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1 Introduction

1.1 Portal imaging
A portal image is an image obtained from a radiotherapy treatment beam (Langmack,
2001). Thus it shows exactly the irradiated area, which is the reason why it is useful for
treatment verification, in spite of the inherently lower quality of images obtained from
megavoltage radiation, compared to kilovoltage x-ray images.

Traditionally, the portal images have been acquired with film, but today it is increas-
ingly common that they are acquired with EPIDs (Electronic Portal Imaging Devices).
Advantages of using an EPID is that the images are immediately available without the
need for film developing (which is costly and time consuming) and that they are digi-
tal which facilitates image processing and image matching as well as allowing for easy
access over a computer network. Disadvantages of EPIDs has been that they are bulky
and that the image quality is poor, however both these factors have improved with the
introduction of more modern technology. Another issue is that the workload related
to specification, installation and implementation of an EPID system can be substantial
(Herman et al., 2001).

The main use for portal images is patient set-up verification, where the EPID image
of the patient is matched with a reference image in order to verify that the patient
is positioned correctly. This matching can be done on bony structures or on radio-
opaque markers, implanted prior to radiation therapy. The advantage of using markers
implanted in the target organ is that it gives the position of the organ itself, which is
not necessarily static relative to the bony structures.

An EPID has also the potential for use in measurements of various accelerator beam
parameters, such as center of collimator rotation and radiation vs. light field coincidence
(Curtin-Savard and Podgorsak, 1997), or for design and QA of compensators (Visser and
Evans, 2004).

In this thesis the focus will be on another area of use for the EPID, namely that
of dosimetric verification of treatment fields. The idea is to calibrate the detector to
give pixel values proportional to dose, so that a portal dose image (PDI) is obtained. To
calibrate the EPID for dosimetry requires that the raw pixel values are some quantitative
function of the dose delivered to the EPID, ideally a linear function but that is not strictly
necessary. The dosimetric calibration may be either relative or absolute; dosimetric
verification can be performed with an EPID calibrated for relative dosimetry together
with some absolutely calibrated dosimeter, e.g. an ionization chamber, that measures
the dose in some point in the field.

There are different possible approaches to using portal dose information for verifica-
tion:

a) Comparison of the measured portal dose image to a predicted image. This in turn
could be done either in vivo with a PDI of the patient in position compared to a
predicted image calculated using CT data of the patient (McCurdy and Pistorius,
2000), or with a PDI of the radiation field without patient compared to a predicted
image calculated without patient (Van Esch et al., 2004).

b) Back projection of the transmission dose information in order to calculate the dose
in the patient and compare that with the dose distribution from the treatment plan
(Broggi et al., 2002). This comparison can be in either a point, a plane or a volume.

The approach studied here is the one under a), more precisely the method without
patient. It is a method of pre-treatment verification used to ascertain that the radiation
fluence is delivered from the accelerator in accordance with the plan. This method would
reveal errors in the movement and positioning of the MLC leaves, the correct transfer
of the treatment plan and the mechanical and dosimetric performance of the accelerator
(Pasma et al., 1999). The need for pre-treatment verification of this kind mainly occurs
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in intensity modulated radiotherapy (IMRT) where the high complexity, with changing
leaf patterns and non-homogenous dose distributions, increases the risk of errors as well
as making the errors more difficult to detect. For conventional (non-IMRT) fields the
field shapes can be checked from the light field and the dose verified in vivo in one or a
few points, using diodes or thermoluminescence dosimetry (TLD) dosemeters.

This system is called Portal Dosimetry by the manufacturer (Varian Medical Sys-
tems). It consists of a set of capabilities which together provide the possibility to perform
pre-treatment verification:

• Acquisition of dosimetric images

• Calculation of predicted dose images

• Evaluation of acquired vs predicted images

The different parts of Portal Dosimetry will be described in more detail in the following
sections.

1.2 Description of the EPID
The EPID studied in this work is a Varian aS1000 (Varian Medical Systems). It is
mounted with a retractable robotic arm (the ExactArm) on a Varian Clinac 2100CD
linear accelerator (figure 1). The accelerator is capable of delivering 6MV and 18MV
photons as well as electrons of several energies from 6MeV up to 18 MeV. The Exact-
Arm is used to position the image detector unit (IDU). It allows movement of the IDU
vertically from 2.5 cm above isocenter to 82 cm below isocenter, laterally ±16 cm and
longitudinally (depending on the vertical position) up to +24 cm/− 20 cm (Vision doc-
umentation, 2003a). The sensitive area (which is sometimes referred to as the active
matrix ) of the imager is 30 cm× 40 cm. The active matrix consists of 768× 1024 pixels,
so the size of each pixel is 0.39 mm× 0.39 mm at the detector surface .

The aS1000 is an amorphous silicon flat panel imager and it can be divided into four
major parts: (1) A 1 mm copper plate to provide build-up and absorb scattered radia-
tion. (2) A scintillating phosphor screen made of terbium doped gadolinium oxysulphide
(Gd2O2S:Tb) to convert the incident radiation to optical photons. The scintillating
screen has a thickness of 0.34 mm. (3) A pixel matrix where each pixel is made up of a
photodiode and a TFT (Thin Film Transistor). (4) Electronics to read out the charge
from the transistors and translate it into image data. An illustration of the different
layers of the imager is found in figure 2.

The imager is enclosed by a protective plastic cover. There is an air gap between
the protective cover and the metal plate. The protective cover is about 3 cm above the
effective point of measurement. The buildup at the active matrix is equivalent to 8mm
of water. This means that dose maximum has not been reached for either of the energies
(6MV and 18MV) used at this accelerator. The consequences of this lack of buildup
has been studied by McCurdy et al. (2001) using Monte Carlo simulation of a similar
EPID, the aS5001.They found that the imager has a significantly lower sensitivity for
high-energy photons (above ∼ 4 MeV) compared to if the imager was furnished with
additional build-up to provide charged particle equilibrium. This is due to the fact that
dose maximum has not been reached for the higher energy photons, and to some extent
that additional buildup filters away low-energy photons. It results in a lower overall
sensitivity and over response for low energy photons, such as scattered radiation. The
effect of buildup on aS500 was also studied by Greer and Popescu (2003) for 6MV and
they found that for dosimetric measurement without patient or other scattering material
present there was no need for additional buildup at that energy. Van Esch et al. (2004)
measured at both 6MV and 18MV and came to the conclusion that the lack of build-up

1The difference between the aS500 and the aS1000 is that the aS1000 has higher resolution; the
aS500 has 384× 512 pixels whereas the aS1000 has 768× 1024 pixels
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Figure 1: The linac with the EPID in position for imaging. The EPID is at SDD =
105 cm, for patient positioning purposes it would be positioned at a larger SDD, typically
140 cm. Also seen on the picture is the On-Board Imager (OBI), comprising of a kV-
source and detector. The OBI can be used for acquiring images orthogonally to the
treatment beam.

Gadolinium oxysulphide
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Photo diodes and TFTs
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Figure 2: Schematic view of the different layers of the aS1000. The curved arrows
indicate direction of incident radiation. Units are in mm. The copper layer provides
build-up. The gadolinium oxysulphide is a scintillator that converts the high energy
radiation to optical photons. The photo diodes detects the optical photons and the
TFTs provide read out of the signal.

5



did not pose a problem since the thickness of the intrinsic build-up was fixed, leading to
reproducible data.

The fact that a scintillating screen is used implies that the imager is of indirect type,
as opposed to a direct type imager. A direct type imager does not have a metal plate or
phosphor screen, and the incident radiation is directly sensed by the photo diodes. The
advantage of the imager being indirect is it’s higher sensitivity, which can be about an
order of magnitude higher compared to a similar direct imager (El-Mohri et al., 1999).
Partridge et al. (2002) also found that an indirect detector has higher DQE (Detective
Quantum Efficiency). DQE is a measure of the degradation of information caused by
the imaging system relative to the information in the incident beam; DQE is unity for
an ideal detector and lower values means more degradation. The direct imager has
dosimetric properties resembling those of an ionization chamber, i.e. it gives a measure
of the absorbed dose to water, which is useful for many dosimetric purposes. The higher
average atomic number of the metal plate and gadolinium oxysulphide screen results in
that it is more dependent on the energy of the interacting radiation. In particular, the
indirect detector gives a higher response to low-energy radiation compared to a direct
detector.

In the photodiodes, the incoming light is transferred to electric charge, in the form
of electron-hole pairs. The charge is temporarily stored in the pixels of the active matrix
and later read out one row at a time (Vision documentation, 2003c) by switching the
TFTs (Thin Film Transistors). When a row is activated by the gate electronics (see
figure 3) all the TFTs of that row are accessible from the read-out electronics. The read
out is performed by transferring the charge from the photodiodes to charge amplifiers in
the read-out electronics. The signal is subsequently converted to a digital signal. The
read-out electronics also have the role of providing bias voltage to the TFTs. When all
the pixels of one row has been read out, the gate electronics switch to the next row. The
image from reading out the entire matrix once is called a frame.

Read-out electronics

aSi image matrix

Gate 
elec-
tronics

Figure 3: Schematic figure of the pixel matrix and surrounding electronics. The pixels
are activated row by row by the gate electronics, thereby enabling the signals to be read
by the read-out electronics.

The aS1000 is part of a larger system, Image Acquisition System 3 (IAS3). The IAS3
includes, in addition to the imager, also all the other electronics necessary for acquisition,
displaying and storing of the images, including synchronization with the linac (Vision
documentation, 2003c).

The main components of the IAS3 and their relation is shown in figure 4. The
image information is sent as an analog signal from the imager to the digitization unit
(DU), where it is transformed into a digital signal. The digital signal is transferred
to the universal control board (UCB), which is a PCI card in the Vision workstation.
Vision (Varian Medical Systems) is a family of products used for managing images and
related information. In the UCB card, the data stream is converted into a standard
video format. The UCB also synchronizes the imager, DU and the linear accelerator.
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The synchronization works differently depending on the type of image to be acquired.
For dosimetric images, which are integrated during the delivery of each treatment field,
the imager is read out between the beam pulses. In another readout mode, used for
positioning verification, the beam pulses are held for a short while to allow for readout
of the entire imager at one time.

The image is transferred from the UCB card to the frame processing board (FPB).
The FPB processes and calibrates the image in the way described in section 2.1.1.
The final image is then stored on a Vision server, and can be displayed on any Vision
workstation.
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Figure 4: Schematic overview of the main components of the IAS3. The wide grey
arrows show the flow of image information and the thin black arrows show the synchro-
nization and control signals.

1.3 Comparison of dose distributions – the gamma evaluation
method

The gamma evaluation method, as presented by Low et al. (1998), is a means to quan-
titatively compare dose distributions. A qualitative visual evaluation would not suffice
for comparison of dose distributions, since serious errors could easily go undetected if
the comparison is not quantitative (Depuydt et al., 2002).

So, in what way can a quantitative evaluation be made? One way of doing this would
be to measure the relative dose difference between corresponding pixels. Those parts of
the image where the dose difference is less than a certain value (∆D) would pass in the
sense that they are said to be in agreement; those parts where the difference is higher
than the chosen level would fail. While this would be a suitable method in low gradient
regions, it would not be so good in high gradient regions of the image, where a small
spatial displacement would give rise to large discrepancies in dose. ∆D is usually chosen
as a certain percentage of the dose, either the maximum dose or the local dose value of
the reference image.

In regions with high dose gradients it would be more relevant to study the distance-
to-agreement (DTA). DTA is defined for a point in the reference image as the distance
from that point to the closest point in the other image that has the same dose value.
Since the images are not continuous, but made up of discrete pixels, in practice this
would include points that are interpolated between pixels. In order for a part of the
image to pass it would have to have a DTA lower than the chosen criteria (∆d).

The DTA method is suitable in high gradient regions whereas the dose-difference
method is suitable in low gradient regions, so it is clear that they complement each
other. One way of comparing two images would be to use both methods with a criteria
for each method, say ∆D ≤ 3 % and ∆d ≤ 3 mm; parts of the image that fulfil either
criteria would then pass. Then we would know how large part of the image that has
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passed, but we wouldn’t know by how much it has passed or failed.

Distance

D
o
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e

Figure 5: Illustration of the gamma evaluation method for one-dimensional dose distri-
butions. The solid curve is the reference distribution (Dr) and the dashed curve is the
distribution to be evaluated (De). The “acceptance ellipses” are shown for four points:
A, B, C and D. The acceptance criteria are the distances from the center of an ellipse to
it’s edge, with the horizontal distance being DTA criteria and the vertical distance being
the dose criteria. Point A is in a low gradient region where the dose criteria by itself
is enough for acceptance; point A has γ ≈ 0.7. Point B is in an intermediate gradient
region where neither the dose criteria nor the DTA criteria is enough by themselves
for acceptance, but the point is accepted because it is within the ellipse of acceptance;
point B has γ ≈ 0.95 . Point C is in a high gradient region and is accepted with the
DTA criteria; point C has γ ≈ 0.6. Point D has γ ≈ 1.7 and is thus not accepted.

With the gamma evaluation, one of the dose distributions is defined as the reference
distribution Dr(r), where r = (x, y) is the position. The dose distribution to be evaluated
is named De(r). For two points rr and re in the reference and compared distribution
respectively we define

Γ(rr, re) =

√( r

∆d

)2

+
(

δ

∆D

)2

(1)

where

r = |rr − re| (2)

and

δ = De(re)−Dr(rr) (3)

We furthermore define the quality index γ at position rr as

γ(rr) = min{Γ(rr, re)}∀{re} (4)

and say that, with the chosen acceptance criteria, the distributions agree at rr if γ(rr) ≤
1, and that they don’t agree if γ(rr) > 1.

Another way of expressing this is to introduce an “ellipsoid of acceptance” around
each point rr. This ellipsoid is defined in the three dimensional space with two spatial
dimensions and one dose dimension and it’s surface follows the equation Γ(rr, re) =
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1. That γ(rr) < 1 can then be thought of as some part of the dose distribution De

being within the ellipsoid of acceptance. This is illustrated for a one-dimensional dose
distribution in figure 5.

In practice, one needs to take into account that the dose distributions to be compared
are not continuous, but sampled into a discrete image matrix. A consequence of this is
that the pixel size must be sufficiently small compared to the DTA acceptance criteria;
Low and Dempsey (2003) suggests as a general rule that the pixel size should be less
than or equal to 1/3 of ∆d. Since γ is the minimum of all Γ values in that point (see
equation 4), and not all Γ values are calculated in the discretisized dose distribution,
the calculated γ value may be higher than the true value. This in turn means that some
points get falsely rejected.

This problem can be overcome by interpolating the dose distribution, which however
considerably increases calculation time. An approach developed by Depuydt et al. (2002)
focuses on whether or not a certain point is within the acceptance criteria, rather than
the exact numerical value of γ in that point. This method compares the distributions
in three steps, and the calculation for a certain point is stopped as soon as a Γ < 1 is
found for that point. This means that the calculation time is decreased, and the number
of falsely rejected points is kept to a minimum, but the calculated value of γ may be
higher than the true value.

While the main use of the gamma evaluation method is probably for comparison
between two 2D distributions, the method is not limited to such cases. Bakai et al.
(2003) has proposed an extension for 3D dose distributions, as well as a new algorithm
for calculation of the γ distribution in order to speed up the calculation process. The
extension to 3D distributions could prove useful for comparison of dose distributions in
patient volumes.

1.4 Prediction of portal dose images
The predicted portal dose image, with which the measured dose images are compared, are
calculated in the Eclipse treatment planning system (TPS). The calculation is done with
an algorithm specifically for this purpose, the PDC (Portal Dose Calculation) algorithm
(Vision documentation, 2005). The PDC algorithm of Eclipse does not consider the
patient and the treatment couch, thus it should be compared to a measured image
without patient or couch. There also exist algorithms that use the planning CT data
to calculate an image as obtained with the patient in the beam (Pasma et al., 1998;
McCurdy and Pistorius, 2000; Pasma et al., 2002) but here we will focus on the algorithm
without patient.

The PDC algorithm is based on the pencil beam algorithm that is used in Eclipse for
dose calculations (Van Esch et al., 2004). The portal dose image IPD(x, y) is calculated
by convolution of the fluence (at the imager plane), φEPID, with a dose kernel, k:

IPD(x, y) = φEPID(x, y)⊗ k (5)

with x and y denoting position on the imaging plane. The kernel can be thought of as
the dosimetric point spread function of the imager. It is radially symmetrical and it is
made up of a sum of gaussians:

k =
n∑

i=1

wi exp
(
−rk

2

2σi

)
(6)

where rk is the distance from the center of the kernel, n is the number of gaussian
components (set to 10 in a typical configuration), σi is the width of gaussian i and wi is
the weighting factor for gaussian i with

∑
wi = 1. The parameters of the gaussians are

obtained by a least-squares fit of a portal dose prediction to a portal dose measurement
of a special test field (the test field is described in section 2.1.2). Another approach to
obtain the kernel is by Monte Carlo simulation of the EPID, this method was used by
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Warkentin et al. (2003) who distinguished between glare kernel (for scattering of optical
photons in the scintillating layer) and a dose deposition kernel. The glare kernel and
the dose deposition kernel were then convolved into a phantom kernel.

The fluence φEPID can be written as

φEPID(x, y) =
1
N

· φiso(xiso, yiso) · v(r) ·
(

SAD
SDD

)2

· CSF (7)

where N is a normalization factor, φiso is the fluence of the field at isocenter distance,
xiso and yiso are the positions at isocenter that correspond to x and y at SDD, v(r) is a
correction for the beam intensity profile with r being the radial distance at isocenter from
the central axis, SAD is the source-to-axis distance (usually 100 cm), SDD is the source-
to-detector distance and CSF is the collimator scatter factor. The beam profile v(r) is
a one-dimensional curve which extends radially from the central axis, so the correction
assumes radial symmetry of the beam profile. It is normalized so that v(0) = 1.

The collimator scatter factor (also known as head scatter factor or output factor in
air) only depends on the opening of the block collimators, not on the MLC (Van Esch
et al., 2004). It is not measured directly, but it is calculated in the following way:

CSF =
OF
PSF

=
OF

(φr ⊗ k)CAX
(8)

where OF is the output factor for the field size and PSF is the phantom scatter factor.
The phantom scatter factor is calculated by convolving φr, which is the fluence of a rec-
tangular field, with the kernel and taking the value at the central axis. The rectangular
field has a fluence of 1 inside the field and 0 outside of the field. The output factors are
normalized to the value of an open field of 10 cm× 10 cm.

10



2 Materials and methods

2.1 Calibration and configuration
The configuration of the system for dose verification consists of two parts: configuration
of the imager (in our case the aS1000) and of the algorithm for predicting images, which is
called the PDC (Portal Doses Calculation) algorithm. The calibration and configuration
procedures described here are specific to the products used here, i.e. Eclipse and Portal
Dosimetry.

2.1.1 Calibrating and configuring the imager

Two images are required, a flood field image and a dark field image. These two images
are also a part of the configuration process for standard imaging with the EPID. For
dosimetry purposes, in addition to acquiring these images, a correction for the beam
profile must be made. Furthermore, for absolute (as opposed to relative) dosimetry,
the dose needs to be normalized. All this information must be obtained separately for
each combination of dose rate and energy, except the beam profile correction which only
needs to be done for each energy.

The purpose of the dark field image is to correct for dark current in the pixels. The
image is the average of several frames, acquired with the EPID in imaging position but
without radiation.

The flood field image is acquired while irradiating the EPID with an open field. The
field should be large enough to cover the entire sensitive area of the detector, but care
should be taken so as not to irradiate the electronics around the sensitive area. The flood
field is used to correct for sensitivity differences between the individual pixels. Like the
dark field image, it is the average of several frames. The manufacturer recommends that
at least 50 frames are acquired when performing the dark field and flood field calibration
(Vision documentation, 2005).

The flood field calibration does not take into account off-axis variations of the beam
intensity. The beam profile at the depth of the active matrix (equivalent to about 8mm
of water) usually exhibits characteristic “horns” as a result of complying with a flatness
specification at greater depth (Podgorsak, 2003). For ordinary imaging purposes, such
as in patient set-up verification, it is not necessary to correct for this inhomogeneity. In
dosimetry however, it gives rise to errors of up to 5% (Adestam, 2003). The correction
for beam profile shape is made with a beam profile measured at the largest field size
possible (∼ 40 × 40 cm2) diagonally from the central axis of the field. This method
of correction assumes that the beam fluence is radially symmetrical around the central
axis. For our configuration, this profile was measured with a diode detector at 8mm
depth in an RFA water phantom.

The calibration for absolute mode is useful since it increases the capability of the
system to detect erroneous dose distributions. It is possible that a dose distribution has
the right “shape” but not the right dose, for example a field where the wrong number
of MUs have been delivered. Such an error would go undetected if verified with only
relative dose distributions, whereas comparison with absolute dosimetry clearly would
reveal it.

The unit in which the dose images are displayed is CU (calibrated unit), which
is a unit that is specific to Varian’s Portal Dosimetry. The calibration is performed
so that 100 MU delivered with a 10 × 10 cm2 field is normalized to a reading of 1CU
if the detector was positioned at isocenter distance (SDD = 100 cm). This choice of
normalization makes 1CU roughly correspond to 1Gy in reference conditions. However,
in our installation the imager was positioned at SDD = 105 cm, the calibration is then
corrected for the inverse square law so that 100MU corresponds to 1 CU · (100/105)2 =
0.907 CU.
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Figure 6: The optimal fluence for the test field. The optimal fluence is unity in the
dark grey areas and zero in the light grey areas. The outer edge indicates the position
of the collimators. The field is 12 cm× 25 cm.

After these four steps – the dark field, the flood field, the beam profile and the
normalization – the part of the configuration that is related to the IDU is complete.

2.1.2 Configuring the PDC algorithm

Three measurements are required for the configuration of the PDC algorithm: a specific
test field, output factors and an intensity profile. (Vision documentation, 2005). The
measurement of the test field and the output factors are made with the EPID itself;
the intensity profile can be taken from an existing intensity profile in the treatment
planning system. It should then be taken from as shallow depth as is available. For our
configuration we used the same intensity profile that was measured for the configuration
of the imager (see section 2.1.1).

The test field is specially designed for the configuration of the PDC. It is defined as
an optimal fluence, i.e. a field with ideal modulation where the physical and mechanical
limitations of the dynamic multi-leaf collimator (dMLC) has not been taken into account
(Vision documentation, 2003b). From this optimal fluence the TPS calculates the motion
of the dMLC to deliver a fluence as close to the optimal fluence as possible. The shape
of the test field, i.e. the optimal fluence of the test field, is shown in figure 6. This field
is delivered by the linac and measured by the EPID and the resulting image is used to
calculate the kernels of the PDC algorithm. The measurement is performed twice for
each energy; once at SDD = 105 cm and once at SDD = 140 cm. 145 MU were used for
6MV and 136MU were used for 18MV.

The output factors are measured for field sizes from 3 cm × 3 cm to 28 cm × 38 cm.
28 cm × 38 cm is the largest field size that can be measured at SDD = 105 cm since
a larger field would irradiate the sensitive electronics of the imager. However, both
X=28 cm, Y =38 cm and X=38 cm, Y =28 cm can be measured by turning the collimator
90℃ between those measurements. The values of the output factors are taken from the
acquired dose images, by using the “dose profile tool” of Eclipse and taking the reading
at the center of the image.

2.2 Reproducibility of dose over time
The usefulness of the EPID as a dosimeter is dependent on, among other things, it’s
ability to give reproducible results, not only over a short period of time but also over
longer periods. Studies of the reproducibility is useful to ascertain that the EPID gives
stable values, and also because knowledge of the uncertainty of the values are useful
to determine values for dose difference and DTA for the gamma evaluation (see section
1.3).

The reproducibility of the dose was measured by obtaining images with identical
settings at several occasions over a period of 51/2 months. The irradiated field was
20 cm × 20 cm, symmetrical around the central axis. At each measurement occasion
and for each photon energy, three radiation fields were delivered with 20MU and three
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radiation fields with 200MU. The dose value was obtained by calculating the average
pixel value in a region of interest (ROI) of 20× 20 pixels. This ROI is positioned about
1 cm from the central axis. The measurements were performed for both 6MV and 18MV.

To correct for variations in accelerator output, ionization chamber measurements
were performed during the acquisition of the images. The ionization chamber (an RK-
chamber from Scanditronix-Wellhöfer), was placed on the protective cover of the EPID,
with it’s sensitive volume a few centimeters inside the irradiated field. Prior to ac-
quisition of images, the ionization chamber was irradiated several times to ascertain
it’s stability. The placement of the ionization chamber was identical between the mea-
surements. The ionization chamber measurements were corrected for temperature and
pressure.

2.3 Linearity with dose
The method of calibration for the aS1000 is based on the idea that the reading of the
EPID is linear to the dose it has received. The linearity of the aS500 has been studied
by for instance Grein et al. (2002), Greer and Popescu (2003) and Van Esch et al. (2004)
and it has been found to be linear. This is in contrast to e.g. EPIDs based on liquid
ionization chamber arrays, whose pixel value is dependent on dose rate rather than dose
and has a non-linear response curve which must be corrected for (Boellaard et al., 1996;
Langmack, 2001; Vision documentation, 2003d).

To ascertain the linearity of the aS1000, it’s response was measured for radiation fields
with varying number of MUs, but otherwise identical settings. These measurements were
done for both 6MV and 18 MV. The MUs were in the range 4MU to 500MU. All the
fields were measured at the same occasion. The field size was 15 cm×15 cm, centered at
the central axis. The collimator angle and the gantry angle were both 0°. The imager
was positioned at SDD = 105 cm. The measured dose was taken to be the average value
of the 10× 10 pixel area at the center of the image.

2.4 Ghosting
Ghosting is artifacts in the image due to signal being present in frames subsequent to
the frame in which it was generated. It is a fundamental property of amorphous silicon
EPIDs (McDermott et al., 2004), meaning that ghosting occur in all amorphous silicon
EPIDs irrespective of manufacturer and model. The main source of ghosting is the
trapping and subsequent release of electric charge in the pixel elements (McDermott
et al., 2003). The trapped charges affect the signal in two ways: (1) while the charge is
still trapped, by altering the electric field of the photodiodes and thereby changing the
sensitivity of the pixels and (2) when the charge is later released, by adding signal to
the frames in which it is being read out (“image lag”). These two effects have different
characteristics (Zhao et al., 2002). The alteration of the electric field can only be detected
by the imaging of a subsequent irradiation, and it can cause both negative and positive
ghosting (Pang et al., 2001). The delayed read-out of charge on the other hand can
also be seen in dark images, i.e. images without radiation exposure, and it gives positive
ghosting when it is read out. Positive ghosting means an increase of signal due to
previous irradiation, and negative ghosting is a decrease in signal. Another source of
ghosting in indirect detectors is the non-zero decay time in optical emission from the
phosphor, however this contribution is typically small (Siewerdsen and Jaffray, 1999).

Ghosting can affect the signal from one frame to another in the same image, and
also from one image to another. Here, the ghosting between images is being measured,
in a manner similar to that employed by Van Esch et al. (2004) and Greer and Popescu
(2003): The imager, at SDD = 140 cm, was first irradiated with a small (10 cm× 10 cm)
field, after that with a large (20 cm × 20 cm) field and after that with another 20 cm ×
20 cm field. Each large field was delivered as soon as possible after the previous field.
An image was acquired of each field, and the acquired images of the two large fields

13



were compared. More specifically, those parts of the image that had been irradiated
with the small field were examined, since an elevated dose in this area on the first
of the large fields compared to the second would indicate a ghost signal. This method
measures the combined effect of the change of sensitivity and the image lag. The ghosting
measurements were only performed for 6 MV photons. The method described above was
repeated in several series of measurements:

a) In the first series, 500MU was delivered to the small field and 10MU was delivered
to each of the large fields. This series aimed to determine the maximum extent of
ghosting effects. Six sets of measurements were done in this series (by one set is here
meant a set of one small field and two large fields).

b) In this series 50MU was delivered to the small field and 10 MU to each of the large
fields. Together with series a), this would show to what extent the ghosting ef-
fect depends on the dose of previous irradiation. Three sets of measurements were
performed in this series.

c) In this series, 50 MU was delivered to each field. This is probably the most realistic
in the sense that the number of MUs resembles what can be expected in clinical
treatment, thus it gives an idea of to what extent ghosting will influence images in
practical cases. Three sets of measurements were performed in this series.

Each of the large field images was normalized by the mean value of a region within
the field (but not within the small field area). For each series, one image (ILF1(x, y))
was calculated that is the average of the first large images of each set and another image
(ILF2(x, y)) that is the average of the second large field images. A “comparison image”
(Icomp(x, y)) was then calculated as the difference between these two images, divided by
the maximum value of ILF1 and multiplied by 100 (to obtain a percentage). This can
be written as

Icomp = 100 · (ILF1 − ILF2)
max(ILF2)

(9)

with

ILF1 =
1
N

N∑
i=1

ILF1,i (10)

and correspondingly for ILF2. ILF1,i denote the ith image of the series and N is the
number of sets in the series.

2.5 Gravity effects
When irradiating the EPID at different gantry angles, errors may be introduced due to
the effect of gravity on gantry and on the ExactArm with the IDU. Possible reasons for
these errors, if they occur, could be either changes in output, changes in the positions of
the MLC leaves or changes in the position of the IDU. The ideal would of course be that
there are no gravity effects, i.e. that there is no more difference between two images of
identical fields at different gantry angles than when measured at the same gantry angle.
The gantry angle is defined as shown in figure 7.

In order to study the effect of the gantry angle on the dose image, the EPID was
irradiated with an identical field at gantry angles of 0°–330°, with increments of 30°. The
field used in this investigation is an intensity modulated field (figure 8) delivered with
the sliding window method using the dMLC. The image acquired at 0° were used as a
reference and the other images were compared to this reference by means of the gamma
evaluation method. The average γ value (see section 1.3) was then plotted as a function
of gantry angle. The gamma evaluation and calculation of the average γ was done in
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Gantry angle

Figure 7: The gantry angle is the angle that the gantry is turned from it’s upright
position, measured clockwise. Thus, a gantry angle of 0° is the upright position (“12
o’clock”). The figure shows a linac with a gantry angle of approximately 54°.

Figure 8: The predicted image for the field used to study variations with gantry angle.
This figure shows the 18MV field; the image for the 6 MV field is very similar.

the review task of the Vision software package, with acceptance criteria of ∆D ≤ 1 %
and ∆d ≤ 1 mm.

To further investigate the variations with gantry angle, the mean pixel value (in CU)
was calculated for four different ROIs (Regions Of Interest) of the images. The variation
of these mean pixel values with gantry angle was studied for each of the ROIs. The four
ROIs, denoted A, B, C and D, were of rectangular areas of identical size and shape,
located symmetrically around the center of the image, one on each side (see figure 9).

2.6 Dose rate dependence
The pixel values should be a function of dose only, and not on dose rate. In particular,
the imager must be able to accurately measure the dose even at high dose rates, without
being saturated. Van Esch et al. (2004) reports on saturation for the aS500 with IAS2
(a predecessor of IAS3), although mainly small errors except for the highest dose rates.
In that case the saturation was caused by the the read out of the frames; 64 frames ware
added in a buffer after being converted to a digital signal but before being transferred
to the CPU. This gave rise to two sources of saturation, that the 65th frame had longer
duration which made it more susceptible for saturation and also that the buffer could
be saturated. The IAS3 works in another way (section 1.2) and one would not expect
those particular issues.

The dependence on dose rate was investigated in order to ascertain the independence
of the imager on dose rate, or to describe the dependence if it exists. The dose rate
dependence was studied in two ways:
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Figure 9: The white rectangles indicate the size and position of the ROIs used in the
study of gravity effects. The rectangles are drawn over the acquired image from the
18MV field at gantry angle 0°. (Only the central part of that image is shown.)

a) By changing the dose rate setting of the linac, while keeping the imager at a constant
SDD of 105 cm. Dose rate settings from 100 MU/min to 600 MU/min were used, with
increments of 100 MU/min. A field size of 26 cm× 26 cm was used.

b) By changing the SDD of the imager, while keeping the dose rate setting constant
at 600 MU/min. SDDs in the range from 105 cm to 170 cm were used. A field size of
15 cm× 15 cm was used.

100MU were delivered for both sets of measurements. The measured value was taken as
the mean pixel value of a 20× 20 pixel area around the central axis. This measurement
was performed for both 6 MV and 18MV.

2.7 IMRT treatment verification
The purpose of the Portal Dosimetry system is to verify the correct delivery of treatment
fields, in particular IMRT treatment fields. This is done by creating a verification plan
from the treatment plan. The verification plan contains the same treatment parameters
as the treatment plan, including gantry angles, MLC settings and number of monitor
units. The verification plan is delivered to the imager in air, i.e. without a phantom,
and images are acquired. No additional build-up is used. Predicted images of the same
treatment fields are calculated with the PDC algorithm (see section 1.4) and compared
with the acquired images.

Actual patient plans were not used for these measurements. The main reason for
this is that the IMRT treatments at our department are performed with the step-and-
shoot method, i.e. the beam is stopped when the MLC is moving, and the imager stops
acquiring when the beam is stopped, thus only acquiring the first segment. Instead test
plans were made to emulate patient plans, one prostate plan and one more complex head
and neck plan. A total of ten fields were measured, five prostate fields and five head
and neck fields. The MU settings of the fields were in the range 39MU to 159MU. The
fields were delivered with the sliding window method at a dose rate of 300 MU/min.

16



3 Results

3.1 Calibration and configuration
The measured beam profiles for 6 MV and 18 MV are shown in figure 10. As expected,
the curves display the characteristic “horns”. The maximum deviation from a perfectly
flat field is about +5% for 6 MV and about +3% for 18MV.
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Figure 10: The measured beam profiles for 6MV (solid line) and 18MV (dashed
line). The shape of the curve in the penumbra region is due to additional shielding in
the corners of the field, the shielding is part of the linac. This shape is seen only on
diagonal profiles. Since it’s so far from the center (> 20 cm) it has no significance for
the configuration of the EPID.

The measured output factors for both 6 MV and 18 MV are tabulated in appendix
A. For illustrative purposes, the output factors for 6 MV are shown in a 3D-plot in
figure 11. This figure shows that the output factors mainly follows a smooth surface,
with the exception of some measurement points where the surface is slightly “dented”.
This indicates some lack of reproducibility, however these “dents” are rather small and
hardly of any significance. The corresponding plot for 18 MV (not shown) display similar
appearance.

The acquired image of the special test field for calculation of the kernels for the PDC
algorithm is shown in figure 12. The image shown is for 6 MV and SDD = 140 cm.
Similar images were acquired for all combinations of both energies (6MV and 18MV)
and both SDDs (105 cm and 140 cm), but only one image is shown here since the others
are similar, except that the test pattern itself occupies a smaller part of the total image
area on the images for SDD = 105 cm; this difference is of course due to the divergence
of the beam. The images are not analyzed “manually” in any way, instead they are
imported in Eclipse as a part of the configuration of the PDC algorithm, and the kernels
are calculated by Eclipse. Figure 12 can be compared to figure 6, which shows the
optimal fluence for the same test field.
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Figure 11: 3D-plot of the output factors for EPID dosimetry. This image is for 6MV.
The field sizes are from 3 cm × 3 cm to 28 cm × 38 cm. A 38 cm × 38 cm can not be
delivered without irradiating the electronics near the imaging area, hence the “cut-away
corner” at the far end of the plotted surface
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Figure 12: Acquired image of the test field for calculation of the kernels of the PDC
algorithm. This image is taken with 6MV and SDD = 140 cm. The unit is CU.
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3.2 Reproducibility
The results from the reproducibility measurements are plotted in figure 13 (for 20MU)
and in figure 14 (for 200MU). The results are also summarized in table 1.

1 SD
6MV 18 MV

20MU 2.2 2.4
200MU 0.7 1.1

Table 1: The uncertainty, expressed as the standard deviation of the individual mea-
surements, in percent from the mean value. This is calculated from all points in each
series, independent of day of measurement.

There is considerably more spread for 20 MU than for 200MU. This shows that the
accuracy depends on the dose, with low dose giving low accuracy. For the 200 MU-
setting it is also considerably more spread for 6 MV than for 18MV, this is also seen to
some extent for 20MU.

Louwe et al. (2004) found variations of less than 1 % (1 SD) for four amorphous
silicon EPIDs (Elekta iView-GT) over periods of up to 23 months; this was improved by
the application of a dynamic dark field, i.e. a remeasurement of the dark field just prior
to image acquisition. With the dynamic dark field correction, the reproducibility was
improved to within 0.5 % (1 SD). Greer and Popescu (2003) found a reproducibility for
the aS500 of 0.8 % (1 SD) for 6MV over a period of one month. Van Esch et al. (2004)
reports of reproducibility of the aS500 within 2% without correction for variations of
accelerator output.

To investigate if the sensitivity of the EPID changes over time, a linear fit was made
to all the measured values (figure 15). The choice of fitting the data to a line is not made
because of an assumption that a linear relationship is an adequate model for the change
of the EPID’s sensitivity, but rather as a quantification of the rate of change during
the measurement period. The values were normalized to the mean of each measurement
series, i.e. to each of the four combinations of energy and number of MUs. The fit was
a weighted least squares fit, with weighting factors defined for each series as wi = 1/σ2

i

where σi is the standard deviation of the individual measurements for the series (index
i denote the series). The slope of the fitted line is 0.6 ± 0.1 %/year (1 SD), showing that
there is a statistically significant increase, although rather small.
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Figure 13: Reproducibility measurements with 20MU. Triangles are 6MV and circles
are 18MV. The values are normalized to the average value for each series of measure-
ments, so that the average is unity. The timescale is in days, with day 1 being the day
of the first measurement in this series.
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Figure 14: Reproducibility measurements with 200MU. Triangles are 6 MV and circles
are 18MV. The values are normalized to the average value for each series of measure-
ments, so that the average is unity. The timescale is in days, with day 1 being the day
of the first measurement in this series.
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Figure 15: A linear least squares fit (solid line) was made to all measured values (black
dots), in order to quantitatively determine the rate of change of the sensitivity. The
slope of the line is 0.6± 0.1 %/year (1 SD).

3.3 Linearity with dose
The measured dose as a function of delivered dose is shown in figure 16, which indicates
that the dependence is linear as expected. For all measurement points, the difference
between the fitted line and the measurement is less than 0.01 CU. The squared correlation
coefficient, R2, deviates from unity by 5·10−6 for 6 MV and by 6·10−6 for 18 MV (R2 = 1
means perfect linearity).

To study in more detail the linearity at low doses, the ratio of measured dose to
delivered dose was calculated and plotted as a function of delivered dose (see figure 17).
The ratios were normalized to the value at 500 MU; this was believed to be the most
correct value due to the better statistics and the fact that values at 300 MU and 400MU
were very close to this. This shows that the values at low doses are higher than expected
from the linear model with several percent. The discrepancies are higher than reported in
other studies; similar measurements have been performed on the aS500 (Van Esch et al.,
2004; Bergsman, 2005) and by McDermott et al. (2003) on both the Elekta iViewGT
and a prototype imager, both being of amorphous silicon type. For example, Van Esch
et al. (2004) found that the uncertainty was up to 6 % for the lowest doses (2MU), and
McDermott et al. (2003) found lower relative response by up to 6% for the lowest doses
(5MU). This is in contrast to our results were the “worst” discrepancy is more than
25%, although only two measurement points show a discrepancy of more than ∼ 6 %. It
should be noted that those high relative deviations correspond to rather small absolute
deviations; for example the point with 25 % deviation is only 0.006 MU from the fitted
line.
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Figure 16: The dose measured with the EPID as a function of the dose delivered from
the linac. The blue circles are for 18MV and the red triangles are for 6MV. The dashed
lines are linear least-squares fits to the measured values.
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Figure 17: The ratio of measured dose to delivered dose, normalized for each energy
to the value at 500MU and plotted as a function of delivered dose. The red triangles
are for 6MV and the blue circles are for 18MV. The dashed line indicates a ratio of
unity.
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3.4 Ghosting
The comparison images from the measurement series a, b and c (see section 2.4) are
shown in figure 18. The comparison images show the ghost signal as a percentage of
the maximum signal. For increased clarity, a plot is shown in figure 19 of the values
of the same comparison images along line number 384, i.e. in the middle of the image.
Figure 18 and figure 19 basically give the same information, that the ghost signal is
higher in measurement series a (around 0.6% of the total signal) and in series b and c
it is around 0.3 %. There is less statistical fluctuations in series c than in series b, due
to the higher number of MUs in the large field images of series c. It should be noted
that the comparison images are averages (as shown in equations 9 and 10) and that the
variations between the images of each series are considerable.

These results indicate that the amount of ghosting is dependent on the number of
MUs of previous irradiation, but not on the number of MUs to the image where ghosting
was seen. Since series a has 500 MU in the previous irradiation, which is far more than
most clinical fields, it is probable that the maximum ghost signal is less than 1%.

Reports of ghosting for the aS500 include Greer and Popescu (2003) who reports
of ghosting less than 0.2 % (without stating the number of MUs) and Van Esch et al.
(2004) who reports of ghosting below ∼ 1 % for settings similar to series a in this report.

a b c
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Figure 18: The comparison images as calculated with equation 9. All three subfigures
use the same scale (shown to the right), the unit is percent. The subfigures a, b and c
are from the measurement series a, b and c respectively, for details see section 2.4.
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Figure 19: Plots of the ghost signal as a percentage of the maximum signal along line
number 384 of the comparison images.

3.5 Gravity effects
The average γ value from the comparison of the reference image (at gantry angle 0°)
with the images acquired at other angles is shown in figure 20a. This clearly shows that
there is variation with gantry angle, and more variation with increasing difference in
angle with respect to the reference position.
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Figure 20: a) The average γ value as a function of gantry angle from comparison with
an identical field delivered at gantry angle 0°. The triangles are for 6MV and the circles
are for 18 MV. The γ values are calculated with acceptance criteria of ∆D ≤ 1% and
∆d ≤ 1mm.
b) The average pixel value in the four ROIs as a function of gantry angle, normalized
to the value at 0° for each ROI. The circles are for region A, the diamonds for region
B, the triangles for region C and the squares for region D. The figure shows the results
for 18 MV.

The study of the pixel values in the four ROIs (figure 9) was performed in order to
investigate the reasons for this variation with gantry angle. More specifically, it was
intended to answer the question whether it was a variation in measured dose or if it
was a spatial dislocation of the image that caused the variations. The results for 18MV
is shown in figure 20b; the results for 6MV are not shown here, but they are similar.
The variations in regions C and D are more or less within the statistical uncertainty
but for region A we see an increase at gantry angles closer to 180° and for region B
we see a decrease at those angles. This indicates that the image is shifted towards the
gantry for gantry angles around 180° compared to the reference position (gantry angle
0°). The reason for this is probably that the IDU is not held perfectly in position by the
ExactArm when the gantry is held upside down. Comparison of the images (not shown)
indicates that the spatial dislocation is in the order of 1mm. It is also possible that the
output from the linac is varying with gantry angle, but if this was a major contributing
factor it should be seen also in the results for regions C and D in figure 20b.

3.6 Dose rate dependence
The results from the measurements of dose rate dependence are shown in figures 21a and
21b. For the variation with SDD, some of the images were integrated over 71 frames
and some over 72 frames, so the data presented in figure 21b is the average detector
response per frame. For example the data for 18 MV, where all the values are more or
less on the same level, appeared to be on two levels before correction for the number of
frames.

No sign of saturation effect can be seen in these results. Most values are within 1%
from the mean of each series. There is possibly a dose rate dependence for 18 MV, seen
in the study of variations with SDD, where the values appears to be slightly increasing
with increasing dose rate, although this could be just statistical fluctuations. However
for 6MV in the same study there is a clear trend in the figure, with increasing values for
increasing SDD. The difference between the values for SDD = 105 cm and SDD = 170 cm
is about 3%, and the other values are close to a line between these points, with the
exception of two outliers.

24



200 400 600

0.98

0.99

1

1.01

1.02

Dose rate (MU/min)

R
el

at
iv

e 
re

sp
on

se

a

100 120 140 160 180

0.98

0.99

1

1.01

1.02

SDD (cm)

b

Figure 21: a) Variation of detector response with dose rate setting of the linac. The
values are normalized to the mean of each series. The triangles are for 6MV and the
circles are for 18MV.
b) Variation of detector response with source-to-detector distance. The pixel values are
first corrected for the inverse square law, then divided by the number of frames and
finally normalized to the mean of each series. The triangles are for 6MV and the circles
are for 18 MV.
Note that higher dose rates are to the right in figure a, whereas they are to the left in
figure b.

3.7 IMRT treatment verification
Predicted and acquired images from one of the measured head and neck fields is shown
in figure 22, result of gamma evaluation for this field is shown in figure 23(a) and the
relative dose difference is shown in figure 23(b). Acceptance criteria of ∆D ≤ 3 % of
the maximum dose and ∆d ≤ 3 mm were used for the gamma evaluation. A ROI (not
shown) was defined around the irradiated parts of the image, the ROI is of rectangular
shape and it covers approximately 1/4 of the total image. In this ROI, 96.3% of the
pixels have γ ≤ 1, i.e. they are in agreement with the acceptance criteria.

The pixels with high γ values are mainly found in two areas, denoted A and B as
indicated with arrows in figure 23(a). Area A can be seen as a small irradiated area in
figure 22(b) separated from the main irradiated area and with no counterpart in figure
22(a). Investigations revealed that this originated from a closed pair of MLC leaves,
the small gap between the leaves were not covered by collimators and thus let through
radiation. This can easily be taken care of by adjusting the position of the collimators.
This improper position of the collimators can be contributed to the way this test plan
was prepared with some settings copied from a patient plan and others entered manually,
it is unlikely that the same error should occur for an actual patient. The discrepancy in
area B is not so easy to explain. Similar discrepancies has been seen at pre-treatment
verifications of head and neck IMRT plans at our department, and the subject is under
current investigation.

Corresponding images for one of the prostate fields are shown in figures 24 and 25.
The image is cropped to show only the central part, 1/4 of the total image. For this central
part, 99.8% of the pixels are within the acceptance criteria. Such high agreement was
found for all the prostate fields, whereas in the head and neck fields there was generally
some areas that was outside the set gamma evaluation criteria. In the prostate fields
measured here, the highest γ values for each field were usually in the interval 1–1.4, and
always below 1.8. For the head and neck fields the highest γ value was ∼ 3, with the
exception for the field shown in figures 22 and 23, were γ values in region A were up
to ∼ 8. So there is clearly better agreement between acquired and predicted images for
prostate fields than for head and neck fields, which is also shown in the histograms in
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figure 26. This difference between head and neck fields and prostate fields is probably
due to the higher complexity of the head and neck fields, but it is also possible that it
has to do with the larger size of the head and neck fields.
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Figure 22: Images from pre-treatment verification of one of the head and neck treat-
ment fields.
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Figure 23: Calculated images for quantitative evaluation of the predicted and acquired
images shown in figure 22. Gamma index is calculated with criteria of ∆D ≤ 3% and
∆d ≤ 3mm. The dose deviation is calculated as the difference between the measured
image and the predicted image, expressed as a percentage of the maximum value of the
predicted image.
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Figure 24: Images from pre-treatment verification of one of the prostate treatment
fields. The images are cropped to show only the central part, the original size is four
times that showed here. It should be noted that the prostate fields are considerably
smaller than the head and neck fields, despite the way they appear in this figure and
figure 22.
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Figure 25: Calculated images for quantitative evaluation of the predicted and acquired
images shown in figure 24. The images are calculated in the same way as the images in
figure 23.
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(b) Prostate field

Figure 26: Histograms of γ values for two different fields. The prostate field is the
same as shown in figure 24, the head and neck field however is not the same as in figure
22 but a more typical field. Both histograms refer to regions around the irradiated parts
of each image.
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4 Discussion

4.1 Dosimetric properties
The reproducibility and long term stability of the EPID has been shown to be good
during the 51/2 months period that this was investigated. The small increase in sensitivity
is not worrying since this can easily be corrected with new dark field and flood field
measurements. The fact that the EPID signal is increasing is not surprising, and can be
contributed to an increase of the dark-field signal due to radiation damage (Louwe et al.,
2004). No measurement was made of the dark field as such during this period, so it is
not possible to confirm that this is fact the reason. In contrast to our results, Menon
and Sloboda (2004) found a downward trend in their reproducibility measurements of
an aS500.

Stability during this period is of course no guarantee that the EPID will continue
to be stable; one of the EPIDs studied by Louwe et al. (2004) showed reproducible
results (within ∼ 2 %) for about eight months before its dark field signal started to
increase significantly. Reproducibility checks should therefore be performed regularly
if the EPID is used for dosimetry measurements, alternatively that the dark field and
flood field are updated regularly. Since radiation damage is a probable cause for lack
of reproducibility, the appropriate length of the intervals between such reproducibility
checks depends on the radiation dose deposited on the imager. The reproducibility check
need not be extensive, the acquisition of one open field for each energy in use should be
enough.

The significant difference in accuracy between 6 MV and 18 MV is surprising. The
literature reviewed in the work with this thesis has no results of energy dependence of
the accuracy. It can not be explained by changes in linac output, since all measurements
were corrected for by ionization chamber measurements. The better accuracy for 200MU
compared to 20MU can easily be explained by the better statistics.

The measurements of detector linearity with dose showed that the absolute value
of the deviation from linearity is negligible, although there is considerable relative non-
linearity at low number of MUs. Furthermore, the signal is higher than expected at
these low doses. One would expect the opposite, i.e. that the measured dose at low MUs
is lower than predicted by the linear model due to the same trapping of charges the give
rise to ghosting effect; such results has been reported by McDermott et al. (2003). The
results presented in this report may be due to an overcompensation by the manufacturer
for the charge trapping effect, but this has not been confirmed.

The total ghosting effects was found to be up to ∼ 0.6 %, but for more clinically
relevant cases only ∼ 0.3 %. This must be considered negligible for the application of pre-
treatment dosimetric verification. However it is possible that other applications are more
sensitive to ghosting, for example megavoltage cone-beam computed tomography (MV-
CBCT) where information carried over between successive projections causes artifacts
in reconstructed tomographic images (Siewerdsen and Jaffray, 1999). Presently there is
no MV-CBCT application available for the aS1000.

The gravity effect is small, although measurable. To avoid it by delivering all fields
in a pre-treatment verification at 0° gantry angle would not be a good countermeasure
since the effect is so small and the idea of the pre-treatment verification is to deliver the
fields as close as possible according to plan. It can be considered negligible since it is
small compared to typical acceptance criteria.

The measurements with variation of dose rate setting shows only small differences
without any apparent trend. This is not surprising, since the EPID is calibrated sepa-
rately for each dose rate. The measurements with variation of SDD on the other hand
show some trends, although different for the two energies. For 18 MV the dependence is
not so clear, most points are within 0.5% of the mean, but there seems to be an increase
of the value for lower SDD. This could possibly be caused by electron contamination at
lower SDDs, with a reduction of electron contamination at higher SDDs due to atten-
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uation in air of the electrons. For 6 MV the dependence is more clear with increasing
response for increasing SDD. Increasing SDD means less dose per pulse to each pixel of
the imager, and hence less dose per frame. The effect seen in these measurements are
probably related to this variation in dose per frame, with the imager not being quite
linear to the dose per frame. It is strange that different trends are seen for the two
energies, and there is no obvious reason why the attempts to explanation presented here
should not apply to both energies. In fact, electron contamination would be expected to
be more noticeable for the lower energy (Nilsson and Brahme, 1979). Irrespective of the
model of explanation it is advisable to do dosimetric measurements at the same SDD
as that at which the imager was calibrated, although the variation with SDD is mostly
within the uncertainty of the long-term reproducibility.

4.2 Evaluation of Portal Dosimetry for IMRT verification
Pre-treatment verification with Varian’s Portal Dosimetry system is easy to use and does
not take much time, for each patient maybe 10 minutes to create a verification plan with
a predicted image, another 10 minutes to deliver the verification plan and a few more
minutes to evaluate the results. The calibration and configuration is also easy and not
very time consuming, the step that takes most time is the measurement of the output
factors which takes a couple of hours.

Portal Dosimetry has not been used clinically in our department. Instead, for pre-
treatment verification of IMRT treatments a phantom (QUASAR Verification Phantom
by Modus Medical Devices Inc.) is used. This phantom provides the possibility to per-
form film measurements as well as ionization chamber measurements inside the phantom.
The films are calibrated for dosimetry and normalized against the ionization chamber
value. The film images are then compared to corresponding images from the treatment
planning system (TPS) of the dose distribution inside the phantom. The rationale for
performing the pre-treatment verification in this way – as opposed to doing it with Por-
tal Dosimetry – is that the comparison of doses inside the phantom gives a measure
of the ability of the TPS to correctly calculate doses inside the phantom. The main
drawback of this verification method is that it is very time consuming, the verification
of one treatment plan takes several hours, including almost an hour in the treatment
room to perform the actual measurements.

The choice of method for pre-treatment verification is not only dependent on the
workload and the accuracy of the method, but also on what specifically one wants to
measure. Portal Dosimetry gives a good verification of the ability of the treatment unit
to deliver the treatment according to plan. However, it does not give a verification that
the TPS has correctly calculated the dose distribution. This is usually not verified for
conventional (non-IMRT) treatments, but may still be desirable for IMRT treatments.
For example, if the lack of lateral charged particle equilibrium in the penumbra region
is not correctly taken into account in the calculation, it only gives a minor error in
a conventional treatment field. For an IMRT field comprising of several subfields it
could potentially give rise to much larger errors. Measurements inside a homogenous
phantom does not give a good verification of the ability of the TPS to correctly calculate
dose distributions in the presence of inhomogeneities, so an even more thorough method
would be to use a phantom with inhomogeneities, preferably similar to the anatomy
of the region in question. So to sum up the above discussion, Portal Dosimetry is an
efficient and accurate tool to verify the delivery of the treatment according to plan, but
it does not verify that the plan gives the desired dose distribution.

Another issue to consider when evaluating Portal Dosimetry as a pre-treatment ver-
ification tool is that the fields are measured separately, as opposed to for instance the
above mentioned phantom and film verification where the total dose distribution for all
fields are measured. Measuring field-by-field gives a better chance to detect delivery
errors in the individual fields, and for some errors such as misplaced MLC leaves it also
gives a better chance to detect the cause of the error, but it does not give much infor-
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mation about the total dose distribution. If everything is perfect in all fields there is no
problem, and large discrepancies in one of the fields obviously calls for some correctional
measure. But in the case of small errors in each of the fields it will be difficult to say
anything more precise about if these errors add up or cancel each other.

Yet another issue is that the software tools available in this version of Portal Dosime-
try which are easy to use but has a lack of functionality in some aspects. For example,
it is not possible to select regions of interest and get a percentage of pixels with γ < 1
in that region, or to get histograms of γ values. It should be noted that for this reason,
parts of the results presented in section 3.7 were not obtained directly from the portal
dosimetry software, but after exporting images and analyze them in Matlab (The Math-
Works, Inc.). Another lack of functionality is that it is not possible to acquire images
of step-and-shoot fields. Furthermore it would be desirable to use Portal Dosimetry for
in vivo dosimetry. The system can be used to acquire images during patient treatment,
but it is not at present possible to predict transmission images with Portal Dosimetry.
There is a lot of ongoing research about EPID dosimetry, and it is possible that this will
be available in the future.
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5 Conclusions
The dosimetric properties of an amorphous silicon EPID, the aS1000, has been studied
together with the possibility to use the EPID for IMRT pre-treatment verification. The
results presented in this study indicate that the EPID has suitable dosimetric properties
and that it gives an accurate measurement of the dose distribution to the imager. The
system can be used to verify the delivery of dynamic treatment fields, although not of
step-and-shoot fields. The agreement between acquired and predicted images were found
to be very good for fields from a prostate plan (smaller, less complex fields) than for
fields from a head and neck plan (larger, more complex fields).
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Appendix A Tables of output factors
Output factors measured with the EPID for 6MV and 18 MV. They are normalized for each energy to the value
for a 10 cm× 10 cm field.

Field width (X)
3 4 5 6 8 10 12 15 20 25 28 38

F
ie

ld
he

ig
ht

(Y
)

3 0.877 0.883 0.892 0.894 0.903 0.905 0.908 0.899 0.914 0.917 0.919 0.921
4 0.888 0.894 0.908 0.912 0.923 0.925 0.930 0.936 0.939 0.943 0.943 0.945
5 0.897 0.908 0.921 0.928 0.939 0.943 0.947 0.954 0.958 0.961 0.965 0.967
6 0.903 0.917 0.932 0.936 0.939 0.956 0.963 0.972 0.976 0.980 0.983 0.985
8 0.914 0.930 0.945 0.956 0.972 0.980 0.989 0.996 1.005 1.009 1.011 1.016
10 0.923 0.928 0.958 0.969 0.989 1.000 1.009 1.016 1.027 1.031 1.035 1.040
12 0.930 0.934 0.967 0.965 1.002 1.013 1.024 1.033 1.040 1.051 1.053 1.062
15 0.936 0.954 0.976 0.991 1.013 1.029 1.040 1.051 1.046 1.069 1.073 1.082
20 0.943 0.963 0.989 1.002 1.029 1.044 1.058 1.069 1.084 1.093 1.084 1.108
25 0.947 0.972 0.994 1.011 1.038 1.053 1.069 1.082 1.099 1.110 1.117 1.130
28 0.950 0.972 0.985 1.013 1.040 1.060 1.073 1.091 1.108 1.119 1.126 1.139
38 0.950 0.976 0.996 1.013 1.044 1.062 1.086 1.102 1.121 1.137 1.148

18MV

Field width (X)
3 4 5 6 8 10 12 15 20 25 28 38

F
ie

ld
he

ig
ht

(Y
)

3 0.836 0.847 0.856 0.862 0.871 0.878 0.882 0.886 0.893 0.895 0.895 0.902
4 0.851 0.875 0.873 0.882 0.895 0.902 0.908 0.915 0.919 0.924 0.922 0.930
5 0.860 0.875 0.900 0.897 0.911 0.924 0.928 0.937 0.944 0.950 0.950 0.952
6 0.871 0.884 0.900 0.924 0.928 0.955 0.948 0.959 0.968 0.972 0.974 0.974
8 0.882 0.902 0.919 0.935 0.959 0.968 0.983 0.996 1.021 1.012 1.029 1.016
10 0.893 0.915 0.933 0.968 0.981 1.000 1.012 1.040 1.036 1.060 1.049 1.054
12 0.904 0.928 0.952 0.970 0.999 1.023 1.036 1.069 1.080 1.073 1.076 1.087
15 0.911 0.939 0.979 0.983 1.018 1.040 1.062 1.093 1.095 1.106 1.109 1.117
20 0.922 0.952 0.981 1.003 1.043 1.071 1.091 1.111 1.126 1.155 1.146 1.159
25 0.928 0.961 0.992 1.014 1.054 1.084 1.104 1.126 1.146 1.159 1.166 1.179
28 0.933 0.966 0.992 1.018 1.062 1.102 1.126 1.135 1.155 1.170 1.179 1.192
38 0.935 0.966 0.996 1.038 1.082 1.115 1.124 1.146 1.172 1.194 1.197
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Appendix B Abbreviations
CPU Central processing unit

dMLC Dynamic multi-leaf collimator

DU Digitization unit

EPID Electronic portal imaging device

FPB Frame processing board

IAS3 Image acquisition system 3

IDU Image detector unit

IMRT Intensity modulated radiotherapy

MU Monitor unit

MV-CBCT Megavoltage cone-beam computed tomography

PDC Portal dose calculation

PDI Portal dose image

ROI Region of interest

SAD Source-to-axis distance

SD Standard deviation

SDD Source-to-detector distance

TFT Thin film transistor

TLD Thermoluminescence dosimetry

TPS Treatment planning system
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