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A scanning liquid-filled ionization chamber electronic portal imaging device
(SLIC-EPID) and extended dose range (EDR2) films were used to evaluate trans-
mitted dose profiles for homogeneous and inhomogeneous phantoms. Calibrated
ionization chamber measurements were used to convert the pixel values acquired
from the electronic portal images to dose. Because SLIC-EPID was developed
to have a uniform response for all liquid ionization chambers, the off-axis dose
values were reconstructed using a correction factor matrix, defined as the ratio
of the relative EDR2 film and the corresponding EPID dose values measured in
air. The transmitted dose distributions in the EPID detector layer were also mod-
eled using a Pinnacle® treatment planning system (TPS: Philips Radiation
Oncology Systems, Milpitas, CA). The gamma function algorithm was then used
to assess agreement between transmitted dose distributions measured using a
SLIC-EPID and EDR?2 film, and those calculated using the TPS. For homog-
enous and inhomogeneous phantoms, more than 90% agreement was achieved
using gamma criteria of 2% and 3 mm and 3% and 2.5 mm respectively. Our
results indicate that the calibration procedure proposed in the present study should
be performed if SLIC-EPID is to be used as a reliable two-dimensional transmit-
ted dosimeter for clinical purposes.

PACS numbers: 87.53.Tf, 87.53.0q
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. INTRODUCTION

Electronic portal imaging devices (EPIDs) are used to acquire digital images for patient
positioning verification. Several studies have reported that camera-based,!' scanning lig-
uid-filled ionization chambers (SLICs)®~!3) and amorphous silicon (aSi)('4-19) EPIDs can be
used for dosimetry. The dosimetric procedures with EPIDs can generally be divided into
three parts:

e Dosimetric calibration
e Pretreatment assessment
e [n vivo dosimetric verifications
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The dosimetric calibration procedure includes the conversion of EPID raw pixel values into
dose. The term “pretreatment dose verification” is defined as the verification of dose delivery
in a phantom before the first radiotherapy session.® In vivo dose verification is the actual
patient dose measurement using EPIDs.

Two methods using measured portal dose distributions called “transmitted dose maps” have
been developed to verify the in vivo dose delivered to the patient. In the first approach, the
transmitted dose maps(!%172D) are back-projected to obtain either exit dose maps or midplane
dose maps.(310:17-19:22) In the second approach, the transmitted dose maps measured using EPIDs
are compared with predicted portal dose images, calculated using a treatment planning system
(TPS) or another method leading to portal doses.(323-28)

Although several empirical(!'-?*) and mathematical®!%3% approaches for EPID dosimetry
have been developed, the accuracy of empirical methods for radiation primary fluence maps is
within 3%—4%12) and decreases for either pretreatment or in vivo dosimetry. As compared
with primary fluence map verifications, mathematical techniques for dose delivery verification
require specific algorithms for patient or sophisticated phantoms.(1¢3%31 The application of
EPID for routine dosimetry in clinics is thus infrequent.

The aim of the present work was to verify an empirical dosimetric calibration method
developed for SLIC-EPIDs in the presence of homogeneous and inhomogeneous phantoms.
Electronic portal images (EPIs) acquired using a SLIC-EPID were converted to dose using
calibrated ionization chamber measurements for a range of dose rates on the central axis of
the radiation beam. To calibrate the EPID in the off-axis areas, a correction factor matrix
(CFM) was defined as the ratio of extended dose range (EDR2) film and EPID dose values in
no-phantom (air) conditions. To verify this calibration method, the gamma function algo-
rithm was used to compare the transmitted dose maps measured by SLIC-EPID with those
measured using EDR2 films and those calculated by the Pinnacle® TPS for a range of homo-
geneous and inhomogeneous phantoms.?)

Il. METHODS

A. Materials

A.1 Linear accelerator

A Varian 600CD linear accelerator treatment system (LINAC) equipped with a SLIC-EPID
(LC250 Portal Vision MK2: Varian Oncology Systems, Palo Alto, CA) was used to perform all
measurements. This LINAC produces a 6-MV photon beam with dose rates from 100 to 600
monitor units (MUs) per minute. All data acquisition was performed using a repetition rate of
300 MUmin!, with 1 MU corresponding to a calibrated dose delivery of 1 ¢Gy under refer-
ence conditions.

A.2 SLIC-EPID

The SLIC-EPID consisted of 256x256 ion chambers filled with an organic fluid
(2,2,4-trimethylpentane: Merck, Darmstadt, Germany) with reasonable electron mobility.®)
The volume of each ionization chamber was 1.27x1.27x1 mm?. Stainless steel 1 mm thick
acted as a build-up material. A polarizing voltage of 400 V was applied to each row. The
ionization chamber currents in all columns were measured and recorded as pixel values. To
increase the quality of EPIs for dosimetric tasks, all EPIs were acquired in fast readout and full
resolution mode.!'® To reduce the statistical fluctuation of EPID response, each EPI used in
this study was obtained as the average of two independent and consecutively acquired images
with a pixel-value standard deviation of less than 1%.®) Additional physical characteristics of
a SLIC-EPID have been explained extensively in the literature.-33-34)
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A.3 EDR2 films

The EDR2 film (Kodak Extended Dose Range 2: Eastman Kodak, Rochester, NY) was used as
a reference two-dimensional (2D) dosimeter. The small size and very fine monodispersed-
grain cubic microcrystal used in the EDR2 structure makes it a very slow-speed film as
compared with other conventional films; it is nearly energy independent for dose values of
less than 5 Gy.®3#D For rapid-processing purposes, the EDR2 film is covered with double
emulsion layers on a 0.18-mm ester base.*?

Dose values obtained from EDR2 film measurements have been reported to agree with
ionization chamber measurements to within 1%-2%.#!#345) In the present study, EDR2 film
was used for SLIC-EPID 2D calibration for dosimetric purposes. In addition, several EDR2
films were used to measure relative transmitted doses for a range of homogeneous and inho-
mogeneous phantoms.

A.4 Treatment planning system

A commercial TPS, Pinnacle? (v6.2b: Philips Radiation Oncology Systems, Milpitas, CA) was
used to predict transmitted dose delivered to the EPID sensitive layer. The Pinnacle® TPS cal-
culates the dose using a collapsed cone convolution superposition algorithm. 647

A.5 Phantoms

A range of 30x30x1-cm? white water slabs, RW3 (p = 1045 g/cm?; PTW Freiburg, Freiburg,
Germany), were used as homogeneous phantoms. Homogeneous phantoms 6-, 10-, 16-, and
20-cm in thickness were used.

An inhomogeneous phantom was created by inserting two semi-conical objects of differ-
ent density into a cylindrical phantom made of solid water (Fig. 1). The original diameter of
the cylindrical phantom was 30 cm, and the height was 7 cm. In the present work, a 6.8x12.8-cm?
area of the cylindrical phantom, including two semi-conical holes as shown in Fig. 1, was
used as an inhomogeneous phantom. The left insertion was made of lung-equivalent mate-
rial (p = 1.20 g/cm?), and the right insertion was made of cortical bone—equivalent material
(p=1.75 g/em?).

A.6 Image processing tool
All image processing and dose comparison procedures were performed using in-house codes
written in MATLAB 6.5 (MathWorks, Natick, MA).

f— 5 —
-+ 128 cm

FiG. 1. An inhomogeneous phantom consisting of bone and air
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B. Methods

B.1 EPID dose maps

The procedure for dosimetric calibration of the SLIC-EPID for radiation primary fluence
verification has been discussed in depth elsewhere.*>) Briefly, several EPIs were acquired
for a range of source-to-EPID distances (SEDs). No phantom was used for these EPIs. To
reach electronic equilibrium at the EPID detector layer, 5 mm of RW3 white water was
placed as an extra build-up layer on the surface of the EPID cover for all EPID measure-
ments.*® An 8x8-pixel matrix in the central part of each EPI was selected and averaged to give
the pixel value on the central axis. The area represented by this pixel array was 0.72x0.72 cm? at the
isocenter and 1x1 cm? at the EPID detector layer. This array size was chosen to provide
sufficient spatial resolution while minimizing statistical fluctuations in pixel response. The
relationship between the EPI pixel values and the dose measured using a calibrated ioniza-
tion chamber positioned in a slab of solid water was investigated on the central axis of the
radiation beam. The equation

D= a(PV), (1)

where D is the dose delivered to the point of interest on the central axis and PV is the EPI
pixel values, was used. The parameters a and b are derived from a line of best fit and depend on
the setting of the EPI acquisition, the LINAC repetition rate, and the EPID calibration procedure.

To calibrate the SLIC-EPID as a 2D dosimeter, EPIs were acquired at a source-to-surface
distance of 140 cm for a 17x17-cm? field size. An EDR2 film was also irradiated with
588 MUs under the same conditions. The irradiated film was processed using an automatic
Agfa Curix 160 processor (Agfa, Mortsel, Belgium) and scanned using a Vidar scanner (Vidar
Systems Corporation, Herndon, VA). Non-uniform response of the scanner, especially in the
horizontal axis, was found and corrected using a blank (nonirradiated) EDR2 film. To verify
the EDR2 film response, its inplane and crossplane profiles were also compared with corre-
sponding ionization chamber profiles obtained with a water-tank dosimetry system (Wellhofer
Dosimetrie: Scanditronix Medical, Schwarzenbruck, Germany) under the same conditions.
A CFM was then defined to relate 2D EPI relative dose values to corresponding EDR2 film
relative dose values:

cFM, _D NEDR2 film) , (2)
D, ,(EPI)

where D, L (EDR2 film) and D, . (EPID) are pixel values obtained from the EDR2 film and
from the EPID measurements respectlvely With the use of the CFM, the relative absorbed
dose in water at all points of acquired EPID images was calculated as follows:

D, (EPID Corrected) = D, ; (EPID Measured)xCFM _; . 3)

A radiation beam fluence calibrated using this method has been shown to be within 1%
agreement with EDR2 film measurements for a range of open-field and wedged-field
conditions.*>

B.2 Evaluation of EPID dose values for homogeneous phantoms

A series of EPIs were acquired for homogeneous phantoms consisting of RW3 layers of 6-,
10-, 16-, and 20-cm thickness, using isocentric technique for a 10x10 cm? nominal field size at
a SED of 140 cm. Acquired EPIs were converted to the transmitted dose maps using the
above-mentioned calibration procedure. The EDR2 films were irradiated with 3 Gy and 5 Gy
(588 MUs and 980 MUs) for 6- and 10-cm and for 16- and 20-cm phantom thicknesses respec-
tively, under the same conditions as described for the EPIs. The transmitted dose maps measured
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using EDR2 film were compared with those measured using the SLIC-EPID (after CFM appli-
cation). Because of the different pixel size of the scanned EDR?2 films, bilinear interpolation
was used to rescale the EDR2 film images to EPI pixel size. The EPID and EDR2 film dose
profiles were both normalized about a 7x7 matrix at the calibration point. The gamma function
algorithm developed by Low et al.(3? was then used to assess agreement between the EDR2
film and the corrected EPID portal dose maps, using distance to agreement (DTA) and dose
difference (AD__ ) criteria of 2.54 mm (2 pixels) and 1% respectively. In addition, a 2.5-mm
margin at the edge of the EPID and film images was excluded from the gamma analysis because
of translational and rotational misalignment errors.

B.3 Evaluation of dose maps measured using a SLIC-EPID for inhomogeneous
phantoms

The transmitted dose maps were measured using SLIC-EPID for an inhomogeneous phantom
(see Fig. 1). The thickness of the phantom was increased to 30 cm from 7 cm using additional
RW3 layers placed on the top and bottom of the phantom. Under the same conditions, EDR2
films were also irradiated with 588 MUs and 980 MUs for 7-cm and 17-cm and for 20-cm and
30-cm phantom thicknesses respectively. To predict the transmitted dose distribution, the
cylindrical phantom, a 4-cm-thick RW3 slab representing the modeled EPID, and a 40-cm air
gap between centre of the phantom and the slab were scanned using a computed tomography
simulator (Philips Medical Systems). Fig. 2 shows a schematic sagittal view of the extended
phantom. More information about predicted portal dose images for the extended phantom is
published elsewhere.*” The slice thickness used in this study was 5 mm in the superior—inferior
direction. In the TPS, the thickness of the phantom was varied to 17, 20, and 30 cm by convert-
ing the air density to the water-equivalent material added to the CT data for the entrance and
exit surface of the inhomogeneous cylindrical phantom. The transmitted dose was calculated at
D, in the modeled EPID.

The EPI, EDR2, and TPS dose maps were aligned at the 50% isodose lines. The gamma
function algorithm was used to compare the dose values from EPID, EDR2 film, and TPS. A
DTA of 2.54 mm (2 pixels) was used, and the AD_, was varied from 1% to 2% for the EDR2
film—EPID comparison. Because of the difference between the measurement and calculation
procedures, a maximum dose difference criterion of 3% was selected for the TPS—EPID
comparison.

-
-"-.-

4 e EW3

o
-
il
-
o ="

o
o

40 om

S maanny
-

L

o ==

1 = ey

-
-"-.-

Oylindrical | Poe.
phartom Build vp e Ziow

o -

F1G. 2. A sagittal view of a scanned inhomogeneous phantom used in the treatment planning system, where ROI is the
region of interest
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lll. RESULTS

A. Fluence map

Fig. 3 shows typical line profiles of a radiation primary fluence measured using EDR2 film and
SLIC-EPID (before and after applying CFM) and the result of the corresponding gamma func-
tion with DTA and AD_, criteria (2.5 mm and 1% respectively). The X axis represents the
distance from the central axis, and the Y axis represents relative dose values. The gamma
values are also shown as a secondary Y axis. A significant difference was observed between
line profiles measured using EPID and EDR?2 film in off-axis areas. After applying the CFM,
we found excellent agreement (more than 96%) between the beam fluence maps measured
using EPID and those measured using EDR2 film.

B. Evaluation of transmitted dose for homogenous phantom

Fig. 4 shows typical inplane and crossplane relative dose profiles for the EPID, EDR2 film,
corrected EPID, and gamma profiles (DTA = 2.5 mm, AD = 1%) for phantom thicknesses of
6 and 20 cm. As with the fluence maps, a significant difference (maximum of 4.6%) was
observed between EDR2 film and EPI dose values in off-axis areas before CFM correction.
After correcting the EPID transmitted dose measurements with the CFM, the gamma function
results showed good agreement (more than 90%) between the EDR2 film dose and the EPID
dose values for 1% and 2.5 mm criteria. The corresponding relative dose difference between
corrected EPID and EDR2 film were found to be less than 1% in the central part of the radia-
tion field (see Fig. 5). However, in the edge of the field, several differences of more than 1%
were observed. Excluding the penumbra region, no systematic variation in dose difference
profiles was observed.

Fig. 6 shows the agreement between relative transmitted doses for EDR2 film and
corrected EPI before and after application of the CFM. Before the CFM was used, only
the central regions of the gamma maps were in agreement. Application of the CFM sig-
nificantly increased the area of agreement, as indicated by the gamma maps. Table 1
shows additional information about the agreement percentage between EDR2 film and
corrected EPI.

Inplane profiles of EPID, EDR2 film and corrected EPID data at SSD=160
cm, for a 10 x 12 cm? field size

100 M 10:: W ‘%

95 - ‘\7“‘
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Gamma value

70

Relative dose (%)
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Distance from central axis (cm)

[——EPID ——EDR2 film = = Corrected EPID Gamma function

F1G. 3. Typical beam profiles measured using extended dose range (EDR2) film, an electronic portal imaging device
(EPID), and corrected EPID at 140 cm source-to-surface distance for a 10x12 ¢cm? field size. The corresponding gamma
values are shown for 2.54 mm and 1% criteria
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(a) Inplane of a 6-cm thick homogeneous RW3
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FI1G. 4. The inplane and crossplane relative dose profiles measured using an electronic portal imaging device (EPID),
extended dose range (EDR2) film, and corrected EPID (using a correction factor matrix), with corresponding gamma
profiles using 1% and 2.54 mm criteria for homogeneous phantom thicknesses of (a) 6 cm and (b) 20 cm

The use of the CFM increases the percentage agreement between the dose distributions
measured using EDR2 film and EPID from 20%—25% to approaching 90%—-95% in each case.
Although several nonsystematic differences were observed in the gamma maps, the disagree-
ment occurred mainly within 2.5 mm of the edge of those maps and is most likely attributable
to misalignment between the dose maps. The agreement between the two measured data sets
decreases with the increase in phantom thickness.

C. Evaluation of transmitted dose for inhomogeneous cylindrical phantoms

Fig. 7 shows typical crossplane, inplane, and off-axis inplanes passing through the inhomoge-
neities and corresponding gamma values for EDR2 film—EPID and TPS—-EPID comparisons
for a 30-cm-thick inhomogeneous phantom. The Fig. 7 results show that the CFM, defined for
in-air conditions, can be used for complex conditions with reasonable accuracy. Gamma func-
tion assessment also shows that corrected EPID dose values agree in the main with those
measured using EDR2 film. However, several nonsystematic discrepancies were observed in
the region-of-interest edges, the inhomogeneity boundaries, and the homogeneous regions. For
all inplane profiles, an increase in disagreement was observed towards edges. No systematic
variation in EDR2 film—EPID gamma values was observed in crossplanes. When comparing
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TPS line profiles with corrected EPID and with EDR2 film, the most discrepancy was found in
the TPS inplane profiles. This discrepancy was not observed for other off-axis profiles passing
through the inhomogeneous regions.

Because of the misalignment errors in the dose profiles, significant differences were ob-
served in high dose gradient regions, near the edge corresponding to the inhomogeneities. The
relative dose differences for EDR2 film—EPID and TPS—-EPID dose maps were found to be
within 2% and 3% respectively. When comparing the in-axis and off-axis inplanes of relative
dose difference between TPS and EPID, the maximum and minimum relative dose difference
was observed for air and bone inhomogeneities respectively.

Fig. 8 shows typical gamma maps for EDR2 film and TPS relative dose distributions. As
panels al—a4 and c1—c4 show, the central part of radiation field and the edge of inhomogeneities
are in disagreement before application of the CFM. After correction of the EPID dose maps, the
radiation fields are almost entirely in agreement, as shown in panels b1-b4 and d1-d4.

Although several disagreements between EPID and EDR2 film dose distributions were seen in
the homogeneous and air inhomogeneity regions, no significant discrepancies were observed in the
bone inhomogeneity region. For instance, gamma values larger than 1 were observed in the homo-
geneous areas for 7- and 17-cm thicknesses. In addition, in the air inhomogeneity region, differences
were observed for the 17- and 30-cm thicknesses. For the bone inhomogeneity, the only spot where
the gamma function was larger than 1 was observed for the 7-cm phantom thickness.

For the TPS—EPID comparison, the relative dose difference between EPID and TPS data
sets were larger than those for the EDR2 film—EPID comparison. The gamma values in-
creased with the increase in phantom thickness. In the air inhomogeneity region, an increase
in the gamma values, indicating more disagreement, was observed with increase in phantom
thickness. No significant increase in gamma values was observed for bone inhomogeneity

(a) Crossplane profiles of relative dose difference for homogeneous phantoms
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(b) Inplane profiles of relative dose difference for homogeneous phantoms
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FiG. 5. The (a) crossplane and (b) inplane of relative dose difference between corrected electronic portal images and
extended dose range (EDR2) film for 6-, 10-, 16-, and 20-cm homogeneous phantom thicknesses
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F1G. 6. The agreement between extended dose range (EDR2) film and electronic portal imaging device (EPID) dose values
(a—d) before correction and (e—f) after correction for 6-, 10-, 16-, and 20-cm phantom thicknesses at a source-to-EPID
distance of 140 cm for a 10x10 cm? field size. The gamma maps were calculated for 2.5 mm and 1% criteria

TaBLE 1. The percentage agreement between dose values obtained from extended dose range (EDR2) film and a
scanning liquid-filled ionization chamber electronic portal imaging device (SLIC-EPID), using the gamma function
for homogeneous phantoms

Phantom Agreement (%)
thickness (DTA=2.5 mm, AD=1%)
(cm) Before correction After correction Excluding 2.5-mm edge
6 25.22 89.12 95.90
10 16.66 90.00 95.99
16 16.10 87.08 93.63
20 21.78 83.51 90.89
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with increase in phantom thickness. Disregarding the edges of the radiation field, no signifi-
cant difference was observed in the homogenous area and in the bone inhomogeneity after
application of the CFM. The average gamma value and related standard deviation for the ho-
mogenous area and for air and bone inhomogeneities were 0.58 +0.14,0.46 = 0.12, and 0.59 +
0.18 respectively.

(a) Crossplane profile of a 30 cm thick inhomogeneous phantom
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F1G. 7. (a) Crossplane, (b) inplane, and off-axis inplane profiles passing through (c) air and (d) bone inhomogeneities for
the extended dose range (EDR2) film and the treatment planning system, and the corrected electronic portal image doses
and the corresponding gamma values for 3% and 2.5 mm criteria for a 30-cm-thick phantom
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FiG. 8. Gamma maps comparing extended dose range (EDR2) film and an electronic portal imaging device (EPID) (al—
a4) before correction, and (b1-b4) after correction with 2% and 2.5 mm criteria, and gamma maps comparing the treatment
planning system and an EPID (c1-c4) before correction, and (d1-d4) after correction with 3% and 2.5 mm criteria, for
phantom thicknesses of 7, 17, 20, and 30 cm respectively

Tables 2 and 3 show the percentage agreements for the film—EPID and TPS—EPID com-
parisons, before and after application of the CFM and discarding 2.5-mm edges for a dose
difference criterion of 2% and 3% respectively. For the film—EPID comparison, no system-
atic variation of gamma scores was found with increase in phantom thickness. However,
after applying the CFM, a decrease in gamma scores was generally observed with increase in
phantom thickness. A significant increase (44.9%, one standard deviation) was observed in
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agreement between reference and evaluated transmitted dose maps for the film-EPID com-
parison. Ignoring 2.5-mm edges in the radiation field increased the agreement by ~7%. Good
agreement (more than 94%) was observed using 3% and 2.5 mm gamma criteria in all cases
after ignoring 2 pixels around the edges. In these cases, application of the CFM increased the
agreement by 60%.

To find the maximum misalignment between dose maps obtained from the SLIC-EPID and
the TPS, the percentage agreement was investigated for a range of gamma function criteria.
The DTA was varied from 1 to 4 pixels (1.27 mm to 5.08 mm) and the AD,_, (2.5%) was kept
constant for all inhomogeneous phantoms. Fig. 9 shows the results. A significant increase in
agreement was observed with an increase in DTA from 1 pixel (1.27 mm) to 2 pixels (2.45 mm);
agreement remained constant with the increase of DTA from 2 pixels to 3 or 4 pixels.

TaBLE 2. The percentage agreement between dose maps obtained from extended dose range (EDR2) film and an
electronic portal image (EPI), using the gamma function for inhomogeneous phantoms, where CFM is the correction
factor matrix

Phantom Agreement (%)
thickness (DTA=2.5 mm, AD=2%)
(cm) Before CFM After CFM Discarding 2.5-mm edges
7 46.25 91.66 97.25
17 47.47 89.41 96.36
20 35.28 89.50 96.06
30 46.71 84.70 92.19

TaBLE 3. The percentage agreement between dose maps obtained from the treatment planning system (TPS) and an
electronic portal image (EPI), using the gamma function for inhomogeneous phantoms, where CFM is the correction
factor matrix

Phantom Agreement (%)
thickness (DTA=2.5 mm, AD=3%)
(cm) Before CFM After CFM Discarding 2.5-mm edges
7 32.68 89.76 96.13
17 31.82 89.49 96.39
20 24.17 89.01 95.94
30 27.41 87.46 94.08

The percentage of agreement as a function of DTA
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F16. 9. The percentage agreement between relative dose values calculated using the treatment planning system (TPS) and
those measured using an electronic portal imaging device [EPID—after application of a correction factor matrix (CFM)]
versus distance to agreement (DTA) for an inhomogeneous phantom of various thicknesses. The AD_ was 2.5% in all cases
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IV. DISCUSSION

A. Calibration method

Although several methods have been introduced for EPID dosimetric calibration, in all empiri-
cal calibrations,®-':2%) jonization chamber measurements have been used to correct transmitted
or fluence dose maps in off-axis areas. The ionization chamber measurements cannot be used
to create comprehensive 2D correction factors. On the other hand, they can be useful for line
profile verification. In addition, because of the size of the ionization chamber, the pixel size of
ionization chamber measurements is larger than 2 mm. The size of EPID pixel values ranges
from 0.25 mm? to 1.27 mm?, and so re-scaling of the data is required, decreasing the accuracy
of measurement. In contrast, the pixel size of film measurement in the optimum scanning
condition (300 dpi) is close to 0.3 mm and can be improved to 0.05 mm. Therefore, despite the
accuracy of ionization chamber measurements, they are not the most suitable for a 2D compre-
hensive calibration. As a result, from the available 2D dosimeters, EDR2 film was found to be
the best option for the present study. Even though EDR2 film is not a completely energy-
independent tool, its accuracy for this study was sufficient.

The results of the present work show that the CFM, measured in no-phantom condition, can
be used to correct EPI dose values measured in the presence of homogeneous and inhomoge-
neous phantoms. However, for the inhomogeneous phantoms a 0.5%—1% increase inthe AD,__
criterion (for a fixed DTA) is required to reach results equivalent to those in homogeneous
phantoms. The differences between EDR2 film and EPID dose values arise from the misalign-
ment between EDR2 films and EPID images that are invariably present before and after the
CFM is applied. In several cases, film positioning errors during irradiation and scanning led to
a rotation of less than 1 degree in EDR2 film. This rotation increased the disagreement be-
tween measurements in the edge of the radiation fields. In addition, EDR2 films are not
completely energy-dependant.C?

In a report of Parsaei et al.,(!!) a flattening material (10-cm homogeneous phantom) was
used to remove the horns in the beam profiles at the position of the EPID. Those authors
reported an agreement of 3% between ionization chamber and EPID dose values. How-
ever, in our work, an empirically derived off-axis correction factor (CFM) was used to
restore the horns in the EPID beam profiles within an accuracy of 1% relative to EDR2
film dose measurements.

B. Evaluation of transmitted dose for homogenous and inhomogeneous phantoms
According to the measured transmitted doses for homogeneous and inhomogeneous phan-
toms (Tables 1-3), the main reasons for the decrease in agreement between reference and
evaluated dose maps are the increase in scattered radiation because of the increase in phan-
tom thickness and the decrease in primary radiation measured in the EPID detector layer for
thicker phantoms.

The gamma values observed for inhomogeneous regions were different from those for the
same irradiation conditions in the homogenous cases. The different behavior in the inhomoge-
neous regions can be explained by the physical characteristics of inhomogeneities. In this case,
the physical characteristics of bone are closer to those of soft tissue than to those of air, because
the beam quality passing through bone is higher than that passing through air. Moreover, the
calibration procedure proposed here is performed for a radiation fluence map. Because of beam
hardening, the off-axis radiation spectrum is changed in passing through phantoms. In passing
through the various materials, the photon quality therefore produces different responses—es-
pecially in the EDR2 films.

We observed a significant difference in the radiation field edges. Although the gamma func-
tion tool can to some extent control misalignment, the discrepancy in the edge area is large and
cannot be controlled with conventional DTA values. We chose to exclude the disagreement in
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the peripheral region of interest by excluding 2 pixels (2.54 mm) from the gamma function
analysis. However, because of focusing on the central part of radiation field, pixel exclusion
should not affect the results significantly.

Gamma function assessment is a suitable tool for comparing 2D dose maps obtained
from either measurements or calculation. As Fig. 9 shows, identifying the magnitude of
misalignment is also possible. In all of our cases, the maximum misalignment was ob-
served to be 2 pixels, because no significant variation of agreement was observed with an
increase of DTA of more than 2 pixels. However, the gamma function is not able to discern
between positive and negative dose differences, nor to discern the direction of translational
misalignments.

V. CONCLUSION

Although SLIC-EPIDs are calibrated during routine manufacturer-designed calibration to gen-
erate uniform response in a flood radiation field, they can also be used for 2D dosimetry provided
that an appropriate dosimetric calibration is used. The CFM developed in the present work is
essential for a 2D dosimetric calibration of the EPID. Application of the CFM accurately re-
constructs the horns of radiation profiles removed during calibration for portal imaging mode.
The consistency between transmitted dose distributions measured using a SLIC-EPID (cor-
rected using a corresponding CFM) or EDR2 film and those calculated using a TPS showed
that the SLIC-EPID can be used as a reliable 2D dosimeter for pretreatment assessments. The
mentioned calibration method is also independent of EPID type and EPI acquisition settings.
Because of the limitation in EPI acquisition time, further investigation is required to evaluate
the response of SLIC-EPID for absolute dosimetry.

The SLIC-EPIs acquired in fast readout and full resolution mode can be used as a reliable
relative pretreatment 2D portal dosimeter for clinical purposes. This method can be used for
traditional radiation therapy, three-dimensional conformal radiation therapy, and step-and-shoot
intensity-modulated radiation therapy. Because the EPI acquisition time and pixels depend on
the LINAC repetition mode,*® further investigation is required to use a SLIC-EPID as a trans-
mitted dosimeter for dynamic intensity-modulated radiation therapy.

ACKNOWLEDGMENT

The authors express their gratitude to the referees for fruitful comments and comprehensive
editing. In addition, author MM gratefully acknowledges the award of a scholarship for PhD
study from the Iranian Ministry of Health and Medical Education.

REFERENCES

1. He X, Van Esch A, Reymen R, Huyskens D. Evaluation of an electronic portal imaging device for transit dosim-
etry. Acta Oncol. 1999;38(5):591-596.

2. Heijmen BJ, Pasma KL, Kroonwijk M, et al. Portal dose measurement in radiotherapy using an electronic portal
imaging device (EPID). Phys Med Biol. 1995;40(11):1943-1955.

3. Kirby MC, Williams PC. The use of an electronic portal imaging device for exit dosimetry and quality control
measurements. Int J Radiat Oncol Biol Phys. 1995;31(3):593-603.

4. Nijsten S, Minken A, Lambin P, Bruinvis I. Verification of treatment parameter transfer by means of electronic
portal dosimetry. Med Phys. 2004;31(2):341-347.

5. Yin F, Schell M, Rubin P. Input/output characteristics of a matrix ion-chamber electronic portal imaging device.
Med Phys. 1994:21(9):1447—1454.

6. Essers M, Hoogervorst BR, van Herk M, Lanson H, Mijnheer BJ. Dosimetric characteristics of a liquid-filled
electronic portal imaging device. Int J Radiat Oncol Biol Phys. 1995;33(5):1265-1272.

Journal of Applied Clinical Medical Physics, Vol. 8, No. 1, Winter 2007



83

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mohammadi et al.: The use of extended dose range film... 83

. ZhuY, Jiang X, Van Dyk J. Portal dosimetry using a liquid ion chamber matrix: dose response studies. Med Phys.

1995;22(7):1101-1106.

. McNutt TR, Mackie TR, Reckwerdt P, Papanikolaou N. Calculation of portal dose using the convolution/super-

position method. Med Phys. 1996;12(4):527-535.

. Essers M, Boellaard R, van Herk M, Lanson H, Mijnheer BJ. Transmission dosimetry with a liquid-filled elec-

tronic portal imaging device. Int J Radiat Oncol Biol Phys. 1996;34(4):931-941.

. Boellaard R, van Herk M, Mijnheer BJ. A convolution model to convert transmission dose images to exit dose

distributions. Med Phys. 1997;24(2):189-199.

. Parsaei H, el-Khatib E, Rajapakshe R. The use of an electronic portal imaging system to measure portal dose and

portal dose profiles. Med Phys. 1998;25(10):1903-1909.

. Van Esch A, Vanstraelen B, Verstraete J, Kutcher G, Huyskens D. Pre-treatment dosimetric verification by means

of a liquid-filled electronic portal imaging device during dynamic delivery of intensity modulated treatment
fields. Radiother Oncol. 2001;60(2):181-190.

. Chang J, Mageras GS, Ling CC. Evaluation of rapid dose map acquisition of a scanning liquid-filled ionization

chamber electronic portal imaging device. Int J Radiat Oncol Biol Phys. 2003;55(5):1432—1445.

. Greer PB, Popescu CC. Dosimetric properties of an amorphous silicon electronic portal imaging device for

verification of dynamic intensity modulated radiation therapy. Med Phys. 2003;30(7):1618-1627.

. Van Esch A, Depuydt T, Huyskens DP. The use of an aSi-based EPID for routine absolute dosimetric pre-treat-

ment verification of dynamic IMRT fields. Radiother Oncol. 2004;71(2):223-234.

. Warkentin B, Steciw S, Rathee S, Fallone BG. Dosimetric IMRT verification with a flat-panel EPID. Med Phys.

2003;30(12):3143-3155.

. Boellaard R, Essers M, Van Herk M, Mijnheer BJ. New method to obtain the midplane dose using in vivo

dosimetry. Int J Radiat Oncol Biol Phys. 1998;41(2):465-474.

. Boellaard R, van Herk M, Uiterwaal H, Mijnheer B. First clinical tests using a liquid-filled electronic portal

imaging device and a convolution model for the verification of the midplane dose. Radiother Oncol.
1998;47(3):303-312.

. Boellaard R, van Herk M, Uiterwaal H, Mijnheer B. Two-dimensional exit dosimetry using a liquid-filled elec-

tronic portal imaging device and a convolution model. Radiother Oncol. 1997;44(2):149-157.

Hansen VN, Evans PM, Swindell W. The application of transit dosimetry to precision radiotherapy. Med Phys.
1996;23(5):713-721.

Huyskens D, Van Dam J, Dutreix A. Midplane dose determination using in vivo dose measurements in combina-
tion with portal imaging. Phys Med Biol. 1994;39(6):1089—-1101.

Kirby MC, Williams PC. Measurement possibilities using an electronic portal imaging device. Radiother Oncol.
1993;29:237-243.

Wong JW, Slessinger ED, Hermes RE, et al. Portal dose images. I: Quantitative treatment plan verification. Int J
Radiat Oncol Biol Phys. 1990;18(6):1455-1463.

Ying XG, Geer LY, Wong JW. Portal dose images. II: Patient dose estimation. Int J Radiat Oncol Biol Phys.
1990;18(6):1465-1475.

Pasma KL, Heijmen BJ, Kroonwijk M, Visser AG. Portal dose image (PDI) prediction for dosimetric treatment
verification in radiotherapy. I. An algorithm for open beams. Med Phys. 1998;25(6):830-840.

Pasma KL, Vieira SC, Heijmen BJ. Portal dose image prediction for dosimetric treatment verification in radio-
therapy. II. An algorithm for wedged beams. Med Phys. 2002;29(6):925-931.

Pasma KL, Dirkx ML, Kroonwijk M, Visser AG, Heijmen BJ. Dosimetric verification of intensity modulated
beams produced with dynamic multileaf collimation using an electronic portal imaging device. Med Phys.
1999;26(11):2373-2378.

van Elmpt WIJ, Nijsten SM, Mijnheer BJ, Minken AW. Experimental verification of a portal dose prediction
model. Med Phys. 2005;32(9):2805-2818.

Chang J, Mageras GS, Ling CC, Lutz W. An iterative EPID calibration procedure for dosimetric verification that
considers the EPID scattering factor. Med Phys. 2001;28(11):2247-2257.

Steciw S, Warkentin B, Rathee S, Fallone BG. Three-dimensional IMRT verification with a flat-panel EPID.
Med Phys. 2005;32(2):600-612.

Vieira SC, Dirkx ML, Pasma KL, Heijmen BJ. Dosimetric verification of x-ray fields with steep dose gradients
using an electronic portal imaging device. Phys Med Biol. 2003;48(2):157—-166.

Low DA, Harms WB, Mutic S, Prudy JA. A technique for the quantitative evaluation of dose distribution. Med
Phys. 1998;25(5):656—661.

van Herk M. Physical aspects of a liquid filled ionization chamber with pulsed polarizing voltage. Med Phys.
1991;18(4):692—702.

Boyer AL, Antonuk L, Fenster A, et al. A review of electronic portal imaging devices (EPIDs). Med Phys.
1992;19(1):1-16.

Bos L, Danciu C, Cheng C, et al. Interinstitutional variations of sensitometric curves of radiographic dosimetric
films. Med Phys. 2002;29(8):1772—-1780.

Burch S, Kearfott K, Trueblood J, et al. A new approach to film dosimetry for high energy photon beams: lateral
scatter filtering. Med Phys. 1997;24(5):775-783.

Danciu C, Proimos B, Rosenwald J, Mijnheer B. Variation of sensitometric curves of radiographic films in high
energy photons. Med Phys. 2001;28(6):966-974.

Robar J, Clark B. The use of radiographic film for linear accelerator stereotactic radiosurgical dosimetry. Med
Phys. 1999;26(10):2144-2150.

Sykes J, James H, Williams P. How much does film sensitivity increases at depth for larger field sizes? Med
Phys. 1999;26(2):329-330.

Journal of Applied Clinical Medical Physics, Vol. 8, No. 1, Winter 2007



84

40

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Mohammadi et al.: The use of extended dose range film... 84

. Williamson J, Khan F, Sharma S. Film dosimetry of megavoltage photon beams: a practical method of isodensity-
to-isodose curve conversion. Med Phys. 1981;8(1):94-98.

Zhu X, Jursinic P, Grimm D, et al. Evaluation of Kodak EDR2 film for dose verification of intensity modulated
radiation therapy delivered by a static multileaf collimator. Med Phys. 2002;29(8):1687—-1692.

Esthappan J, Mutic S, Harms WB, Dempsey JF, Low DA. Dosimetry of therapeutic photon beams using an
extended dose range film. Med Phys. 2002;29(10):2438-2445.

Dogan N, Leybovich LB, Sethi A. Comparative evaluation of Kodak EDR2 and XV2 films for verification of
intensity modulated radiation therapy. Phys Med Biol. 2002;47(22):4121-4130.

Olch A. Dosimetric performance of an enhanced dose range radiographic film for intensity-modulated radiation
therapy quality assurance. Med Phys. 2002;29(9):2159-2168.

Mohammadi M, Bezak E. Two-dimensional transmitted dose measurements using a scanning liquid ionization
chamber EPID. Phys Med Biol. 2006;51(11):2971-2985.

Ahnesjo A. Collapsed cone convolution of radiant energy for photon dose calculation in heterogeneous media.
Med Phys. 1989;16(4):577-592.

Mackie TR, Scrimger JW, Battista JJ. A convolution method of calculating dose for 15-MV X rays. Med Phys.
1985;12(2):188-196.

Mohammadi M, Bezak E. The physical characteristics of a SLIC-EPID for transmitted dosimetry. Iran J Radiat
Res. 2005;2(4):175-183.

Reich P, Bezak E, Mohammadi M, Fog L. The prediction of transmitted dose distributions using a 3D treatment
planning system. Australas Phys Eng Sci Med. 2006;29(1):18-29.

Yeo 1J, Beiki—Ardakani A, Cho YB, et al. EDR2 film dosimetry for IMRT verification using low-energy photon
filters. Med Phys. 2004;31(7):1960-1963.

Journal of Applied Clinical Medical Physics, Vol. 8, No. 1, Winter 2007



