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We present an evaluation of a new and improved radiochromic film, type EBT, for its implemen-
tation to IMRT dose verification. Using a characterized flat bed color CCD scanner, the film’s dose
sensitivity, uniformity, and speed of development post exposure were shown to be superior to
previous types of radiochromic films. The film’s dose response was found to be very similar to ion
chamber scans in water through comparisons of depth dose and lateral dose profiles. The effect of
EBT film polarization with delivered dose and film scan orientation was shown to have a significant
effect on the scanner’s OD readout. In addition, the film’s large size, flexibility, and the ability to
submerge it in water for relatively short periods of time allowed for its use in both water and solid
water phantoms to verify TomoTherapy IMRT dose distributions in flat and curved dose planes.
Dose verification in 2D was performed on ten IMRT plans (five head and neck and five prostate) by
comparing measured EBT dose distributions to TomoTherapy treatment planning system calculated
dose. The quality of agreement was quantified by the gamma index for four sets of dose difference
and distance to agreement criteria. Based on this study, we show that EBT film has several favor-
able features that allow for its use in routine IMRT patient-specific QA. © 2006 American Asso-
ciation of Physicists in Medicine. [DOI: 10.1118/1.2360012]
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I. INTRODUCTION

With increasing complexity of intensity-modulated radiation
therapy (IMRT) delivery modalities,' there is a growing de-
mand for validating delivered dose distributions in multiple
dimensions. In this work, we explore the dosimetric proper-
ties and implementation of a new radiochromic film (Type
EBT, International Specialty Products, Wayne, NJ) for IMRT
dose verification. Recent studies on EBT film have focused
on studying the film’s material characteristics under different
exposure conditions and its comparison to other types of
radiochromic films (RCFS).2’3 However, the implementation
of EBT film for dose verification has not been widely ad-
dressed in the literature. In addition, little is known about the
dosimetric properties of EBT film beyond the manufacturer’s
product speciﬁcations.4

In this study, we have examined the most relevant features
of this film for its application to IMRT verification in com-
bination with a flat bed document scanner. We have evalu-
ated the quality of the film’s measured dose distributions by
comparing it to our TomoTherapy™ Hi"Art (TomoTherapy,
Inc., Madison, WI) Treatment Planning System (TPS) calcu-
lated dose for ten IMRT plans. The gamma index” was used
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to quantify the differences between TPS and measured doses
for several sets of distance to agreement (DTA) and dose
difference (DD) criteria. The film’s flexibility combined with
the ability to immerse it in water allowed for its use for
conventional IMRT QA on curved surfaces.

Il. MATERIALS AND METHODS

The new film comes in larger size sheets (20.3
X 25.4 cm?) than any of the previous RCF types (MD-55 and
HS, for example), which allows for dose verification over a
large area. According to the manufacturer, the film is sensi-
tive in the dose range of 1-800 cGy, making it one of the
most sensitive RCF currently available for radiation dosim-
etry. The manufacturer also specifies that the film reaches
OD saturation within 2 h of exposure. The film is flexible
enough to allow for shaping into curved surfaces without
damage or flaking to the outside protective layer. In addition,
the manufacturer’s speciﬁcation4 indicates that the film can
be submerged in water without permanent damage when im-
mersed for a reasonable amount of time (~1 h), which al-
lows its use in water phantoms without any consequence on
its chemical composition.

© 2006 Am. Assoc. Phys. Med. 4064
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The EBT film shares some of the characteristics of other
types of RCF with respect to sensitivity to environmental
factors.®™ Therefore, the film was handled carefully follow-
ing TG-55 recommendations.’ Exposure to fluorescent light
was minimized, storing the films in light-tight envelopes. No
attempts were made to control temperature and humidity be-
yond the level of stability provided by the heating and cool-
ing systems of our facility. The films were stored together to
avoid differences in thermal histories.

A. Film scanner characterization and image analysis

We have used the Microtek ScanMaker 1900 (Microtek
International Inc., Hsinchu, Taiwan) 48-bit color charge-
coupled-device (CCD) scanner for EBT film digitization.
The scanner provides a maximum of 3200 X 6400 dpi optical
resolution with a flat-bed scanning area measuring 20
X 25 ecm?. This scanner was characterized for output consis-
tency, sensitivity, linearity, and reproducibility similarly to a
previous model.'” This characterization allowed for the as-
sessment of the utility of this digitizer with or without image
processing corrections in combination with EBT model ra-
diochromic film. We preferred to use a flat-bed color CCD
transmission scanner in our study over roller-based mono-
chrome CCD scanners such as the widely used Vidar
VXR-16 (Vidar Systems Corporation, Herndon, VA) for sev-
eral reasons: (1) Flat bed scanners generally have better film
positional accuracy and reproducibility than roller-based
translational scanners. ' (2) The availability of red channel
CCD readout from the Microtek scanner makes it ideal for
RCF readout without the need to use red filter coating to
optimize readout sensitivity.”'! (3) Small pieces of RCF film
can easily be scanned on a flat glass bed scanner without the
need to attach them to a larger mask sheet as in the case of
the Vidar scanner. (4) In a recent study, Devic ef al.'* have
shown that color CCD scanners have better readout sensitiv-
ity for RCF than monochrome CCD for the same 16 bit
signal resolution.

Before any image was acquired, EBT film pieces were
firmly placed against the reflective glass to avoid image ar-
tifacts from multiple reflections between the film and glass
bed. Unless stated otherwise, all images in this study were
scanned as raw RGB 48-bit tagged-image-file format (TIFF)
in transmission mode at 300 dots per inch (dpi) resolution.
Raw images of irradiated films were imported from the scan-
ning system into the Matlab analysis software (Matlab v7.0,
Mathworks, Inc.) for further image processing. To reduce
inherent image noise, an adaptive 2-D Wiener filter was ap-
plied in a 5 X5 pixel region to all scanned film images in this
study. According to the manufacturer, the absorption spectra
of EBT film peaks at 636 nm. Hence, film images were ac-
quired using the scanner’s red CCD channel only.

B. Film characterization

The new EBT RCF film was supplied by the manufacturer
in a pack of 25 sheets (Lot No. 35076-002AI). We tracked all
film pieces in this study by using permanent marker inden-
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tations for labeling and to indicate the piece orientation with
respect to the initial sheet length/width orientation before it
was cut into smaller pieces.

1. Film calibration

Several film pieces from two different sheets were cut to
approximately 5X 5 cm? and the orientation on each film
was marked. The film pieces were then irradiated on a Varian
600C linac (Varian Medical Systems, Palo Alto, CA) to the
following doses: 10, 25, 50, 75, 100, 125, 150, 175, 200,
225, 250, 275, 300, 325, 350, 375, and 400 cGy. The films
were placed horizontally inside a solid water (Gammex RMI,
Middelton, WI) slab phantom of 30 X 30 cm? size and placed
on central axis (CAX) at 10 cm depth. The same calibration
measurement was repeated on a different day and the aver-
age values of OD from films irradiated to the same dose were
recorded. The irradiated film pieces were scanned after 24 h
post exposure. The uncertainty in the film measurements was
measured as the ratio of standard deviation of the mean OD
in a 4 X4 cm? region in the middle of the film pieces to the
mean OD value in the same region. The net OD was calcu-
lated by measuring the OD of the calibration film pieces first
and extracting the mean OD value (ODy,,). OD was mea-
sured after exposure (OD,,casurea) @nd net OD for each film
was calculated as netOD (=OD,casured— ODbase) - A calibrated
ion chamber (NEL 2505/3) was inserted in the phantom and
below the film plane to check for linac output consistency
during film irradiation process and in between the two irra-
diation measurements.

2. EBT polarization effects

Klassen et al.'* have shown that measured RCF OD may
change substantially due to the polarization of the analyzing
light. This effect was attributed to the preferred orientation of
the RCF polymer chains, which absorb analyzing light in the
microcrystals of the radiosensitive layers. To estimate the
effect of film orientation on scanner output for a given dose,
four of the calibration film pieces, which measured approxi-
mately 5X5 cm? and irradiated to the following doses, 50,
100, 200, and 300 cGy, were digitized at different orienta-
tions on the scanning bed. The film pieces were digitized
four times in the same location on the scanning bed with the
following orientations: 0°, 90°, 180°, and then the film
pieces were flipped at the 180° orientation to examine any
effects from film face up versus down scan orientation. The
mean optical density (OD) for each orientation was then ex-
tracted from a common ROI measuring 4.0 X 4.0 cm? at the
center of each image.

3. EBT OD evolution with time—test case

It is desirable to scan exposed RCFs after they have
reached a “plateau” in OD gain from self development. To
evaluate the film’s OD time evolution, a uniform dose of
100 cGy was delivered to two film pieces cut from the same
sheet. The purpose of this measurement was to compare rela-
tive OD evolution post exposure to the same dose with the



4066 Zeidan et al.: EBT radiochromic film for IMRT dose verification 4066

data reported by the manufacturer® and Lynch et al."* Rink
et al’ reported that if time is allowed for the radiation-
induced polymerization to complete (>2 h), the EBT film
does not exhibit dose rate dependencies. We used a dose rate
of 250 ¢Gy/min at d,;,, from a Varian 600C to irradiate the
two film pieces at CAX inside a flat solid water phantom.
The film pieces were then scanned several times over a pe-
riod of 4 h, initially at time intervals of several minutes and
then once per hour after the first 2 h. For each film, the mean
OD was extracted in a ROI measuring approximately
9 10 cm?. The average OD values from both films were
then used to construct an OD growth curve as a function of
time.

4. EBT film uniformity

The ideal RCF dose response when exposed to a uniform
irradiation field should be uniform over the exposed area.
The uniformity across an entire EBT film sheet was tested
indirectly by cutting the film piece into four equally sized
sheets measuring approximately 10X 12.5 cm?. The films
were placed horizontally on solid water slab using a 30
X 30 cm? field at a 100 SSD and 6.0 cm depth with 8 cm
back scatter. The film pieces were then irradiated on a 2100C
Varian linac using 6 MV nominal energy to the following
doses: 50, 100, 150, and 200 cGy. The beam flatness at that
depth based on the clinical data for this linac was 1.5%. We
used this dose range since it is most relevant to our intended
application for verifying single IMRT fraction doses. Dose
response uniformity was evaluated by generating 1 mm wide
averaged profiles (corresponding to an average of 12 pixel
line readings) across the uniformly exposed film image in the
horizontal and vertical directions.

5. Comparison of EBT and water PDDs

We compared our TomoTherapy water scan percent-
depth-dose (PDD) profile data with CAX profiles from EBT
film. Water tank scans were obtained using an A1SL Exradin
ion chamber (Standard Imaging, Middelton, WI) with an ac-
tive volume of 0.056 cm® and an outside diameter of
6.25 mm. The water surface was set at 85 cm source-surface
distance (SSD) and irradiated by a 5X 40 cm? field using a
6 MV nominal energy beam. In comparison, a whole EBT
film sheet was placed vertically along a cylindrical solid wa-
ter “cheese” phantom1 and tightly squeezed between the two
halves of the cylindrical phantom pieces using strong Velcro
straps. The phantom measured 30 cm in diameter and 18 cm
in length. The film surface was set to 85 cm SSD and irra-
diated with a 40 X 5 cm? field size. Due to the physical limi-
tations of the cheese phantom, we could only use 18 cm of
the length of the film along the beam direction. A 1 mm wide
averaged profile from the exposed film was generated at
CAX and compared to water scan data.
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FiG. 1. A picture of the TomoDOSE™ diode array showing EBT film pieces
post irradiation on top of the array.

6. Comparison of EBT dose profiles to diode array
profiles

We tested the accuracy of the film lateral dose profiles
using the TomoDOSE™ diode array detector (Sun Nuclear,
Melbourne, FL). The array consists of 107 diodes arranged
in a row along the lateral axis located with 5 mm diode to
diode spacing. The diode array was shown to reproduce lat-
eral dose profiles from ion chamber water tank scans based
on recent work from our group.15 Diode array measurements
were performed for a 5X 40 cm? field at several depths. To
cover this large field size with EBT film, two identical pieces
of the film were cut from the same sheet and abutted directly
on top of the diode array as shown in Fig. 1. Each film piece
measured approximately 10 cm in width and 25 cm in
length. A sheet of solid water with a thickness of 1.5 cm and
15X 55 cm? in width and length was used as build up. The
film pieces were then irradiated with a field size of 5
X 40 cm? to 267 cGy.

C. Phantom IMRT measurements and dose
verification analysis

1. Solid water phantom plan deliveries
and verification analysis

Sheets of EBT film were placed inside the cylindrical
solid water phantom in a plane perpendicular to the gantry
rotation plane. We delivered a total of ten IMRT hybrid plans
(five head and neck (H & N) and five prostate) and compared
measured with calculated dose distributions from Tomo-
Therapy TPS (version 2.1.1a). The dose was calculated in the
phantom using a 1.9 mm pixel dose resolution. Each film
was marked with four points corresponding to the green la-
sers (virtual isocenter) in the coronal plane for image regis-
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tration. The irradiated film pieces were digitized at a resolu-
tion of 72 ppi (0.35X0.35 mm?). The calculated dose
distributions were exported from the TPS and then up-
sampled in Matlab using nearest neighbor interpolation to
match the film’s measured dose grid resolution. A mean dose
value was calculated inside a region of low-gradient, high
dose distribution and measuring approximately 10
X 10 mm? to which both dose distributions were normalized.
The two dose distributions were then registered based on the
position of the virtual isocenter of each plan (corresponding
to the positions of the green lasers). Each dose distribution
was normalized to the same dose point pixel in a region with
maximum dose. The gamma index” was used as an indicator
of the agreement quality between measured and calculated
dose distributions. Gamma values in 2D were calculated in a
common ROI for the coregistered and normalized dose dis-
tributions for different DD and DTA criteria. The following
sets of criteria 2 mm and 2%, 4 mm and 3%, and 3 mm and
5%, were used for gamma index evaluation based on various
recommendations in the literature.'®™'® In addition, we added
our own criteria of 3 mm and 3%. The gamma calculation
search radius was set to 1.0 cm with no calculations per-
formed within 1.0 cm from the edge of the ROI. The ROI for
each plan was chosen such that it extends to include regions
with 30% isodose line and higher. These rectangular ROIs
measured on average nearly 206X 114 mm?> and 218
X 157 mm? for prostate and H&N plans, respectively.

2. Water phantom plan deliveries and verification
analysis

The flexibility of EBT film combined with its design to be
handled in room light gives freedom to the user to manipu-
late and position the film precisely in nonplanar surfaces and
in both solid or real water phantoms. Previous attempts to
acquire 3D subspace dose information film dosimetrylg’20 in-
volved the use of EDR2 silver-halide film in a spiral phan-
tom. That process required precise placement of the film
tightly inside the phantom and working in a dark room be-
fore and after phantom irradiation. In this measurement, we
demonstrated that these favorable features of EBT film have
enabled us to use it nonconventionally to verify dose in a
cylindrical plane and in real water phantoms. To demonstrate
that the film’s OD is relatively insensitive to reasonable sub-
mersion times in water, we used one of the uniformity films
that was previously irradiated to 100 cGy. The dimensions
were 10X 12.5 cm? and OD was measured at the center of
the film before and after submersion in water for half an
hour. The amount of time it took us to perform the film
IMRT measurement in a real water phantom was slightly less
than 30 min. We used a cylindrical phantom geometry since
it is most natural for dose verification on a TomoTherapy
unit. The cylindrical phantom was constructed in house from
a thin plastic sheet wrapped in the shape of a cylinder and
placed in a reproducible position at the center of a rectangu-
lar transparent plastic container using fixation plates at the
two ends of the cylinder. The sides of the container and the
front and back were marked with fiducial cross wires for

Medical Physics, Vol. 33, No. 11, November 2006

4067

>\

15.0 cm

FiG. 2. A schematic of the cylindrical phantom setup. The dotted line rep-
resents the location of the EBT film sheet.

laser alignment. The film was cut to fit tightly on the inside
surface of the cylinder as shown in Fig. 2. The film was first
wrapped in a thin Mylar sheet to prevent scratching the film
against the inside of the cylinder surface when inserting and
extracting the film from the cylinder. Point marks were
placed at the edges and corners of the film to indicate the
orientation and position with respect to the outside surface
markers. Water was added to fill the entire container and
inside of the cylinder up to 2 cm above the cylindrical sur-
face. The whole phantom was then scanned on our CT scan-
ner without the EBT film and the data were exported to To-
moTherapy TPS for dose calculation. One H&N plan from
the flat 2D IMRT verification measurement was recalculated
with the finest available dose grid (1.9 X 3.0 mm?) onto the
new phantom geometry. The 3D dose information was then
exported from the TPS in binary format for analysis. Al-
though other types of RCF were used previously in water
phantoms,21 this is the first time to our knowledge that this
new type of RCF has been used in water for nonplanar IMRT
dose verifications.

lll. RESULTS
A. Scanner characterization

The linearity of the scanner against OD was checked us-
ing a standard Kodak step tablet (SN 607ST153). The tablet
had 20 steps with OD values ranging from 0.04 to 2.86. We
found that the measured OD=-log,, (S/2'%), where S is the
scanner’s pixel raw transmission reading through the EBT
film on the glass bed, exhibits a strong linear relation with
the standard Kodak OD values up to OD of 1.2. Measured
EBT OD values from all film exposures in this study were
well within this linear range. It is worth mentioning that the
transmission value S from our scanner for any EBT film
piece preexposure was constant at 6154 (which translates to
an OD value of 0.027). The measured dose uncertainty
(=standard deviation/mean) for this OD was 3%. This OD
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FiG. 3. EBT film calibration curve. The zoom-in insert shows low-dose data
points. Error bars represent uncertainties in measured OD.

value represents the ratio of the scanner transmission value
when the unexposed film is placed on the flat bed scanner
over the transmission value of the glass bed only (S=2'°).
Since this background signal was consistent throughout the
study, we decided not to correct for it in the acquired scanner
images. The scanner output was also checked for output con-
sistency with time and OD using a standard Kodak step tab-
let (Q-60E1). For each scan, the tablet was placed on the
same position on the flat bed scanner and digitized over a
period of 10 consecutive days. The scan from each day was
analyzed and the mean value of each step was extracted. The
scanner-measured OD had reproducibility errors within 3%
for OD values as low as 0.05 and within 0.5% for OD of
0.950 and higher.

B. Film characterization
1. Film calibration

A plot of the EBT calibration curve of averaged netOD
from both calibration measurements with respect to delivered
dose is displayed in Fig. 3 OD values from both measure-
ments were very reproducible and well within 2% from each
other for any dose value over the entire delivered dose range
shown in Fig. 3. No detected change was observed in the
linac output during or in between the calibration measure-
ments. The fitted curve, represented by the solid line, is com-
posed of two separate third-order polynomial fits, one for the
low-dose region and another one for the rest of the data
points. The two curves were met at the 100 cGy dose point.
A dose uncertainty of 3% was measured for the lowest film
doses between 5 and 25 cGy. The low dose data from Fig. 3
show that our scanner could not distinguish OD below
25 cGy (i.e., for all doses below that value an OD of 0.027
was measured). For the sake of comparison, one can use this
calibration curve to compare the net OD of EBT with other
types of RCE** For example, to obtain a net OD of 0.3
requires a dose value of 321 cGy for RCF type HS and
890 cGy for MD55-2, respectively. In comparison it takes
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FiG. 4. The effect of EBT film polarization with delivered dose on OD
readout and film scan orientation. Relative OD values are normalized to the
zero orientation OD. Error bars represent measured OD uncertainties.

only 220 cGy for EBT to reach a net OD of 0.3 based on the
calibration curve in Fig. 3.

2. Polarization effects

Figure 4 displays relative measured OD against film ori-
entation on the scanning bed for four delivered dose values.
OD values per orientation were normalized to the initial OD
value at the initial 0° orientation. The 0°, 180°, and 180° flip
orientations are nearly equivalent for most of the doses
shown in Fig. 4. There is a dose-dependent effect at the 90°
orientation where the measured OD drops from the 0° orien-
tation by nearly 50% for 50 cGy dose to 25% for 200 cGy or
higher doses. This orientation effect is nearly four times
larger than what was previously reported for other types of
RCFE." Due to this large fluctuation in scanner output re-
sponse with film orientation, we have maintained either the
0° or 180° orientation scans for all films in this study. The
pronounced light polarization effect of EBT film could be
attributed to the structure of the active layer of this new
radiochromic film. Rink ef al.> have shown that the monomer
layers in EBT are elongated, sticklike structures compared to
MD-55 sandlike monomer crystals.

3. EBT OD evolution

The EBT film post-exposure OD growth with time is
demonstrated in Fig. 5. The OD growth seems to stabilize
after nearly 100 min, which is in good agreement with a
recent work.'* This measurement was essential to give us an
indication of how fast the film reaches its OD growth plateau
post exposure to a uniform dose. Although film development
rate is dependent on delivered dose and dose rate,z’14 we
have decided to wait nearly 24 h post exposure before read-
ing all our films to guarantee full development and exclude
any potential OD growth-dependent factors from delivered
dose and dose rate.
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FiG. 5. EBT film OD with time post uniform irradiation to 100 cGy dose.
Error bars represent the measured OD uncertainties.

4. EBT dose uniformity

Figure 6 displays four plots of averaged horizontal and
vertical 1 mm thick profiles across the film. The OD profiles
were taken at the center of each film and then normalized by
the average pixel values over a central 1 cm long strip of the
profile. It is clear from Fig. 6 that the relative uniformity of
the film improves with dose, for example +4% for 50 cGy to
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+1.5% for 200 cGy. The uniformity of this film based on a
single exposure is much better than previous types of RCF,
where nonuniformities larger than 10% were measured even
after uniform dose exposures on the order of 1000 Gy or
higher.”’mf25 Hence, to suppress the large effects of nonuni-
form RCF response, a double exposure technique was
developed.23 The new EBT film shows superior dose re-
sponse uniformity compared to other types of RCF film.
Therefore, we decided that it is not necessary to implement
the double exposure technique with this film.

5. Comparison of EBT and water PDDs

A profile overlay of measured PDDs from water scan data
and EBT film is shown in Fig. 7. Both profiles were normal-
ized to the d,,, profile value. The ratio of the two profiles as
shown in the insert of Fig. 7 indicates that the film profile
reproduces the water scan profile to within +4% for most of
the measured depth. This agreement between the two profiles
indicates that EBT film relative dose response is similar to
water and shows no apparent sensitivity to beam hardening
with depth.

6. Comparison of EBT dose profiles to diode array
profiles

Figure 8 displays an overlay plot of profiles from EBT
film and the diode array profiler. The 1 mm thick film aver-
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FIG. 6. Averaged horizontal and vertical normalized dose profiles across EBT film post exposure to uniform dose in the range 50-200 cGy.
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FiG. 7. An overlay of water and EBT film PDDs for a 5% 40 cm? Tomo-
Therapy radiation field. The insert displays the ratio of both PDDs.

aged profile was taken at the center of the film and at the
location of the position of the profiler detectors. The profile
overlay clearly shows that EBT film can accurately describe
the lateral dose fall-off for the beams produced from our
largest field opening on our TomoTherapy unit. The insert in
Fig. 8 shows that the relative film profile falls within +5%
from the diode array profile for most of the profile spatial
range. Due to OD threshold sensitivity of our scanner, the
film response to low doses in the penumbra is reflected as a
flat response and does not reproduce the diode data below
the 5% (13 cGy) of penumbra dose (267 cGy).

C. IMRT measurements and analysis
1. Dose verifications on a flat plane

The first four rows of Table I show the percentage of
pixels passing four gamma criteria (gamma value =<1.0) for
all ten IMRT plans. The first five plans are prostate and the
last five are H&N plans. The higher the passing percentage
the better the agreement between calculated and measured
dose distributions. The overall agreement was better as the
criteria tolerance increased. The percentage of dose pixels
passing all ten IMRT cases per criteria was 67+9% for the
2 mm and 2% criteria, 87 +8% for the 3 mm and 3% criteria,
90+7% for the 4 mm and 3% criteria, and 96+4% for the
3 mm and 5% criteria. These percentages are comparable to

FiG. 8. An overlay of TomoDOSE™ diode array and EBT film lateral dose
profiles. The film was placed at a depth of 1.5 cm in a solid water phantom
and at 85 cm SSD. The insert displays the ratio of both profiles.

a recent study using the same modality and measurement
technique but using EDR2 film for dose verification.”® This
similarity between EBT and EDR2 based on gamma index
analysis indicates that EBT film is a suitable alternative for
routine IMRT QA to the well established EDR2 film. The
bottom row of Table I list absolute percent differences be-
tween measured and calculated doses for each IMRT plan
inside a ROI of maximum uniform dose. The mean and stan-
dard deviation of these differences were found to be 3+1%.

An example of isodose contours and a dose profile over-
lay from EBT and TPS as a result of the irradiation of a
hybrid H&N plan is shown in Fig. 9. The two dose distribu-
tions were normalized to the same ROI of 1.0 X 1.0 cm? in-
side of a maximum uniform dose region. The length and
direction of the dose profile from both TPS and EBT image
in Fig. 9(b) correspond to the length and direction of the
arrow in Fig. 9(a). The point dose value from the TPS to the
point of ion chamber measurement for a single fraction was
1.331 Gy and from measurement was 1.369 Gy, which
yields an acceptable dose difference of less than 3%.

2. Dose verification on a cylindrical plane

We found an insignificant difference (~0.5%) between
the OD of the EBT film piece before and after water submer-
sion. In addition, we observed a separation or “flaking” in

TaBLE 1. Percentage of pixels passing four different gamma index criteria for ten IMRT treatments plans. The
absolute percentage difference between measured and calculated doses inside a ROI of maximum uniform dose

is listed in the bottom row.

Plan 1 2 3 4 5 6 7 8 9 10
2 mm and 2% 69.8 83.6 60.5 58.7 71.4 69.5 733 69.1 46.3 64.1
3 mm and 3% 90.3 98.1 81.2 80.9 89.2 91.8 94.6 88.6 69.1 84.2
4 mm and 3% 93.1 98.7 86.4 84.4 91.3 94.0 97.9 90.8 73.7 89.0
3 mm and 5% 99.3 100.0 94.4 92.6 97.6 99.6 99.2 96.1 86.9 95.4
Difference (%) 4.7 3.1 2.3 45 4.7 2.1 1.3 1.4 4.8 32

Medical Physics, Vol. 33, No. 11, November 2006
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FiG. 9. (a) An overlay of normalized isodose contours from calculated To-
moTherapy and EBT film dose distributions of a H&N hybrid IMRT plan
delivery on a flat slab solid water phantom. The thin contours represent the
film isodose distribution and the thick contours represent the TPS isodose
distributions. (b) Normalized profiles of TomoTherapy TPS and EBT film
taken across the isodose distribution as shown by the arrow in (a).

the film edges in the order of 2—3 mm after the submersion,
which was due to water diffusion in between the protective
polyester layers. Calculated and EBT isodose contours and a
dose profile overlay from irradiation of the same hybrid
H&N plan above in the cylindrical water phantom are dis-
played in Fig. 10. The two dose distributions were normal-
ized to the same ROI of 1.0 X 1.0 cm? inside of a maximum
uniform dose region. The dose profile from TPS and EBT in
Fig. 10(b) are generated similarly to Fig. 9(b). A maximum
relative difference of 5% was measured between the two
profiles. The overall dose agreement between film and TPS
dose distributions is acceptable. There is a slight discrepancy
between the contours for the 50% isodose line at the far right
end of the dose distributions in Fig. 10(a). This discrepancy
is located at the junction where both ends of the film abut to
close the cylindrical loop. Due to the film’s elastic force, the
film ends at the junction slightly bulge outwards and away
form the inside surface of the cylindrical phantom, hence
causing this apparent discrepancy with the TPS.
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FIG. 10. (a) An overlay of normalized isodose contours from TomoTherapy
TPS and EBT film dose distributions of a H&N hybrid plan delivery on the
cylindrical phantom. The thick contour represents the TPS isodose distribu-
tion and the thin contour represents the film isodose distribution. (b) Nor-
malized profiles from TomoTherapy TPS and EBT film taken across the
isodose distribution as shown by the arrow in (a).

IV. DISCUSSION AND CONCLUSIONS

This study addresses the dosimetric features of a new and
improved radiochromic film and demonstrates its use in con-
junction with a flat-bed scanner for IMRT single fraction
verifications. The scanner was first characterized to insure its
ability to generate high-quality, high-resolution images with
minimal or no image artifacts. The film’s intrinsic polariza-
tion was shown to be a function of delivered dose and could
affect digitized image output by as much as 50%. Therefore,
it is important to use a consistent film orientation on the
scanning bed to insure image readout consistency. The study
of EBT OD time evolution indicates that the film fully de-
velops nearly 2 h post exposure, making it one of the fastest
developing GAFChromic films. Dose uniformity of the film
was shown to improve with higher dose exposures and can
attain an overall uniformity level of £1.5% when exposed to
a uniform dose of 200 cGy. The new film showed a detect-
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able OD response for doses as low as 25 cGy as resolved by
the scanner used in this study. EBT film dose response with
depth was shown to reproduce water scan relative depth
doses to within +4% and lateral relative dose profiles to
within £5%. The EBT film was shown to produce acceptable
agreements between calculated and measured dose distribu-
tions by analyzing ten IMRT plans for four different sets of
acceptance criteria of the gamma index. The percentages of
pixels passing these criteria were comparable to EDR2 film
based on a recent work™ using the same modality and mea-
surement technique. The percent differences between mea-
sured and calculated doses for each IMRT plan inside a ROI
of maximum uniform dose was within +5%.

Finally, we have exploited some of the attractive features
of this film such as its large size, flexibility, and relative
insensitivity to water to use it in a real water phantom for
IMRT verification. We have shown that there is an insignifi-
cant effect on the film’s OD readout if the film is submerged
in water for up to 30 min. By shaping the film in a cylindri-
cal column inside a water phantom, we have demonstrated
that single IMRT dose fractions can be verified on a curved
plane. We are currently in the process of establishing a rou-
tine use of this film for IMRT verification as part of our
patient-specific QA.
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