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Dosimetric properties of an amorphous silicon electronic portal imaging dé&iet) for verifi-

cation of dynamic intensity modulated radiation therdfiRT) delivery were investigated. The

EPID was utilized with continuous frame-averaging during the beam delivery. Properties studied
included effect of buildup, dose linearity, field size response, sampling of rapid multileaf collimator
(MLC) leaf speeds, response to dose-rate fluctuations, memory effect, and reproducibility. The
dependence of response on EPID calibration and a dead time in image frame acquisition occurring
every 64 frames were measured. EPID measurements were also compared to ion chamber and film
for open and wedged static fields and IMRT fields. The EPID was linear with dose and dose rate,
and response to MLC leaf speeds up to 2.5 chwas found to be linear. A field size dependent
response of up to 5% relative th,,, ion-chamber measurement was found. Reproducibility was
within 0.8% (1 standard deviatigrfor an IMRT delivery recorded at intervals over a period of one
month. The dead time in frame acquisition resulted in errors in the EPID that increased with leaf
speed and were over 20%rfa 1 cmleaf gap moving at 1.0 cm's. The EPID measurements were

also found to depend on the input beam profile utilized for EPID flood-field calibration. The EPID
shows promise as a device for verification of IMRT, the major limitation currently being due to
dead-time in frame acquisition. @003 American Association of Physicists in Medicine.
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[. INTRODUCTION rately as part of the commissioning process for IMRTow-

Due to its complexity, dynamic intensity modulated radiation®V€" this approach again requires a large workload.

therapy (IMRT) presents a challenge to verify that the de- = /€ctronic portal imaging device&PIDs present an at-
sired fluence and hence dose distribution is delivered by thiactive possibility to verify IMRT delivery due to their two-

linear accelerator. One approach to IMRT verification is todimensional digital format. Multiple verification images can
transfer the IMRT fluences for each field to a test phantonf!SC be rapidly acquired without the necessity to re-enter the
and calculate the cumulative dose distribution with the radioreatment room to position film. For pre-treatment verifica-
therapy treatment planning systéRTPS. These fields can ton the EPID image can be compared to a predicted portal
then be delivered to the test phantom setup on the lined#0S€ image(PDI) calculated from the fluence map for the
accelerator, the dose distribution measutgenerally with  field>® Another potential application is to verify the dose
film), and the result compared to the RTPS dose calculationdelivery in vivo with the EPID image acquired during the
This procedure is, however, time-consuming involving recal/MRT treatment, by comparison to a predicted transmission
culation of the IMRT plan, set-up time on the linear accel-!mage.
erator, film processing and digitization, and comparison to Until recently video-camera and liquid-ion chamber based
the plan. Frequent film calibration and processor quality asEPIDs have been utilized for these applications. The dosim-
surance is also necessary. etric properties of these types of EPIDs have been exten-
An alternative approach to ensure the integrity of thesively studied”** More recently their application to verifi-
IMRT delivery is to verify the fluence or dose delivered for cation of dynamic IMRT has been addresSéd-However,
each field. In this case the fluence can be transferred to a fliat-panel amorphous silicon based EPIDs are rapidly replac-
phantom and the dose at a plane in the phantom calculatédg these EPIDs due to their superior image quality for treat-
by the RTPS. A measurement of the delivered dose for thenent setup verificatiot? El-Mohri et al® studied the dosi-
field made with film can be compared to an expected dosenetric properties of their in-house developed amorphous
calculated by the RTPS systémThe accuracy of the RTPS silicon imager, while McCurdgt al'* investigated some ba-
dose calculation algorithm to calculate dose based on a givesic properties for static field dosimetry. The dosimetric prop-
input fluence and patient anatomy would be verified sepaerties of amorphous silicon EPIDs and their applicability for
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dynamic IMRT verification are therefore of current interest.  The EPID imagd (X,y) obtained from continuous frame
In this study the dosimetric properties of an amorphousaveraging is therefore:
silicon EPID for verification of dynamic IMRT were inves- N
tigated. These properties included effect of buildup, dose re- 1(x,y)= EE 1.(X,y) (1)
sponse, field size response, relative dosimetry accuracy, re- N= 77
sponse to rapid MLC leaf speeds, and beam dose-re_lte ﬂ_u9\7here I;(x,y) is the jth image frame, andN is the total
tuations. The dependence of response on EPID cahbratloH
and a dead time in image frame acquisition occurring every
64 frames were measured, as was the reproducibility for ab- I
solute dosimetry. The EPID was also compared to ion chamg' EPID calibration
ber and film measurements for IMRT test patterns. The EPID is calibrated by the acquisition of dark-field
(DF) and flood-field(FF) images. The DF image is acquired
with no radiation and records the pixel offsets. The FF image
Il. METHODS AND MATERIALS is recorded with an open field “uniform” irradiation to de-
termine differences in individual pixel sensitivities. When an
image is acquired by the EPID the DF is subtracted and the
The amorphous silicon EPIDaS500, Varian, Palo Alto, image is then divided by the normalized FF image:

CA) consists a 1 mm copper metal plate, a 134 mg/ém [ TawX,y) ~ DF(X,y)

umber of frames acquired.

A. EPID and image acquisition

gadolinium oxysulphide phosphor scre¢kodak, Lanex (x,y)= [FH(X,Y) — DF(X,Y) Imear
Fast B that includes a 0.18 mm polyester reflector, and a FR(x,y) = DF(x,y) 5
40x30 cnt (512x384 pixe) a-Si array. Each pixel consists 2)

of a light sensitive photodiode and a thin-film transistor with This calibration, however requires a uniform FF calibration
a pixel pitch of 0.7&0.78 mnt. The copper plate lies be- imagel’ To achieve uniformity, an optimum thickness of
neath a 10-mm-thick foam layer with 1 mm of epoxy for solid water buildup has to be found. The EPID was cali-
binding. The scintillator and amorphous silicon arfayl  brated with thicknesses of solid water buildup of 5, 7.5, 10
mm thick) are bound to the underside of the copper plate aném and no buildup. The flatness of the flood-field image for
are enclosed between thin layers of black paper to preverach calibration was examined using profiles through the
light scatter from the copper plate or components beneath theentral axis in cross-plane and in-plane directions. The cali-
array, reaching the array. Beneath this lies a further 8 mm dration field size was 4030 cnt at isocenter with the de-
foam and 1 mm epoxy. A 1.6-mm-thick plastic collision tector at a source—detector distari&D) of 105 cm. The
cover(epoxy with glass and foanencloses the detector with solid water was placed on the detector surface and the accel-
an air gap of approximately 1.5 cm between the cover angrator positioned vertically downward. The detector was lev-
the detector surface. The EPID was integrated with a 6E£X eled to remove any sag due to the solid water.
MV) linear accelerator with a dynamic multileaf collimator ~ Immediately following each calibration, the solid water
(DMLC) with 1 cm leaf width from the same manufacturer. was removed, and an image was acquired of & 2D cnf
All investigations were performed with a nominal beam doseopen field. This open field image has the flood-field correc-
rate of 400 MUmin! (6.7 MUs ). tion for the previous calibration applied. Thus four open field
Image acquisition is controlled by the Acquisition CPU images were acquired, each with identical input fluence to
(IAS2) located in the treatment room. An image frame isthe detectono buildup on EPID, but with different flood-
scanned row by row, with a fixed number of rows scannedield corrections corresponding to 0, 5, 7.5, and 10 cm of
per beam pulse. Each individual image frame is acquired irsolid water buildup. These open field images were then com-
~0.125 s at a 400 MU/min dose rate. This frame time variepared to ion-chamber measurementgy, to see whether
slightly depending on the nominal dose-rate setting of théhe EPID image, with flood-field correction corresponds to
accelerator. To record an IMRT delivery with this EPID sys-the ion chamber. The ion-chamber measurement was re-
tem, there are two possible modes of operation, multiple imcorded in a water tank with a 0.125 cc ion chambafell-
age acquisition and continuous frame averaging. In the firdhofer Dosimetrie, Schwarzenbruck, Germarat 1.5 cm
mode, multiple images are acquired during radiation deliv-depth at a source—surface dista®&D) of 100.0 cm for the
ery, with each image being the average of a fixed number o$ame field size.
frames. In this case, however there is a delay between each
acquired image due to the transfer of the image from thec. Dosimetric properties
Acquisition CPU to the disk and database. This delay is not .
fixed and can be more than 2%This mode is unlikely to be 1+ Effect of buildup
used to verify dynamic IMRT where leaf speeds of up to 3 To determine whether added buildup material was re-
cms ! are possiblé® In the continuous frame-averaging quired for accurate dosimetry, the effect of added buildup
mode that was used in this work, a single image consisting gblaced on the detector surface on the EPID response for the 6
the average of many image frames is acquired during radiavlV beam was investigated. The 1 mm copper plate and scin-
tion delivery. The EPID will average successively acquiredtillator screen provides inherent buildup. Solid water of
frames up to a limit of 9999 frames. thickness 0.5, 1.0, and 1.5 cm were placed on the collision

Medical Physics, Vol. 30, No. 7, July 2003



1620 P. B. Greer and C. C. Popescu: Verification of dynamic IMRT 1620

cover surface leaving a gap ef2.5 cm to the amorphous size, ion-chamber measurements were performed at a depth
silicon. Open field images of a 0 cn? field were ac- of 1.5 cm in a solid water phantom with 5 cm of backscatter,
quired with the EPID at 105 cm from the source. Ten framesand 105.0 cm to the chamber. Both sets of measurements
were averaged for each image. The images were acquiraglere normalized to the 2010 cnf values.

with a delay after the beam was turned on so that the accel-

erator dose rate had stabilized. The mean and standard d¢- Effect of dead time in frame acquisition

viation of the pixel values in a 2010 pixel region at the The EPID system has a dead time in frame acquisition
i:;r;tser of the field were recorded for each solid water th'Ck'occurring every 64 frames. The ACPU is capable of adding

) ) up to 64 frames in its 20 bit hardware memofifyame-
Images of open fields of sizex%, 1010, and 26<20 buffer). Every 64 frames the content of the frame-buffer is

Cr,“z were then recorded as above with the EPID with andy,o\ed to the 32-bit-wide DRAM of the CPU. This transfer
without the buildup material present. Profiles through the, . as —0 16 s. A reset framénon-image frameis then

central axis were obtained. The beam profiles with and W'th'acquiredl.5 This represents a dead time in image acquisition

out the buildup material present were compared. of ~0.28 s every 64 frames, approximately equivalent to a
loss of two image frames. As radiation is continuously deliv-
2. Dose response ered during this dead time, the effect of the dead time on
As the EPID image is the average of acquired frames, twéecording dynamic IMRT was investigated. Sliding window
images acquired with different dose or monitor unit settingsieliveries were performed with a uniform 1 cm leaf gap be-
should result in the same pixel values provided the dose ratéveen the two banks of multileaf collimat¢MLC) leaves
and hence dose/frame is the same. The pixel values wilend a 1010 cnf field. Three leaf speeds of 0.25, 0.5, and
however, be sensitive to dose rate as this will change thé.0 cms* were created by modifying the MU setting. This
dose per frame. To obtain a measure of integrated dose froﬁﬁttern should result in a uniform beam profile and is utilized
the images, the pixel values must therefore be multiplied bys a quality assurance test of leaf-speed stabflitynages
the number of frames acquirégq. (1)]. were acquired by continuously averaging frames. Profiles
The linearity of the EPID to variations in dose rate wasWere obtained along the direction of leaf motion directly
investigated by Comparison to ion-chamber measurement§_nd9r the center of the MLC leaf adjacent to the central axis.
To modify the dose rate the SDD was varied by varying theéReduction in signal from a uniform profile occurring due to
distance below isocentdb.5, 20.2, 30.2, 40.1, 53.1, 64.4, the dead time in frame acquisition was quantified for each
and 83.5 cm No extra buildup was utilized on the EPID. At leaf speed.
each distance, three images ofa%cnt field were acquired
and the mean pixel values in a X@0 pixel region at the 5. Response with leaf speed
center of each field were recorded. Each image consisted of | eaf speeds of up to 2.5 cnsare utilized at our center
ten averaged frames acquired following a delay after thgor DMLC delivery. If the EPID pixels integrate the dose
beam was turned on. This delay ensured stability of the achetween consecutive frame read-outs, then leaf speed or
celerator dose rate. To determine the relative dose rate witflame rate should not affect the acquired signal. However, if
distance, the 0.125 cc ion chamber was placed in a persp&jgnal is collected for only a portion of the frame time, or if
mini-phantom &a 3 cmdepth at each SDD. the pixels saturate before frame readout then errors in the
To verify linear response with dose, images of a10  signal may occur. It is important therefore to ensure that the
cn?’ open field were acquired. The EPID was positioned at &P|D accurately records the rapid changes in dose rate to a
fixed detector distance of 105.0 cm, and varying dose wapixel that occur during DMLC radiation delivery. Sliding
delivered with monitor unitMU) settings of 10, 20, 50, 100, window deliveries were performed with a uniform 1 cm leaf
and 200. For each MU setting, frames were continuouslyyap between the two banks of MLC leaves for a<10 cnf
averaged during the irradiation. The pixel values at the centeffeld. The leaf speed was varied from 0.33 to 2.5 cthisy
of the field were obtained as described earlier and were thearying the number of monitor units. Three images were

multiplied by the number of frames acquired for each imageacquired for each leaf speed with continuous frame averag-
The linearity of delivered dose with MU setting was verified jng, and the image values multiplied by the number of

by ion-chamber measurement in the mini-phantom. frames acquired. Profiles under the center of the MLC leaf
adjacent to the central axis were analyzed to obtain the EPID
3. Field size response signal for each leaf speed. These were compared to ion-

The field size response of the EPID was compared té:hamber measurements made in the mini-phantom for each

ion-chamber measurement. The detector was positioned 52 SPeed at the center of the field under the center of the
105 cm from the source and field sizes defined by the muiS@me MLC leaf.

tileaf collimators were varied from X4 to 24x24 cnft. )

Three images were acquired for each setting with no addef- Response to dose-rate fluctuations

buildup on the EPID. The images were acquired with ten The readout of the amorphous silicon array is synchro-
frames after dose-rate stabilization and pixel values recordedized with the beam pulses. The EPID is also calibrated at
as described earlier. To record the change in dose with fieldach fixed accelerator dose rageg., 400 MU/min used for
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clinical imaging. The DF and FF images are different forquency having 1 cm bars spaced at 2 cm intervals. This was
each dose rate due to variation in the dose rate and imadgeput to the RTPS as an “optimal fluence map” and the
acquisition timing. During IMRT treatments if the MLC RTPS then calculated leaf trajectories and a “deliverable” or
leaves cannot reach a pre-defined position with maximuriactual” fluence map. These were recorded on the 6 MV
leaf speed then beam hold-offs result where the acceleratarccelerator with Kodak XV filn{Eastman-Kodak, Rochester,
reduces dose ratg¢holds-off beam”) until the leaves have NY) at 1.5 cm depth in a solid water phantom. The films
reached the desired position. This can result in large dosevere digitized with a Vidar scanné¥idar Corp, Herndon,
rate fluctuations during the delivery. Potentially these couldPA) and converted to relative dose with a measured calibra-
affect the EPID signal where the EPID system is designedion curve.

and calibrated with a fixed accelerator dose rate. The effect For pre-treatment verification of the IMRT fluence deliv-
of beam hold-offs on the EPID signal were examined byery, the EPID image can either be compared to a predicted
recording a “step-wedge” IMRT pattern with and without PDI, or converted to a “fluence” image for comparison to
beam hold-offs. For the pattern, dose settings of 50 and 50the expected fluence without the patient present. To investi-
MU were utilized to deliver the field with and without beam gate the potential of the EPID for this application, an image
hold-offs. During the 50 MU irradiation the beam dose ratewas acquired of a clinical IMRT field and compared to the
fluctuated to less than 200 MU/min at times during the defluence map utilized by the RTPS for the dose distribution.
livery. Beam profiles directly under the leaf adjacent to theThe field was from a clinical six field parotid plan. Profiles in
central axis were obtained from the EPID images and comthe leaf motion direction were compared at the central axis
pared. and at off-axis planes.

7. Memory effect 9. Reproducibility

~ The memory effect of the EPID was studied in a manner  The reproducibility of the EPID signal is particularly im-
similar to that utilized by van Escét al® for the liquid ion-  portant if the EPID is to be utilized to record not only rela-
chamber EPID. An image was acquired with’aBcnt field  tive dose measurements but also record absolute dose varia-
size, followed immediately by an image of a280 cnf  tions. The reproducibility was assessed by recording a step-
field size. The interval between the two images was approXiyedge IMRT delivery on multiple occasions over a period of
mately 15 s. A memory effect of the EPID will manifest as one month. This pattern consisted of five uniform intensity
an increase in the pixel value for the’200 cnf field size in  |eyels(barg with relative intensities of 0.2, 0.4, 0.6, 0.8, and
the region of irradiation of the’85 cn field. An image was 1.0 At each measurement the EPID was set up at the same
acquired of the 2820 cnf field after several minutes had position. The differences between profiles through the central

elapsed for comparison. Profiles across the20 cnt field  axis of the field were quantified and the standard deviation
images were compared to see whether the pixel value wasy|cylated.

elevated due to a memory effect.

8. Relative dosimetry Il RESULTS

The accuracy of the EPID in recording open and wedge(f" EPID calibration
static fields was investigated. Images were acquired with The effect of the thickness of solid water utilized when
open fields from X5 up to 20<20 cnf. These images were recording the FF calibration image is shown in Figa)l
acquired with ten frames following dose-rate stabilization.This shows profiles through the central axis of the FF images
The EPID was positioned at 105.0 cm from the source withrecorded with no buildup, 7.5 cm buildup, and 10.0 cm solid
no added buildup material. Similarly images were acquiredvater buildup on the EPID. The FF profile with 10 cm
with 45° and 60° steel wedges for field sizes of<ZD and  buildup is relatively flat, while the profile with no buildup
15x15 cnf, respectively. The transmitted beam containsincreases rapidly off-axis. Figuréd) shows EPID measure-
some variation in beam energy across the fiéll the  ments(with no buildup on the EPIDof an open 2620 cnf
wedged direction due to the varying thickness of steel. field. The EPID images have been divided by the FF calibra-
EPID profiles through the central axis for the open fields andion images from these three different buildup thicknesses.
in the wedged direction for the wedged fields were compared’hese EPID profiles, again obtained through the central axis
to ion-chamber measurements recorded at 1.5 cm depth inia the cross-plane direction, are compared to ion-chamber
water phantom at 100.0 cm SSD. The EPID result was scalecheasurement at 1.5 cm depth in a water tank. For clarity the
to 101.5 cm to enable comparison, assuming there would b® cm of solid water result, which was between the zero and
no change in EPID measurement at 101.5 and 105 cm dig-.5 cm thickness, has been omitted.
tances apart from beam divergence. The EPID calibrated with no buildup shows an underesti-

IMRT test patterns were recorded with the EPID usingmation of the beam profile as measured with the ion cham-
continuous frame-averaging mode and compared to filnber. The FF image in this case reduces the pixel values off-
measurement. A bar-pattern test fluence was created with axis. The result when the EPID was calibrated with between
in-house software package. This fluence consisted of bar pas-.0 and 7.5 cm of solid water closely matched the measured
terns of different spatial frequencies, with the highest fre-ion-chamber profilgwithin 2%). There was reduced agree-
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Fic. 2. Linearity of the EPID with dose rate and integrated dose. The dose
rate to the EPID was varied by varying the source to detector distance.

plication of the image pixel values by the number of frames averaged, with
and without correction for dead time in image acquisition. These were also

§ 0.8 1 lon-chamber readings were recorded at each EPID position in a mini-
(@] —— EPID Calib. No SW phantom to determine the relative dose rate. The relative dose rate is ex-
2 06 - = EPID Calib. 7.5 cm SW pressed in MU/min assuming a nominal output of 400 MU/min at 100 cm
% «—— EPID Calib. 10 cm SW from the source. A measurement of integrated dose was obtained by multi-
14

0.4 4 »  lon-Chamber at dmax

02 4 : compared to ion-chamber readings.
00 1'0 5 c') 5 1'0 ducing a gradient through these frames and hence into the FF
image, although this was not confirmed.
(b) Distance (cm)

B. Dosimetric properties
Fic. 1. (a) EPID flood-field (FF) calibration profiles, through the central
axis, recorded with no buildup, 7.5 cm buildup, and 10.0 cm solid water1, Effect of buildup

buildup on the EPID.(b) EPID image profiles(with no buildup on the .
EPID) through the central axis of an open 220 cn? field. The EPID For the 0, 0.5, 1.0, and 1.5 cm thicknesses of added

images have been divided by the FF calibration images taken with the threbuildup the mean EPID pixel values were 99.4%, 100.0%,

_different buildup thicknesses. These open field profiles are compared t98.8%, and 94.7% of the maximum reading, which was ob-

lon-chamber measurementsd,, depth in a water phantom. tained for 0.5 cm of added buildup. The results from three
separate irradiations agreed to within 0.2%standard de-

. . . viation). The signal is a maximum for an additional 0.5 cm
gz)e”rét v(\)/;tifl'lt?hzng;ﬁ[r)] \fvr;zmct;%gg dav(\j/grl;[lcér.looérioof(:r:olci); of solid_ water, and de(_:reases for Iarge_r thicknes_sgs. The
water for the following measurements. EPID S|gna! corresponding to no extra buildup IS.WIthIn 1%

The EPID profiles measured in the in-plane direction ex-Of .the maxwpum(at 0.5 cm buildup due to the inherent

hibited a gradpient that closely matchélnhtpin the opposite buildup provided by the copper plate and other detector com-

o . . . _.ponents. The profiles for the open fields with and without the
direction a gradient observed in the FF measurement. This i 5 cm of solid water buildup were also within 1%. The
consistent with the FF being the source of this gradient. Th%ﬁect of the extra buildup was only evident in a slight. blur-
gradient was not symmetric about the EPID center, bein ing of the penumbra. Therefore no extra buildup was uti-
approx?mately 0.2% per cm ?n the top half of the image aN%ized in the following .measurements. For dosimetric mea-
approximately 0.6% per cm in the bottom half of the 'Mage.q rements without a patient or scattering material present

Inve§t|gqt|ons were performed to identify the source of thethere is no necessity indicated here for extra buildup at this
gradient in the FF image. The angle of the EPID surface Wa%nergy

leveled and the FF remeasured, however this did not remove
the gradient. It was however observed that when EPID FF

acquisition was initiated during calibration, the accelerator?- D0ose response

dose rate reduced from 400 te370 MU/min. It was our The linearity of the EPID with relative dose-rate as mea-
practice to wait for the accelerator dose rate to stabilize asured by the ion chamber is shown in Fig. 2. A linear fit has
400 MU/min before initiating the FF acquisition. It is pos- been applied to the measurements. The relative dose-rate
sible that this gradient is due to the reduction in dose rat@xis is expressed in terms of nominal accelerator dose rate
occurring during the acquisition of frames of the FF, intro-with a dose rate of 400 MU/min at 100.0 cm from the source.
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Fic. 3. Field size response of the EPID. The EPID signal change with field
size is compared to the change in dose with field size measured with an io
chamber at 1.5 cm depth in a solid water phantom. The data are normaliz
to the 10<10 cnf field. Also shown is the ratio of the EPID readings to the
ion-chamber readings.

1G. 4. The effect of the EPID dead time on recorded signal. A uniform
iding window delivery of 1 cm width was utilized over a 10 cm distance
with leaf speeds of 0.25, 0.5, and 1.0 cnt.s

shows a field size respongeelative to 1010 cn? field)
The three measurements at each distance differed by lessmpared to ion chamber 6f2% for a 4x4 cn? field and
than 0.2%(1 standard deviationn all cases. +2.5% for a 24<24 cnf field when compared to readings in
The linearity with integrated dose was investigated by de-solid water.
livering different monitor unit settings with the detector at a

single distance and multiplying the resulting pixel values by4. Effect of dead time in frame acquisition

Fhe number of framgs acquired. Due to the dead t|me. N The effect on the beam profile of the dead time in frame
image frame acquisition, the number of frames for the in-

acquisition is shown in Fig. 4. These profiles were taken

frames for each dead time occurring during the ac uisition(t)rom the images of the uniform sliding window irradiation of
g 9 9 1 cm leaf gap with leaf speeds of 0.25, 0.5, and 1.0 ¢ins

E?frrg:se'\sﬂgcsiitrlggsvvzfslfz’ 220 4 5600 1101% 1?]%2203% t?\zon?rr;ntiﬁ'he profiles were obtained under a central MLC leaf along
9 ] ' : t%e direction of leaf motion. The profiles should be uniform

are “missing” for the 100 MU(1 dead timg¢and 6 frames for . . . . .
. . . : however reductions are evident withl cm width at inter-
the 200 MU(3 dead timef with the dead time occurring at . . .
. . o . vals that correspond to 64 frame intervals in the image ac-
64 frame(~53 MU) intervals. For this static field delivery o . .
quisition. The errors in this case are large even for the rela-

(constant dose ratehe pixel values accurately represent thetivel low leaf speeds. The measured maximum errors as a
dose rate to the detector as the ACPU is including only thef= y P '

. antion of the leaf speed are shown in Fig. 5. These values
actual acquired frames and therefore the frame-average o . .
. . . represent the reduction in EPID signal due to the dead time
reading[Eq. (1)] does not include dead-time frames. How-
ever the calculated integrated dose obtained by multiplica-
tion of the pixel values by the number of frames is then too 25

low, as the number of frames does not represent the irradia-

tion time (for >64 frames. Alternatively the pixel values o0 |

could be multiplied by the total time for the irradiation, or a

corrected number of frames. This will only produce accurate

dosimetry for static fields where the dose rate is constant. g 151

The data in Fig. 2 show the frame-averaged pixel values 3

multiplied by the number of frames, and also by the number & 10 -

of frames expected with no dead tinfequivalent to multi-

plication by total irradiation or imaging time 5

3. Field size response o ' ’
The EPID and ion-chamber readings with field size nor- 00 05 1.0

malized to the 16810 cnf values are shown in Fig. 3. Also
shown is the EPID signal divided by the ion-chamber mea-
Sgr?ments' The .EF?ID pl);el values for the t.hr.ee separate Irr%]e. 5. Errors in EPID signal due to dead time as a function of the leaf speed
diations were Wlthln 0.19%1 sta'ndard deviation Second- o 21 cm gasliding window delivery with leaf speeds of 0.25, 0.5, and 1.0
order polynomials have been fitted to the data. The EPIRms™

Leaf speed (cms™)

Medical Physics, Vol. 30, No. 7, July 2003



1624 P. B. Greer and C. C. Popescu: Verification of dynamic IMRT 1624

o =0 * EPIDsignal 20 = No beam hold-offs |
£ Linear Regression 1.8 —— With beam hold-offs
©
= i
5 2e+5 - p = 16
-g 25¢ems 5, 1.4 -
3 w
< 0 12 by
X qe+5 4 o
g wl 1.0 1
s 2 o8-
£ seva - . @ 06
a 0.33cms @ 0.4
Sj 0.2

0 T T *

0.0 05 1.0 15 0.0 T T T T T T T

-8 6 -4 2 0 2 4 6
Relative Dose
Distance (cm)
Fic. 6. Linearity of the EPID signal with leaf speed. The linearity was
investigated up to 2.5 cm'$ leaf speed. This demonstrates that the EPID Fig. 7. Comparison of measured EPID profiles of an IMRT test pattern with
can record the rapid temporal changes in dose rate that occur during DMLGnd without beam hold-offs. The dose rate dropped from 400 MU/min to
deliveries. This analysis was performed in areas of the image only slightlyhelow 200 MU/min during the delivery of the pattern with 50 MU, while the
affected by the dead time. 500 MU delivery maintained a consistent dose rate-870 MU/min.

6. Response to dose-rate fluctuations

express_ed as a percentage. The n_1aximum error increases Iin'The agreement between the test pattern recorded with and
garly ,W't?] leaf spegd. 'Il'he dead t|:‘ne result; '”h'f"“ge (;educwithout beam hold-offs is shown in Fig. 7. Slight fluctuations
tions in the EPID signal for faster leaf speed. This is due 19, i) are evident for the pattern recorded with beam hold-
t_he fact that when the .Ieavgas are moving rapidly, _each POr5tts however these are not significafiéss than 1% The

tion oflthfe deltectcl)r '? |rrad|ate.d for cl)n(l)y aﬁzhort Enl]e. FOr calibration and synchronization of the EPID at a fixed accel-
example foa 1 cmieaf gap moving at 1.0 cms, each 1 em o o46 gose rate does not appear to limit the accuracy of the

width region on'the det.ecto(.wvith the detector at 100 M EpPID when the accelerator dose rate varies from this.
from the sourcgis only irradiated for 1 s. The 20% maxi-

mum error in signal for the 1.0 cm$leaf speed due to the

i _, 7. Memory effect
dead time observed here corresponds reasonably well with &
dead time 0f~0.28 s. Therefore even a small dead time can The image of the 2820 cnf open field acquired shortly
result in a large loss of signal. When less than 64 framegfter the 5<5 cn? field exhibited a faint “ghosting” of the
were utilized for image acquisition there was no nonunifor-5x5 cn? field that was visible after extreme window/
mity of the profile observed. The large errors would manifesteveling to improve the contrast. However this ghosting was
as errors in the lower signal areas of IMRT irradiations andvery small, at less than 0.2%. This result suggests that the
for fields with small numbers of MU, however the errors arememory effect is not significant in this time interval between
still significant even for slow leaf speed. image acquisition.

8. Relative dosimetry

The agreement between the EPID profiles and ion-
chamber measurements was within 3% for the open and

Figure 6 illustrates the EPID signal linearity with leaf wedged fields inside the penumbral region. An example is
speed. The EPID pixel values have been multiplied by theshown in Fig. 8 for a 60° wedge with a ¥85 cnf? field,
number of frames to obtain an integrated pixel value. Thisvhere the EPID profile through the central axis in the
shows that the EPID is accurately recording the rapidvedged direction is compared to ion chamber. The data are
changes in dose rate. These results were obtained by analysisrmalized to the central axis point. These results suggest
of profiles across sliding window deliveries, and compared tdhat the EPID should be a useful device for verification of
ion-chamber readings in a mini-phantom. These profiles exstatic field delivery, and for quality assurance purposes such
hibited reductions in signal in the region of the image underas beam profile constancy.
the open MLC leaf gap due to the dead time of the EPID Figure 9 shows an example of agreement between EPID
every 64 frames as seen in Fig. 4. The values utilized for Figand film for the highest frequency IMRT bar pattern, with the
6 were obtained from regions of the image that during thedata normalized to the central axis. The agreement is within
dead time were irradiated only by MLC transmission, and5%, with the main discrepancies occurring in the trough re-
hence only slightly affected. Three images were recorded fogions of the pattern. The level of agreement with the lower
each leaf speed and the pixel values obtained in each cafequency bar patterns was similar, however the discrepan-
were within 0.2%. cies in the trough regions were not apparent. To validate the

5. Response with leaf speed
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Fic. 8. Example of the EPID measurement of wedged static fields. The Distance (cm)

EPID measurement of a 60° physical wedge for &15 cnf field com-

pared to ion-chamber measurement at 1.5 cm depth in water. Fic. 10. Comparison of EPID image with the actual fluence map utilized by

the RTPS system for dose-distribution calculation.

use of film for comparison to the EPID, film measurements .

of 10x10 and 20<20 cn? open field profiles at 1.5 cm depth - Réproducibility

in solid water were compared to ion-chamber measurements The differences between the same IMRT delivery re-
recorded in a water phantom. Agreement of the film and ionygrged at intervals over a period of a month was 0.8%
chamber for the open field profiles was within 2% in the standard deviationin the regions of relatively uniform irra-
high-dose region and within 3 mm in the penumbral region gjation. In regions of steep dose gradient, the result is af-
~ A comparison of an EPID profile for the clinical IMRT fected by offsets of the different images due to slight differ-
field and the actual fluence file utilized by the RTPS is showreces in detector positioning. In these regions the separation
in Fig. 10. The agreement is reasonable considering that thsf he intensity edges was within 0.5 mm. The EPID shows a
EPID is compared with the raw fluence map, with no explicithigh degree of reproducibility. Images of the same pattern
calculation of the PDI at the EPID plane. The effects of theyere also taken pre- and post-flood-field calibration of the
accelerator source, MLC transmission, and EPID scattegp|p and compared. These were within 0.2%standard
have not been incorporated. The agreement was similar fQfeviation. This was also repeated with a change in the cali-
other profiles through the irradiated field. The EPID obvi-pyration thickness of solid water from 6.0 to 7.5 cm. The pixel
ously shows promise to verify the IMRT delivery by com- yajyes then exhibited a uniform offset 6f1% due to the

parison to PDIs calculated from the RTPS fluence. change in the FF correction with the increased thickness of
solid water.
Sl ol 13]
12 | — EPID IV. DISCUSSION
The performance of the amorphous silicon detector was
1.0 1 ” n ” n (\ ﬂ assessed for pre-treatment dosimetric measurement of IMRT
beam delivery. The effect of a patient in the beam on the
§ 0.8 - IMRT fluence and on measurement with this detector was
% not assessed. However the properties investigated here will
%, 06 1 also generally apply to the use of the EPID forvivo do-
E 0.4 - U U U simetry. Image acquisition for IMRT verification was per-
u u 7/ formed by acquiring a single image comprised of multiple
02 ] image frames. These frames are rapidly acquired@fi25 s
’ and the resulting image is the average of all the image
0.0 . . : : i i . frames. This is necessary as the acquisition of multiple single
8 £ -4 2 0 2 4 6 8 images during the delivery has a delay o2 s between
. images. Large numbers of images would also be generated in
Distance (cm) this approach. Integration of the entire dose delivery from a

Fic. 9. Example of an EPID profile for the highest frequency bar—paltterns_ingIe frame is not possible as the detector saturates at rela-
IMRT field compared to a film measurement at 1.5 cm depth in solid watertively low doses.
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The calibration of the EPID with a FF image is important dead time. The dead time does not affect the relative dose
for accurate dose response as all acquired images are dividpdofile of the image for constant dose-rate irradiation as it
by the normalized FF image. This image is acquired to coraffects all parts of the image equally.
rect for non-uniformities in the EPID response, and ideally This is not the case for DMLC delivery where only a
the input beam profile for the FF acquisition should be uni-portion of the detector is irradiated at a particular time. The
form. Although the FF image acquired with 10 cm of solid dead time in frame acquisition occurring every 64 frames is
water was relatively flat, the open field measurement withidentified as a major limitation of this device for DMLC
this FF correction applied was higher than ion chamber. Aields. With the rapid leaf speeds during IMRT delivery, de-
potential explanation is that the EPID over-responds withays in sampling of the intensity have significant conse-
increasing distance off-axis. This is apparent in the FF profilejuences. The errors observed here were over 20% for a leaf
for no buildup on the EPID which is higher off-axis than the speed of 1.0 cm's with a 1 cm gapbetween the leaves. The
true beam “horns.” Therefore a FF correction image thaterrors increased linearly with increasing leaf speed. As the
contains an approximation to this over-response can result ileaf speed increases the time that a detector region is exposed
better agreement with measurement than a flat FF image. to the beam is reduced and so a small dead time in sampling

A gradient was also introduced into the calibration FFbecomes more important. The error will also increase with
image, potentially due to the accelerator dose-rate reductiodecreasing leaf gap for the same leaf speed.
during the acquisition of this image. To overcome this a gra- To overcome this problem the EPID images can be ac-
dient correction can be applied to all acquired images, oquired with less than 64 frames. This however corresponds to
potentially the gradient can be removed from the flood fieldonly 8 s for beam delivery. Alternatively if a large MU set-
if this effect is reproducible and stable. The influence of theting is utilized then leaf speeds will be slower and the errors
calibration FF was also found to be important by Parsaeare kept small. A similar method was utilized by Chang
et al” for the liquid ion-chamber EPID, where they utilized et al® for the liquid ion-chamber device to overcome the
10 cm of solid water to calibrate the EPID. Software toolsslow image acquisition speed. The correction of this dead
for the user to verify the flatness of the calibration FF imagetime is difficult. The location of the major signal loss de-
for accurate dosimetry would be a useful addition to the calipends upon the locations and leaf speeds of each leaf pair
bration software module. during the dead time. Obviously this is a problem that the

The change in dose with added buildup on the detectomanufacturer will ultimately have to address.
corresponds within 1.3% to percentage depth dose data as- The measurements performed for EPID respofee
suming an inherent water-equivalent buildup of the EPID ofcounting for the dead timeshowed that the EPID can accu-
1.0 cm. This is reasonable assuming a copper plate density oditely record the rapid dose-rate changes that occur with leaf
8960 kg/nt, and the additional buildup from the 0.5-mm- speeds of up to 2.5 cm/s. The EPID also accurately reflects
thick scintillator (that includes a 0.18 mm polyester reflec- the effect of beam hold-offs during the delivery. This means
tor). There was a small increase in EPID signal with addi-that the synchronization of the image acquisition with beam
tional buildup of 0.5 cm. However as this was less than 1%pulses is not crucial to accurate dosimetry. This was shown
and as there was little change in profiles recorded with thén Fig. 7 where an IMRT profile was recorded with and with-
EPID, additional buildup was not utilized in this investiga- out dose-rate fluctuations. The memory effect was also in-
tion. Were the EPID to be utilized with the patient presentvestigated and was negligible over a time intervatdf5 s.
then buildup may be required to remove contaminant eleck is possible that the memory effect is greater for shorter
trons from the patierft. However for pre-treatment fluence time intervals. Investigation of the time decay of this
verification, there is no requirement found here for addednemory effect would therefore be of interest. This was stud-
buildup on the detector. If higher energies are utilized theried for the liquid ion-chamber EPID by acquiring multiple
the requirement for buildup would have to be reassessed. images after the irradiation had finish&tt.was not possible

The linearity of the EPID to dose and dose rate is arwith our detector system to acquire images after the beam
important property of the amorphous silicon device as doséad switched off, and the delay in each image would also be
calibration conversion of acquired pixel values to relative~2 s.
dose is not required. Linear behavior was also observed for The comparison of EPID and ion-chamber results for
prototype amorphous silicon EPI<2 and for this EPID  static fields show that this device is applicable to dosimetry
model by McCurdyet all* The cause of the field size re- of static fields. The agreement of open and wedged fields
sponse observed in the present study is not clear. This couldas within 3%. There was no energy response apparent for
be due to the increase in scattered radiation with increasingedged fields across the wedged direction. The variation in
field size. Since the scatter has a low energy component, itsnergy in this circumstance however is relatively small.
effect on the EPID’s phosphor response is enhanced conHalf-value layers for %3 cn? open field and 60° wedge
pared to ion chamber due to the presence of high atomifields at 6 MV calculated from percentage depth dose data
number components in the phosphor. are 11.5 and 12.5 cm, respectively. Previous work for

In static field delivery the dead time in image acquisition metal/phosphd? and amorphous silicon systetfishas
reduces slightly the number of frames. Accurate dosimetrghown that the energy response increases for lower energies
can be performed by multiplication of the pixel values by thesuch as scattered from the beam-defining system or the pa-
total irradiation time or the number of frames corrected fortient. This is potentially the reason for the higher EPID re-
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