models under
ner. This Vall.Je is significantly lower than stated in Sec. Il Ainvestigation. It shows that the fit uncertainty, calculated us-
as thenetODis not measured at the maximum of the absorp-

. . . ing Eq.(8), is approximately constant while the experimental
tion peak(Fig. 2), but instead represents an average over th%ncertainty calculated using EG7), drops with increasing
red part of the light source emission spectrum. When usin ' '

T i : ose. From the insets in Fig. 4, the conclusion can be drawn
the broadband emission light source, even if only the re - . L
: ) L . That application of the protocol described in this work can
component is extracted, a different sensitivity is obtaine

when compared to the monochromatic absorption measurr?SUIt In @ measurement dose uncertainty of 2% using the
ments P P AGFA Arcus Il flat-bed scanner for doses above 0.4 Gy for

the EBT film and for doses above 5 Gy with the HS
GafChromic® film.
In order to assess the influence of different steps of the
Establishing uncertainties in measured doses is particysroposed dosimetry protocol, a step-by-step analysis for the
larly important in clinical applications where high dose gra-EBT film model has been performed. The results of this
dients(as in the case of IMRT fieldsare commonly present. analysis are summarized in Fig. 5.

A. Dose response curves

B. Dose uncertainty estimates

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



2250 Devic et al.: Radiochromic film dosimetry with flat-bed document scanner 2250

20 - 6
] ] EBT model 4-
EBT film [ . —a— Total
16 Fit 54 3 — - -Fit
1 O Exp : g .- & -Exp
& 12- . ad g ,|a 3 040y
O S Ll
§ 8 (=] 3—: 1_'.‘.'-:‘3l—————_:_,—-
E N A ‘AA.......A..A.-:.-'.
4 2 0 T T T )
4 b=3.892 c,=0.047 :\ 0.0 0.5 1.0 1.5 2.0
1 c= 9.054 6 =0.061 Dose (Gy) 1
0 4 1 “-'_:___-".-——__
T T T T T T T T T T T T 1 “ ..... ":‘,—,?.-'l--—'-' S et )]
0.0 02 0.4 0.6 08 10 1.2
. 0 T T T T
0 2 4 6 8 10
501 | usfim 6
40 Fit HS model
O Exp 5
3 30 =
[ o =
® 44
S 204 _ g
4
- 2_— 3 i
10 [m]
] b=20.81 ch=0.33 E
04 c=9.12 0c=0.29 2 l
I ' I ' 1 ' 1 ' I ' I ' 1 ' 1 ' 1 } :_
00 02 04 06 08 10 12 14 16 1l08.4. sl
netoD e-®
Fic. 3. Calibration curves for two GafChromic® film models and AGFA 0 T T T T T T T T
Arcus Il flat-bad document scanner: above—EB(Prototype A, 0 10 20 30 40
below—HS. Dose (Gy)

. . Fic. 4. Uncertainty estimates for a single test film set measurement for two
The upper-left portion of Fig. 5 represents the results ofiim types: above—EBTPrototype A, below—HS. Squares—total relative

the uncertainty analysis using only one film packet for thedose uncertaintyEq. (8)], circles—fit relative dose uncertainf§g. (7)],
calibration. In this approach only a single scan was perand triangles—experimental relative dose uncertaifity. (6)).

formed without any additional image analysis. As a result, an

overall uncertainty<5% was observed with the EBT film in

combination with the Agfa Arcus Il scanner for doses abovedependence of the dose determined for film pieces exposed
2 Gy. ) _ ] _ ~ to “unknown” doses using Eq5) (calculated doseand the
However, if a single film packet is used for calibration, jose to the film as determined with the downstream ioniza-
but with the film images scanned five times and then averjon chamber(delivered dosewas performed. The linear fit
aged(Fig. 5, upper right the overall uncertainty improves, a5 carried out by using the inverse square of total uncer-
providing a level of uncertamty of less than 3% .for dosesainties, calculated with Eq9) for each dose point, as
above 2 Gy. As expected for this case, the experimental Ungeighting factors for a particular test film packet. Moreover,
certainty, given by Eq(7), decreases, while the fit uncer- yoints that correspond to doses smaller than 0.4 Gy in the
tainty, given by Eq(8), remains the same. case of the EBT film and doses smaller than 5 Gy in the case
~In the next step, four different calibration packets wereof the HS film model have been discarded from the linear fit
introduced(Fig. 5, bottom left. This resulted in a further procedure because of low signal levels. The slapef the
reduction of the fit uncertainty, from 4% to 3% for the first fitted line differs from unity for the HS model GafChromic®
dose point at 0.1 Gy. Finally, the introduction of the defec-y, by less than 1% and is within the one-sigma fit uncer-
tive pixel correction and a 2D, zero-phase Wiener filter PrO+ainty, i.e., a=0.994+0.010, whereas for the EBT film
vided the best uncertainty estimates in this analysis, i.e., 'esfﬁodel, the regression analysis gias0.99620.009.
than 2% for doses above'0.4 Gy- _ In Figs. Ga) and Gb), we present the error between the
For the HS GafChromic® film, an improvement of dose gg|ivered dose and the calculated dose for the HS film model
uncertainty from 3% for doses above 10 Gy to 2% for dosegng the EBT film model, respectively. The two figures con-
above 5 Gy was achieved. firm the results of our uncertainty analysis that 2% one-
sigma uncertainty for the HS film model can be achieved for
doses above 5 Gy, and for doses above 0.4 Gy for the EBT
In order to justify the uncertainty analysis, described in(Prototype A GafChromic® film model. This type of graph
Sec. Il F with Eq.(9), a regression analysis of the functional can be used as a verification tool for future application of

C. Justification of the uncertainty analysis

Medical Physics, Vol. 32, No. 7, July 2005
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Fic. 5. Influence of different image analysis and uncertainty analysis procedures on the overall dose uncertainty, as well as on two of its ddingraehents

experimentdl for EBT (Prototype A GafChromic® film model.

once established calibration curve. The properties of radio-
chromic films may change with changes of environmental
conditions, length of the post-irradiation waiting period, andjj)
batch number. Plotting the graph described in Fig. 6 can be
used as a verification that, for a deemed uncertainty limits,
the protocol and the corresponding calibration curve are still
valid.

D. Protocol summary

The radiochromic film dosimetry protocol described in (i)
this paper can be summarized in two stéfpig. 7). The first
step(the calibration stepinvolves determination of the func-
tional form given by Eq(5) for a given radiochromic film
model and particular flat-bed document scanner. The secorl®)
step corresponds to the measurement of an unknown 2D dose
distribution, as well as uncertainty estimates of the dose de-
termined using this protocol. (v)

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

(i) Multiple film packets, containing film pieces of
~1.5cm by~2.5 cm in size, are prepared with the
number of pieces in each packet covering a dose
range intended for future applications; one film packet
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(“test” packej should be reserved for the calibration
verification through a plot such as on Fig. 6.
Unexposed pieces of film are scanned multiphe
recommend fivetimes in a transmission mode using,
preferably a 48-bit RGB color contone scanning mode
with all the image enhancement filters turned off; five
blank scans of the scanner bed are performed over the
same scanning region, as for the unexposed film
pieces, for defective pixel identification.

The film pieces are exposed to a series of known
doses; the use of a monitor chamber, positioned well
below the plane in which the films are positioned, is
recommended to verify the dose delivered to the film.
A time delay is introduced to allow the radiochromic
film to self-develop, at least 6 h for EBT film and
24 hours for the HS film model.

After the film self-development waiting period, the
film pieces are placed onto the scanner bed and mul-
tiple (five) images are acquired with the same scan-
ning parameters as in iteifii) above; then another
five blank scans of the scanner bed are performed
over the same scanning region, as that of the exposed
film pieces, for defective pixel identification. At this
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Fic. 6. Justification of the uncertainty estimation analysis: relative percent
error in dose calculated using E@) with respect to dose delivered to the
particular test film packet as a function of delivered dose for E&Jove

and HS(below) GafChromic film model.

(vi)

(vii)

(viii)
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Dose Measurement

Prepare film piece

Scan unexposed film piece (5x)
and empty scanner bed (5 x)
for bad pizels detection

¥

Exzpose films in beams,
and monitor dose

Ezpose film piece in beams

v

v

Wait 6 hours (for EBT),
or 24 hours {for HS)

Wait 6 hours (for EBT),
or 24 hours (for HS)

v

v

Scan expesed films (5x) and
empty scanner bed (5 x)

Scan exposed film piece {5x)
and empty scanner bed (5 %)

¥

v

Correct bad pixels,
and apply Wiener filter

Correct bad pixels,

Delivered Dose (Gy)

and apply Wiener filter

v

Calculate netCD', and
O .an for each film piece

Cal culate netCD",
and @*,,, over ROI
for each pixel on film piece

v

point, measurement of the zero-light transmission in-

Perform a curve fit to
determine @, b, »n, g, and G,

Determine dose via
calibration curve
for each pixel on film piece

v v

tensity value(l,qg, measured with an opaque piece
of film, is recommended.
Blank images at the unexposed and exposed film po-

Determine uncertainty limits

Calculate uncertainty
for each pixel on film piece

sitions are averaged and the faulty pixels are identi-
fied; within the average unexposed and exposed film
images, the “bad” pixels are discarded or replaced by
the average values of the neighboring pixels; a 2D
Wiener filter is then applied to both resultant images,
and the transmission scanner readifiggexp Of lexp

as well as the standard deviatio(rasunexpor O-lex;) are
determined for every film piece as a mean pixel value
over the desired ROI. (ii)

. i
For every film packet, th@etOD [Eq. (1)] and the i)

correspondingoyeop [EQ. (2)] are calculated and
netOD and o,,e10p are determined using Eg€3) and

(4). In such a way, calculatedetODvalues are plot-

ted as a function of delivered dose and then fitted with
the functional form given by E(q5) in order to deter-
mine the powen as well as the fit parametelosandc

and their corresponding fitting uncertainties.

Dose uncertainty assessment, based on Fig. 4, as well

as verification of the calibration curve and dose un-(jy)

certainty analysis, based on Fig. 6, should be per-
formed by using the “test” film packet.

The following actions are recommended during the un-

known dose measurement process:

(i)

(V)
The unexposed piece of film is scanned multiiee)

times in the transmission mode using the same scan-
ning parameters as in the case of the calibration pro-
cedure; five blank scans of the scanner bed are per-
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Fic. 7. Summary of the radiochromic film dosimetry protocol.

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

The film piece is exposed to an unknown dose.

The same waiting time as in the case of the calibration
process is used for the radiochromic film to self-
develop. Subsequently, the film piece is placed on the
scanner bed and multipldive) images are acquired
with the same scanning parameters as in pgint
above; after removal of the exposed film pieces an-
other five blank scans of the scanner bed are per-
formed over the same scanning region, as that of the
exposed film piece, for defective pixel identification.
Within averaged unexposed and exposed images, bad
pixels are discarded or replaced by the average values
of the neighboring pixels; the 2D Wiener filter is ap-
plied to both unexposed and exposed film resultant
images.

Resulting unexposed and exposed images are co-
registered and resized to the pixel size being equal to
the ROI size used during the calibration procedure,
resulting in four new imagesnexfi.j), Tunexdi i),
lexdi,}), and oe,di,j). The netOO(,j) given in Eq.
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